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Preface
The Conference on Meteorology, Climatology and Atmospheric Physics (COMECAP) has 
been co-organized by the Hellenic Meteorological Society on a biennial basis since 1992. 
After about 20 years, this years’ 15th COMECAP returns to Ioannina and is co-organized by 
the Laboratory of Meteorology and Climatology of the University of Ioannina, the Hellenic 
Meteorological Society and the Mariolopoulos-Kanaginis Foundation for Environmental 
Sciences. The unusual circumstances brought by the Covid-19 pandemic have led to its de-
lay by a year, but also carved a new hybrid format for the first time in its 30 year history. In 
meteorological terms, “every cloud has a silver lining”, which means that we had to innovate 
to partially compensate for the loss of some of the in-person interactions and the carefree 
mask-less times. With the invaluable help and know-how of Conferre, around 100 online and 
125 onsite participants will interact through a novel online platform available on any device 
and share their research results and breakthrough ideas, either through onsite and online talks 
or through e-posters that are projected on onsite screens substituting for the poster boards, or 
on any device. Around 40% of these participants are graduate students presenting the results 
of their MSc or Phd theses, illustrating that COMECAP continues to instigate the interest 
about atmospheric sciences to young researchers. In this years’ conference, a total of 285 
abstracts were submitted in two rounds due to the delay of the conference and resulted in 211 
submitted full papers that underwent a thorough review process and are published in the e-
proceedings that you hold in your hand. The papers and presentations cover a wide range of 
topics on Meteorology, Climatology, Climate dynamics, Atmospheric Chemistry and Phys-
ics, as well as Air Quality and Environmental Physics. They are organized in seven chapters 
and are published in alphabetic order with regards to the last name of the first author. We 
would like to thank the Scientific Committee for its valuable efforts during the review pro-
cess, the Organizing Committee for its tireless efforts towards the success of this conference 
and Conferre, the Congress Secretariat and specifically Lina Siamopoulou and Korina Hatzi-
gianni for all of their hard work and perseverance during these rocky times. We would also 
like to acknowledge our sponsors for their support that brought this conference into fruition. 
We wish you all a pleasant stay in Ioannina and a stimulating time at COMECAP 2021. 

The Chair of the of the Organizing Committee 
Aristides Bartzokas

The President of the Hellenic Meteorological Society
Panagiotis Nastos
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A composite air quality-climate quantification approach

Alimissis A.1*, Tzanis C.G. 1 and Koutsogiannis I.1 
1 Climate and Climatic Change Group, Section of Environmental Physics and Meteorology, Department of Physics, National 
and Kapodistrian University of Athens, Greece

*corresponding author e-mail: alimiss@phys.uoa.gr

Abstract: Urban planning and all related processes (design of land use, transportations, communications, power dis-
tribution networks etc.) rely on several critical elements of urban life that need to be evaluated in order to alter the 
physical layout of cities accordingly, while public welfare remains in the center of interest. In this context, air quality 
and climatic conditions, which vastly affect urban metabolism, should be studied thoroughly and in conjunction, to 
have a better understanding of the nature of urban climate and subsequently help policy makers to introduce more ef-
fective frameworks. Both pollutants and meteorological parameters can be evaluated, regarding their impact, by using 
indices. The most common categories of indices that have been developed for similar purposes, are addressing the 
levels of air quality and the human thermal comfort separately. However, there are known instances in which cities 
experience the urban heat island effect and the hot summer days coincide with poor air quality conditions. This study 
provides a straightforward quantification approach, by introducing the development of a metric that incorporates the 
effects of meteorological and air quality parameters. This approach can be utilized to alert the general public and ef-
ficiently implement urban planning interventions.

1 Introduction
Air pollution prevention and control are important goals of national policies, especially for the more advanced coun-
tries, as pollutants pose a significant threat for modern societies and the environment and need to be constantly moni-
tored and studied (Tzanis et al. 2019, Fallahi et al. 2018, Sullivan et al. 2018, Kuklinska et al. 2015, Amanollahi et al. 
2013, Tzanis and Varotsos 2008). Atmospheric pollution profiles are complex and the databases, which mainly derive 
be from ground stations’ observations and numerical modelling, are providing large groups of data that need to be 
examined and used to provide insight in the field of air quality. It is necessary to develop methods which will help sim-
plify and at the same time interpret air pollution concentration profiles. However, when analyzing the air quality condi-
tions that characterize an area of study, it is important to take into consideration the interactions between air pollutants 
and meteorological parameters (Mirzaei et al. 2019, Tzanis 2009, 2005). Meteorological conditions can significantly 
affect surface air quality, especially in cases where extreme meteorological events transpire (Ho et al. 2018, Zang et al. 
2017, 2015, Baklanov et al. 2016). In this context, a tool that can combine information from multiple sources is an en-
vironmental index. By using a composite index approach, where both air quality and meteorological data are incorpo-
rated, a simple and generalized method to describe and evaluate these climatic parameters can be achieved (Steeneveld 
et al. 2018, Rainham and Smoyer-Tomic 2003). This work develops an index based on a percentile method, in order 
to quantify the relationship between three atmospheric pollutants’ concentrations (NO2, O3 and PM10) and data from 
two crucial meteorological variables (temperature and wind speed). The index is created by dividing all datasets into 
specific smaller subsets, according to selected range of values, which are then correlated for different scenarios. The 
presented index approach aims to illustrate, in a more intelligible manner, the meteorology-air quality interactions by 
utilizing well known, simple and commonly used statistical tools. 

2 Data and Methodology

2.1 Data
The databases which were utilized in this study are for the 2016-2018 time period and include both atmospheric pol-
lutants’ concentrations and meteorological parameters values. Regarding the air quality data, hourly concentrations of 
NO2, O3 and PM10 were obtained from a ground monitoring station at Agia Paraskevi (lat: 37.995, lon: 23.819, amsl: 
290), which is part of the air quality monitoring network operated by the Hellenic Ministry of the Environment & En-
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ergy (MEE 2019). All three pollutants’ concentrations are in μg/m3. This network is responsible for providing pollution 
data for the Attica region since 1984. The percentage of data points availability is presented in Table 1.

Table 1. Percentages (%) of NO2, O3 and PM10 data points availability for 2016-2018 at Ag. Paraskevi station.

The meteorological parameters which were used in combination with the air quality data, were wind speed (WS in 
km/h) and temperature (T in °C) daily values, which were obtained for the same location (Agia Paraskevi) from the 
corresponding automatic weather station of National Observatory of Athens Automated Network, which is operated 
by the National Observatory of Athens (NOA). No missing data points were reported for T and WS for the three-year 
time period of this work. 

2.2 Methodology
To quantify the relative importance of the meteorological (T and WS data) on air quality parameters, individual groups 
are created based on threshold/limit values for each climate parameter that is included in this work. In particular, for 
the T and WS data, a percentile-based analysis was performed, as there are no universal limit values that would be 
useful, considering that the available data were daily T and WS measurements from a monitoring station at a specific 
location (Agia Paraskevi). Applying a method that relies on a representative threshold value for the area where the 
station is located, would limit the functionality of the approach presented in this study, when it would be applied at 
locations with different meteorological features. Thus, a methodology based on percentiles was followed, in order to 
create groups/classes where a certain percent of values is deposited to the corresponding class and subsequently a rela-
tive threshold is provided, which is entirely determined by the utilized database (Agia Paraskevi station’s T and WS 
values in this case). Percentiles are a straightforward statistical measure, with frequent and flexible uses in the fields 
of air quality and meteorology (Ordóñez et al. 2020, Ha et al. 2017, Guerreiro et al. 2014).
Regarding NO2 and O3, according to the annual report (MEE, 2019) by the Ministry of Environment and Energy of 
Greece (MEE), the hourly limit values (based on their adverse effects mainly on human health but also on other fields 
such as agriculture, environment, climatic conditions etc.) are 200 μg/m3 and 180 μg/m3 respectively, while for PM10 
the average daily limit value is 50 μg/m3. While these limits are useful to this study for comparison and discussion 
purposes, for the 2016-2018 time period there was a relatively small number of exceedances of these concentrations 
at the study location. Therefore, the percentile analysis was also performed for the pollutants and the data for each one 
of them was divided into two classes accordingly. The higher concentration classes were used in combination with 
the meteorological data, to determine how many of these data points are associated with T and WS measurements of 
a specific range.
In this work, three percentile levels were calculated (10th, 50th and 90th percentile of the distribution) for T and WS and 
the 2016-2018 meteorological observations were divided into two subsets (one below and the other above the percen-
tile value). For the 10th and 90th percentile level, the subset with the lower and higher values were selected respectively, 
while for the 50th percentile both subsets were examined. Considering NO2, O3 and PM10, only the 95th percentile and 
the subset with higher concentrations was selected. The difference in the approach between pollutants and meteorolog-
ical parameters is due to their nature, characteristics, and overall behaviour in the lower troposphere. There is a need 
to monitor pollutants’ concentrations that affect modern societies (and thus examine higher concentrations), while for 
T and WS even lower values can reveal important information regarding their relationship with NO2, O3 and PM10.
Ultimately, four cases were examined in combination with the air quality parameters’ concentrations that exceeded the 
95th percentile. From this procedure, a relationship between hazardous pollution concentrations and meteorological 
parameters was approximated. Eventually, three different scenarios resulted, and each scenario included 4 subcases, 
according to the selected percentile subset.
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All scenarios included the high pollution concentrations for the 2016-2018 time period. For the first scenario only T 
was examined, while for the second, WS replaced T. The third and final scenario examined both T and WS. As a first 
step, two probabilities were calculated according to the following equations: 

where P is the probability of increased pollution hours, which is 5% (according to the 95th percentile) and Pc is the 
probability of a specific range of meteorological values coincide with the heavy pollution hours. P and Pc are then 
combined as an index (I) which quantifies the relationship between air pollution and meteorological parameters. I is 
calculated by equation 3.

I can illustrate the differences among the probabilities of high air pollution concentrations when additionally, T and 
WS values of a selected class are incorporated.

3 Results
Tables 2-4 present the results for the P and Pc probabilities. P is always 0.05 because as it was stated in the methodol-
ogy section, the 5% of data points that correspond to the higher pollution concentrations were selected. P is the same 
for all scenarios. The Pc probability that results from the 50th percentiles, is calculated for data points that are below 
(lower50th) and above (upper50th) the median.

Table 2. P and Pc probabilities results for the first scenario that utilizes T and air quality correlations.

Table 3. P and Pc probabilities results for the second scenario that utilizes WS and air quality correlations.

Table 4. P and Pc probabilities results for the second scenario that utilizes T, WS and air quality correlations.
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Finally, in Table 5, the I index is presented.(the index is presented for each case)

Table 5. The index (I) for high pollution hours combined with 4 cases of meteorological subsets and for the 3 different 
scenarios (T only, WS only, T and WS).

The results from Tables 2-5 reveal that high O3 concentrations are strongly positively associated with the 90th T per-
centile and negatively with the 10th Τ percentile (I=4.52 and I=-1 respectively). Regarding O3 and WS, I is still posi-
tive for the upper50th and 90th and negative for the lower50th and 10th percentiles, but it is evident that the values are 
closer to 0 than those between O3 and T. When both T and WS are incorporated, T emerges as a more decisive factor, 
although, only in the case of the 90th percentile, the I value is lowered considerably (I=4.52 for T only and I=3.58 for 
T and WS). In contrast to O3, the other two pollutants’ high concentrations appear to be associated with lower WS 
values. Especially for NO2, the WS 10th and lower50th percentile I values are 1.44 and 0.62 respectively, while for 
PM10 the WS 10th percentile I value is 0.14 (I=0 for lower50th). For both, the index is negative for the WS upper 50th 
and 90th percentiles’ subsets. Regarding the same scenario (only WS), PM10 has fewer high concentrations than NO2, 
that coincide with the lower50th and 10th subsets. An additional remark is that I is, in general, closer to 0 for PM10 in 
the T+WS scenario, when compared with NO2 and O3. Particularly, considering the upper50th and 90th percentiles, I is 
below 0.1 (0.06 and 0.08 respectively).

4 Conclusions
This work develops an index (I) which evaluates the associations between two meteorological variables (T and WS) 
and three air quality parameters (NO2, O3 and PM10). The observational data were divided into smaller subsets, based 
on selected percentiles and eventually I was calculated by associating higher pollutants concentrations with four 
different T and WS subsets. O3 was found to be, as expected, positively correlated with temperatures that are above 
the 90th percentile, while NO2 high concentrations coincided more with low wind speeds (10th percentile). Regarding 
PM10, I values that are closer to 0 were calculated, indicating a complex relationship between PM and the examined 
meteorological parameters. Future work could involve the incorporation of more parameters (both meteorological 
and air quality) as well as more data points for each parameter (longer time series), which would help create a more 
representative I for this statistical analysis. 
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Synergy between different earth observation platforms towards the 
estimation of the intra-urban population exposure to wintertime air 
pollution of Athens

Athanasopoulou E.1*, Grivas G.1, Kakouri A.1, Ramacher M.2, Speyer O.1, Karl M.2, Gerasopoulos E.1

1 Institute for Environmental Research and Sustainable Development, National Observatory of Athens, Greece
2 Helmholtz-Zentrum Geesthacht, Max-Planck-Str.1, D-21502 Geesthacht, Germany

*corresponding author e-mail: eathana@noa.gr

Abstract: An ever increasing number of people lives in cities. The urban population is often exposed to harmful 
levels of air pollution, at times driven by a complex urban morphology. In this study, a chemistry transport model 
is applied over Athens during December 2018, when a novel experimental mobile campaign for black carbon (BC) 
mapping was realized. The EPISODE-CityChem –used in this study- is a state-of-the-art photochemical, disper-
sion model, providing air quality outputs in high spatiotemporal analysis (1 hour, 100m). It simulates atmospheric 
chemistry, street canyon, sub-grid and point source dispersion and local photochemistry in each receptor point of the 
gridded domain. Satellite- based products are exploited for downscaling regional emissions, and regulatory in situ 
air monitoring stations provide data for statistical evaluation of the model outputs. The model simulations capture 
well the daily variation of NO2 and overall show a good correlation with the measurements. The mapping of BC 
concentrations over the entire urban center is accomplished through an evaluated data fusion (regulatory network, 
NOA supersite, model) against BC values from the portable sensors. The estimated population exposure to air pollu-
tion levels in a detailed spatial representation can benefit mitigation interventions, thus achieving a direct impact on 
reducing air pollution inequalities.

1 Introduction
Air pollution is one of the most important environmental problems affecting people’s health, particularly in urban 
areas of Europe where many cities and regions still experience exceedances of the regulated limits for air pollutants 
(EAA, 2018). As European cities are growing, with over sixty percent of the EU population living in urban areas and 
increasing to around eighty percent by 2050 (UA, 2018), urban air quality is becoming an integral component of the 
overall resilience of a city. The direct link between air quality and health is population exposure. Exposure estimates 
require realistic pollution levels, usually based on data collected from air quality monitoring stations complemented 
by modeling techniques that improve the spatio-temporal resolution of the information as well as information on 
population presence (Picornell et al., 2019). In this study, a state-of-the-art city-scale chemistry transport model (Karl 
et al., 2019) which incorporates analytical photochemistry and delivers concentration fields at a 100m resolution, i.e. 
intra-urban scale, is deployed in the city of Athens during a winter month. The necessary high resolution inventories 
are constructed utilizing robust, open and free European products (e.g. Copernicus, JRC) in a generalized manner, 
applicable in the whole of Europe.

The main motivation of this study is to pave the way for an integrated, state-of-the-art city-scale modeling system, 
on an operational basis, for the city of Athens which combines dense population, complex topography, high levels 
of urbanization and concentration of pollutants, a wide variety of local emission sources, as well as transboundary 
pollution (Kanakidou et al., 2011). The model’s successful deployment in a south-eastern European country with el-
evated insolation will further enhance its general applicability as, presently, has only been tested in northern Europe. 
To this end, air pollution data on particulate matter from a novel experimental campaign (December 2018) derived 
from mid-cost sensors mounted on passenger vehicles, offer a prime opportunity for street canyon level comparisons. 
Moreover, the generalized workflow of creating high resolution emission inventories based entirely on open and free 
European Earth Observation products will also be put to the test. Finally, exposure estimates based on intra-urban 
concentration fields are the first step for future exposure and/or health studies that can deliver knowledge on dynamic 
population exposure as well as intra-urban disparities and relevant socio-economic implications.
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This work has started in the frame of SMURBS (https://smurbs.eu/), a H2020 project with the aim of promoting the 
“smart‐city” concept through the integration of multiple EO platforms and Copernicus data, towards enhancing en-
vironmental and societal resilience to air pollution, among other urban pressures.

2 Data and Methodology

2.1 Data
In situ data for the key regulated pollutants (O3, NO2, PM10, CO) are retrieved by the National Air Pollution Moni-
toring Network operated by the Ministry of Environment and Energy inside the modelling domain (5 traffic, 8 urban/
suburban background and 1 industrial stations) and the NOA super- site at Thissio in the center of Athens (urban 
background station). Black carbon concentrations were measured daytime (10:00-18:00 LST) at 50 traffic locations 
around the Athens Basin during December 2018 (Grivas et al., 2019), using a portable Aethlabs AE51 micro-aetha-
lometer.

2.2 Methodology
The description of the numerical model used for this study, as well as the study domain and period are shown in 
Table 1.

Table 1. Model description, configuration and setup.

The spatial disaggregation of regional emissions is described in Kakouri et al. (2021).

The validation of the city-scale modelling results for the key regulated pollutants (O3, NO2, PM10, CO) was per-
formed using concentration data from the National Air Pollution Monitoring Network (NAPN) and the NOA super-
site at Thissio in the center of Athens.
Black carbon concentrations and their spatial distribution were indirectly calculated by the model, taking into account 
the strong linear interdependence between BC and CO in the urban setting (Baumgardner et al., 2002). Conversion 
factors were determined from comparisons (Dec. 2018) of in-situ measured CO (NDIR – Horiba APMA 360) and BC 
(Magee AE33 7-λ Aethalometer) at the Thissio supersite and at traffic locations in Athens. Hence, it was possible to 
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apply conversion factors at the urban/suburban background grid cells. The linear associations between BC-CO were 
characterized by r2 values in the range of 0.92-0.93.

3 Results
Representative maps of mean winter air pollution (exposure) levels are given in Fig. 1. The simulations capture 
well the daily variation of NO2 (r2 = 0.51) and BC (r2 = 0.44) inside the Athens basin. Ozone is better captured at the 
background sites (r2 = 0.31).
Road transport is a substantial source of exposure to NO2 in the Athens urban area (Fig. 1, bottom left). Traffic/urban 
emission optimizations, as well as a spatio-temporally variant population density, are expected to improve hotspots’ 
representation. The population exposed to BC from fossil fuels (Fig. 1, bottom right) can guide regulations and other 
interventions, which may have a more direct impact on reducing air pollution inequalities and health-relevant im-
pacts. Nevertheless, this is derivative map thus should be examined and assessed, given the method and approxima-
tions used. 

Fig. 1. Mean monthly maps of NO2 (up left), and BC (up right) concentrations (μgm-3) and population exposure fields of NO2 

(bottom left) and BC (bottom right). Values from measurements are embedded.

4 Conclusions
This study gives high resolution air pollution levels in Athens for a recent winter period. A satisfactory model repre-
sentation -both in space and over time- is overall found. A tuning of traffic emissions (Kuik et al., 2018) was tested 
and improved the model performance.

The ability to incorporate finescale variability (100m×100m) in air pollution exposure allows the creation of a more 
nuanced picture of the air pollutants-health association.

Currently, the estimation of population exposure to air pollution using a dynamic population activity is in prepara-
tion. Air pollution exposure per municipality can be useful towards informed decision making.
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Abstract: The air quality monitoring has become routine in the EU member states, in response to the 2008 air quality 
directive (2008/50/EC). In accordance with the European directive, in the January of 2019, an additional air quality 
monitoring station was placed in the urban area of Ioannina, Greece. 
The aim of this study is to investigate the seasonal variations of the gaseous pollutants (SO2,NO2,NO,CO, O3) and 
particulate matter (PM1,PM2.5,PM4,PM10) in the city centre of Ioannina. For this purpose, we analyzed the concentra-
tions of the pollutants from one year measurements (1 February 2019 to 31 January 2020). Also, we investigated their 
relationship with the meteorological factors such as wind speed and direction, air temperature and relative humidity. 
The meteorological conditions are critical in determining the pollution levels in the urban areas. The daily PM concen-
tration levels are high and greatly exceed the standards recommended by the EU Directive and the WHO. The annual 
PM2.5 and PM10 concentration levels were almost 20 μg/m3 and 30 μg/m3, respectively. The threshold values of gaseous 
pollutants were below the air quality standards. 

1 Introduction
The cities are by nature a function of humans, materials and activities. Therefore, the cities exhibit both the highest 
levels of air pollutants and the greatest of the harmful impact. In this point of view, the cities act as the sources and the 
receptors of air pollution (Fenger, 1999).   
On the other hand, the local and regional meteorological conditions, along with the local geological structure of the 
area, played a critical role in the spatial and temporal distribution of the air pollutants (Elminir, 2005). Thus, the air 
pollution is a complex problem due to the combination of anthropogenic emissions and the local meteorological condi-
tions which influence the concentrations of the pollutants. The sources of air pollutants, including transport and non-
transport sources, emit different types and ratios of pollutants. In fact, the dominant sources of the air pollutants are 
the road traffic exhaust emissions and the residential heating (EEA Report, 2018).  Certain harmful air pollutants are 
emitted directly from the source, such as ‘primary’ particulate matter (PM) and nitrogen oxides (NOX). Others, such as 
ozone (O3), form in the atmosphere after emissions of precursor pollutants, including NOX and volatile organic com-
pounds (VOC). Thus, in order to protect the public health, the air pollution is regulated by the air quality and emissions 
standards. In European countries, these standards are established by the EU Directives. Specifically, the most recent 
EU Directive, on ambient air quality to protect the human health and the environment, was adopted on 21 May 2008 
(2008/50/EC).  Moreover, the environmental quality depend upon the economic status of inhabitants in a given coun-
try, (The World Bank, 1992). Therefore, since the outbreak of the Greek financial crisis, the residents have been using 
low cost fuels for the residential heating, such as wood and biomass products, in heating devices (e.g. woodstoves and 
fireplaces) (Dimitriou and Kassomenos, 2018). This results in an increasing trend at the emissions of the particulate 
matter and gaseous pollutants at the outdoor environment. 
In the present work, the outdoor air quality is studied in Ioannina, a medium size city of the Northwestern Greece. Spe-
cifically, the study investigates the seasonal, annual and daily pattern of the particulate matter (PM1,PM2.5,PM4,PM10) 
and the gaseous pollutants (SO2,NO2,NO,NOx,CO) along with the meteorological parameters (e.g. wind speed and 
direction, temperature and relative humidity). The levels of the pollutants are analyzed in order to evaluate the outdoor 
air quality of the city. Moreover, the air quality is investigated to indicate the violation of the legal pollutant’s limit 
values. 

2 Data and Methodology
2.1 Data
The air pollutants and the local meteorological parameters were measured at the permanent monitoring stations of the 
Laboratory of Meteorology, Department of Physics of the University of Ioannina. The concentrations of the gaseous 
pollutants (SO2,NO2,NO,CO, O3) and particulate matter (PM1,PM2.5,PM4,PM10) were obtained by the air quality moni-
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toring station located in the city centre which is classified as an urban-traffic station. This station was placed in the 
urban area of the city in January of 2019. Also, from the same station were obtained the daily records of the ambient 
air temperature (T), relative humidity (RH), wind speed (WS) and wind direction (WD). The daily precipitation values 
were obtained by the meteorological station located in the suburban area of the city, in the campus of the University 
of Ioannina. 

2.2 Methodology
The 1-year measurements in Ioannina city were collected from 1 February 2019 to 31 January 2020. The concentra-
tions of the pollutants and the meteorological parameters were recorded on hourly basis from the permanent monitor-
ing stations. In order to monitor the process of the recordings metrics a computer was used. The computer is equipped 
with the software responsible to collect and analyze the measurement data and presents the measurement results 
automatically.  
  
3 Results 
The outdoor PM (PM1,PM2.5,PM4,PM10) concentrations were measured at the centre of Ioannina. Figure 1 shows the 
results of these measurements. The highest values of PM2.5 and PM10 were detected during the winter months. The daily 
mean levels exceed the 24h mean limit value of 25μg/m3and 50μg/m3 for PM2.5 and PM10, respectively. The recorded 
values of PM in the station were greater than 25μg/m3 for almost the 90% of the days from December 2019 to January 
2020. From December to February, the PM concentrations originated mainly from the residential heating, but there 
are also contributions from the road traffic exhaust emissions. It should be emphasized that during the economic crisis 
in Greece, many residents were forced to use coal or wood in the heating devices owing to economic instability. Thus 
the space heating is the dominant source of the air pollution during the winter months in Ioannina. The analysis re-
veals hourly and daily variations in the air pollution levels. The diurnal patterns of PM are characterized by maximum 
concentrations during the night hours (21:00 to 22:00 local time) due to the emissions from combustion sources. It 
is important to note that during the night hours the pollutants get trapped in the street canyons of the city due to the 
atmospheric inversions. On the other hand high values of PM concentrations were observed from 15 to 25 April 2019. 
Particularly, in 24 and 25 April, the PM2.5 and PM10 concentrations reached up to 30-35 μg/m3 and 81-85 μg/m3, respec-
tively (Figure 1). These concentrations are affected by the typical Saharan dust intrusions. The seasonal fluctuations 
of PM are well documented at previous studies conducted in Ioannina city (e.g. Sindosi et al., 2019). Figure 2 shows 
the mean daily concentrations of NO and NO2. These concentrations increase again during the winter months. For in-
stance, from December 2019 to January 2020 the NO2 concentration levels exceeded the current WHO guideline value 
of 40 μg/m3 (annual mean). As regards the source of NOx emissions,  NO2 is a marker for the cocktail of combustion-
related pollutants, in particular, those emitted by road traffic or indoor combustion sources. 

Figure 1. Daily time series of particulate matter (PM1,PM2.5,PM4,PM10) concentrations in μg/m3, for the period from 01/02/2019 
to 31/01/2020
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Figure 2. Daily time series of NO and NO2 concentrations in μg/m3, for the period from 01/02/2019 to 31/01/2020

Figures 3,4 and 5 present the daily time series of CO, SO2 and O3, respectively, for the period from 01/02/2019 to 
31/01/2020. The concentrations of SO2 and CO are also high during the winter months (Figures 3 and 4). The daily 
mean concentrations of SO2 vary between 1.95 μg/m3 and 23.91μg/m3 with an annual daily mean value of 8.61±3.70 
μg/m3. The daily mean concentrations of CO vary between 0.019 mg/m3 and 2.14 mg/m3 with an annual daily mean 
value of 0.42±0.44 mg/m3.

Figure 3. Daily time series of CO concentrations in mg/m3, for the period from 01/02/2019 to 31/01/2020

Figure 4. Daily time series of SO2 concentrations in μg/m3, for the period from 01/02/2019 to 31/01/2020
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Figure 5. Daily time series of O3 concentrations in μg/m3, for the period from 01/02/2019 to 31/01/2020

(a) (b)

Figure 6. (a) Relative Humidity and ambient air temperature and (b) wind rose

Fig 7. Total amount of precipitation for the period from 1 February 2019 to 29 February 2020, recorded by the meteorological 
station of University of Ioannina  
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The meteorological conditions play dominant role in the dispersion, transformation and removal of the air pollutants in 
the atmosphere. The high levels of the air pollutants during the winter months are created due to the low temperature 
and the high levels of the relative humidity (Fig. 6a). Figure 6a shows that the ambient air temperature in Ioannina was 
between 2oC to 32oC and the relative humidity fluctuates between 20% to 60% in summer months while in December 
reached up to 100%. The high relative humidity and the low ambient air temperature, during the winter months, pro-
motes the formation of fog during the morning hours. Also, the wind speed and direction (Fig. 6b) are responsible for 
the spatial distribution of the air pollutants. Figure 6b shows that the prevailing wind speed was 0 to 1 m/sec and the 
major prevailing wind direction was Northern due to the location of the station in a street canyon in the center of the 
city. On the other hand, the existence of the high mountains (Mitsikeli, Lakmos, Tomaros and Tzoumerka) around the 
city of Ioannina induce the formation of steady and calm conditions (Pilidis et al., 2005). Moreover, the lake Pamvotis 
contribute to the formation of fog during the winter months (Houssos et al., 2012). Thus, the local topography and the 
local meteorological conditions, are factors that influence the magnitude and the prolongation of the concentrations of 
the air pollutants in the outdoor air. It should be noted that the typical wintertime characteristics of Central and Eastern 
Mediterranean and the local geological structure in Epirus favour the high amounts of precipitation events (Houssos 
and Bartzokas, 2006; Sindosi et al. 2015). By contrast during the winter months of 2019-2020 (Figure 7) the total 
number of precipitation events was lower than the previous years in Epirus. Figure 7 shows that the month with high-
est amounts of precipitation was November 2019 while the period from 24 December 2019 to 26 January 2020 was 
characterized by the absence of daily rainfall (Figure 7). These meteorological conditions during the winter months 
coincide with the period of the heaviest pollution events in the city of Ioannina (Figures 1 to 5). As a consequence, the 
precipitation plays a crucial role in the removal of the air pollutants from the atmosphere to the ground. 

4 Conclusions 
In Ioannina the prevailing meteorological conditions and the local topography favor the use of residential heating dur-
ing the winter period. Thus, the city experiences significant pollution from the gaseous pollutants (e.g. NO,NO2) and 
particle pollutants (PM1,PM2.5,PM4,PM10), especially during the winter period. The high levels of particulate matter in 
the winter of 2019-2020 were lasted more than 20 days (from 3 to 25 January 2020). 
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Abstract: Anomalously large heat and moisture transport in the Arctic can result in enhanced surface warming and sea-
ice melting. An extremely anomalous warm-air episode was observed during the Arctic Clouds in Summer Experiment 
(ACSE) in 2014, resulting in a rapid decrease in sea-ice concentrations from 90% to 50-60% (Tjernström et al. 2015). 
During that period varying cloud characteristics were observed (elevated clouds, optically-thick and optically-thin fog). 
This episode was mainly driven by changes in the large-scale circulation however the properties of the transported 
aerosols can also affect cloud properties and their radiative impact on the Arctic surface. In this study we investigate 
the impact of regional sources on CCN-activation and cloud droplet formation during this extreme episode. Numerical 
simulations are performed with the WRF model, fully coupled with chemistry (WRF-Chem), which explicitly solves 
cloud-aerosol interactions. Through a number of sensitivity simulations we investigate the role of regional emission 
sources (anthropogenic, biomass burning and their synergy) on the aerosols’ vertical distribution and cloud droplet 
formation.   

1 Introduction
Arctic aerosol concentrations follow a seasonal cycle, with enhanced long-range transport of emissions from lower 
latitudes in winter and spring (Stohl et al. 2007). Summer conditions are usually more pristine in the Arctic due to more 
efficient wet removal of aerosols and less efficient transport from lower latitudes (Stohl 2006). This is not the case dur-
ing anomalous warm-air intrusion episodes where southerly flow transports air masses northward. Anomalously large 
heat and moisture transport in the Arctic can result in enhanced surface warming and sea-ice melting (Tjernström et al. 
2015). 
An extremely anomalous warm-air episode was observed during the Arctic Clouds in Summer Experiment (ACSE) in 
2014 (29 July 00:00 UTC to 9 August 00:00 UTC), resulting in a rapid decrease in sea-ice concentrations from 90% 
to 50-60% (Tjernström et al. 2015). During that period varying cloud characteristics were observed; (elevated clouds, 
optically-thick fog, optically-thin fog, and tenuous clouds, Fig. 3a). This episode was mainly driven by changes in the 
large-scale circulation however the properties of the transported aerosols (number concentrations, chemical composi-
tion) can also affect cloud properties and their radiative impact on the Arctic surface. 
In this study we investigate the impact of regional emission sources (anthropogenic, biomass burning -BB-, and their 
synergy) on CCN-activation and cloud droplet formation during this extreme episode.

   
2 Data and Methodology

2.1 Methodology
The Weather Research and Forecasting (WRF) model (Skamarock et al. 2008), Version 3.8, fully coupled with chem-
istry is used. In this study, the WRF-Chem (Fast et al. 2006, Grell et al. 2005) simulates the cloud-aerosol interactions. 
Four domains with a horizontal resolution of 81 km, 27 km, 9 km, and 3 km are used. The outer domain (D01) is cen-
tered at 75°N, 154°E (180 × 140 grid points). The second domain (D02) covers Central and Eastern Russia, the Arctic 
Ocean, and a small part of the western US (151 × 103 grid points). The third domain (D03) includes 184 × 124 grid 
points and the innermost domain (D04) includes 244 × 151 grid points, covering mainly the area of shipboard observa-
tions during ACSE (Figure 1a). 
The global emission inventory used in the study is the Emissions Database for Global Atmospheric Research-Hemi-
spheric Transport of Air Pollution (EDGAR-HTAP) with a horizontal grid resolution of 0.1° × 0.1° and monthly emis-
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sion distributions (Maenhout et al. 2015). The fire emissions inventory is based on the Fire Inventory from the National 
Center of Atmospheric Research (FINN; Wiedinmyer et al. 2011), provided daily at 1 km horizontal resolution. Bio-
genic (Guenther et al. 1993), sea-salt (Fast et al. 2006), and soil (Ginoux et al. 2001) emissions have been calculated on-
line. An extensive discussion about model set up can be found in Sotiropoulou et al. (2019) and Bossioli et al. (2021). 
The simulations cover the period from 25 July 2014 00:00 UTC to 9 August 2014 00:00 UTC while the days of interest 
span from 29 July 00:00 UTC to 9 August 00:00 UTC.

a)

                b) c)
Fig. 1. a) The modeling domains; colors indicate the terrain height. WRF sea ice concentrations (D04) for b) 29 July 2014, 00 UTC 
and c) 8 August 2014, 00 UTC. The black line in D04 depicts the shipboard track during the examined episode. 

2.2 Data
The WRF-Chem model has successfully reproduced the thermodynamic aspects of the episode and also the cloud 
characteristics (Sotiropoulou et al. 2019). An extensive discussion about evaluation of the model results with ACSE 
observations (atmospheric parameters) can be found in Sotiropoulou et al. (2019). An interesting finding in their study 
is that the standard WRF version fails to reproduce the cloud variations correctly, particularly the transition from el-
evated clouds (period 1) to optically-thick fog (period 2) and then to optically-thin fog (period 3) and tenuous cloud 
(period 4) (Figure 3a), while the realistic description of cloud-aerosols is the key feature for the very good performance 
of WRF-Chem. 
During the ACSE experiment no aerosol measurements have been conducted thus we cannot evaluate the physical and 
chemical aerosol properties simulated by the WRF-Chem model. However, the comparison of the modeled AOD data 
at 550 nm with MODIS AOD550 over the domain D03 (Fig. 1a) revealed a successful comparison during the whole 
event near the coast (Bossioli et al. 2021). 

3 Results
The simulations reveal that over the area of study (ship track) and up to the cloud top (during the core event, foggy pe-
riods, at 150-200 m), a well-mixed aged aerosol background exists, which is influenced by both anthropogenic and BB 
sources. In Fig. 2, the number concentrations of Aitken and accumulation mode particles averaged over the first 150 m 
are presented for each subperiod of the episode (1, 2, 3, 4) and for the Base run (all emission sources are included). The 
accumulation number concentrations are significantly higher compared to the Aitken during the whole period indicat-
ing aged aerosols (Fig. 2b) and only near the surface Aitken and accumulation number concentrations are of the same 
order (not shown). In this well-mixed aerosol load, inorganics, mainly sulfates, determine the highest volume fraction 
(73%–90%) of the fine aerosols, while the fraction of organics is up to 21% during periods when BB aerosols reach the 
study area (Bossioli et al. 2021). 
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a)

b)

Fig. 2. Spatial distribution of the number concentrations of a) Aitken, and b) accumulation mode particles (cm-3) averaged over the 
first 150 m for each subperiod of the episode (1, 2, 3, 4) and for the Base run (all emission sources are included). Simulation results 
are from domain D03. The ship track is also shown.

The simulations also show that above the cloud top elevated layers of enhanced aerosol load exist. Thus, the aerosol 
number concentrations averaged over the first 2.5 km are quite larger (almost by a factor of 2.5) compared to the well-
mixed aerosol background in the PBL; the most polluted period is period 2 (number concentrations averaged up to 2.5 
km: Aitken 44 cm-3 and accumulation 728 cm-3), the less polluted is period 3 (14 cm-3 and 284 cm-3, correspondingly), 
while periods 1 and 4 are characterized by moderate pollution (~25 cm-3 and ~420 cm-3). During period 2 in particular, 
the increased number concentrations of accumulation mode particles are associated with BB plumes. In agreement to 
the simulations, the MODIS data reveal an enhanced aerosol load (AOD 0.4) penetrating the marine region  during 
period 2 (thick fog) while lower AOD values (< 0.2) are both observed and modeled during period 3 (thin fog) and 
period 4 (tenuous cloud). 

a) Base run b)  No Anthropogenic emissions

c) No BB emissions d) No Anthropogenic/BB emissions

Fig. 3. Simulated time-height cross sections of cloud water mixing ratio over the ship track for a) the base run (all emission sources 
are included), b) the scenario neglecting anthropogenic emissions, c) the scenario neglecting BB emissions, and d) the scenario 
neglecting both anthropogenic and BB emissions. The vertical dashed lines differentiate the four periods of the episode (elevated 
clouds -period 1-, thick fog -period 2-, thin fog -period 3-, tenuous cloud -period 4-)
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The present study reveals that either BB sources or anthropogenic emissions alone can sufficiently produce the ob-
served cloud conditions (Figs. 3a, 3b, 3c). Only the omission of both sources leads to a very low aerosol number 
concentration (~60 cm-3), and in nearly zero aerosol mass concentrations. The cloud almost dissipates even when 
fog layers prevail (Fig. 3d, decrease >82% for cloud droplet number concentrations -Ndrop- and 70%–80% for LWC). 
During the core intrusion episode (thick and thin fog periods), the effect of anthropogenic/BB sources on aerosol and 
cloud properties maximizes due to the well-organized southerly flow which transports polluted air masses northward. 
During period 2 (thick fog), the effect of each source separately on Ndrop is comparable (-23% in case of neglecting the 
anthropogenic source and -30% in case of neglecting the BB source) and this is mainly associated with the well-mixed 
aerosol background up to the cloud top. 

Conclusions
In this study we use WRF-Chem to investigate the role of remote emission sources on cloud properties during an ex-
treme warm-advection episode observed during ACSE experiment in summer 2014 (Tjernstrom et al. 2015). During 
the cloudy periods, the omission of the anthropogenic emissions decreases the accumulation and cloud droplet number 
concentrations up to 16% and 23%, respectively. For the biomass burning source, the decreases are up to 37% and 30% 
respectively. The omission of both sources decreases the accumulation number concentrations by > 90% and dissipates 
the cloud. Although transported BB plumes strongly elevate CCN numbers in higher layers, the fog characteristics 
(strong stability, water vapor supplies) determine finally the cloud droplet number concentrations.
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Abstract: The atmosphere is the layer of gases, particles and clouds surrounding our globe, receiving each year bil-
lion of tons of pollutants. Major sources of this pollution include fossil fuel combustion, cooking with solid fuels and 
wildfires. The ultimate by-product of all forms of burning is the emission of carbon dioxide (CO2), which, along with 
carbon monoxide (CO), methane (CH4) and water vapor (H2O), constitute the primary greenhouse gases (GHGs). 
GHGs trap the long wave radiation given off by the planet, causing thus a raise in ambient temperature. First CO2 
measurements back in 1958 were merely 316 ppb, while nowadays we are well past 400 ppb. This study presents the 
first long-term GHGs observations in the urban environment of Athens. CO2 and CH4 present a clear annual cycle with 
maximum values during winter and minimum during summer. Maximum values for CO2 during winter sometime ex-
ceed 600 ppm, with an annual average of 425±28 while CH4 has an annual average of 2020±121 ppb. Levels of other 
major cities such as Paris and Mexico City are compared, as also background values at Finokalia, Crete. The ratio of 
CO/CO2 is derived and finally, bivariate (wind speed-direction) polar plots are used to decipher point sources.  

1 Introduction
It is well known that greenhouse gases (GHGs) absorb the infrared radiation emitted by the Earth, heating in a natural 
way the atmosphere and making it possible for humankind to survive. Nevertheless, since the industrial revolution the 
concentration of these gases has risen dramatically, making it impossible for the earth and vegetation to remove the ex-
cess emissions, and mean global temperatures have been rising in response. Since 1990 there has been a 41% increase 
in total radiative forcing with CO2 accounting for ~82% if this increase (Butler and Montzka, 2018). Concentrations of 
CO2 have risen by more than 40% from pre-industrial levels and continue to rise at an increasing rate of around 2 ppm 
per year. Methane is the second more important greenhouse gas, accounting for ~17% of the radiative forcing. Current 
levels of CH4 are 2 ½ times the pre-industrial value, and after a number of years of stability, CH4 concentrations are 
rising again (WMO, 2018). The emissions of CO2 are mainly associated with fossil fuel and biomass combustion (Xia 
et al., 2020a), whereas CH4 emissions are related to a more complex mixture of anthropogenic and non-anthropogenic 
sources including among others wetlands, rice paddies, livestock, landfills, combustion of fossil fuels and agricultural 
waste (Tiwari et al., 2020).
The Eastern Mediterranean and especially its eastern basin is an area particularly sensitive to climate change. For an 
“average” future emissions scenario (A1B), the climate models predict an increase in temperature of the order of 3.5 
- 4.0º C, with a decrease in rainfall by about 30% by the end of the century (Giorgi, 2006). However all up-to-date stud-
ies regarding greenhouse gases in the area and especially in Greece are limited to their emissions from specific sectors 
of the Greek economy such as power production, agriculture, shipping etc. (Koutsou et al., 2018, Samiotis et al., 2018, 
Papaefthimiou et al., 2016, Sintori et al., 2019). To our knowledge no published work regarding CO2 and CH4 levels 
in an urban environment in the area, as well as the factors controlling their levels exists.

2 Data and Methodology
This study provides high temporal resolution measurements of GHGs in an urban environment in addition 
to specific tracers representative of specific sources, such as black carbon (BC) and nitrogen oxides (NOx). 
Combined with meteorological data and back-trajectory analysis, emission “hotspots” in the area are identi-
fied during high pollution episodes.
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2.1 Sampling site and measurements
Greenhouse gases and auxiliary measurements took place at the air quality monitoring site of the National 
Observatory of Athens (NOA, latitude: 37.97° N, longitude: 23.72° E, altitude: 105m a.s.l.). The station is 
located on a hilltop in the historical center of Athens, surrounded by pedestrian areas and mildly populated 
residential neighborhoods, therefore no local influence is observed and measurements are considered as 
representative as the urban background of the whole Athens center. The sampling site was equipped with a 
Picarro G2401 cavity ring-down spectrometer (CRDS) for the monitoring of greenhouse gasses (CO2, CO, 
CH4 and H2O) with a 1 s time resolution (Picarro, 2018). These measurements were then averaged to hourly 
values and the concentration time series of CO2 (ppm), CH4 (ppb) and CO (ppb), covering the interval from 
21/12/2018 to 31/12/2019, were subsequently acquired and analyzed. Auxiliary Black Carbon (BC) concen-
trations were monitored at the site using a dual spot 7-wavelegth Magee Scientific AE-33 Aethalometer (Dri-
novec et al., 2015) operating at a 1-min resolution, also averaged to hourly values. In addition, hourly wind 
speed (m s-1) and wind direction (decimal degrees) measurements for the same time period were obtained 
from the co-located meteorological station of NOA.

2.2 Methodology
Conditional Probability Function (CPF) roses, which connected each wind sector with a probability (%) for the 
occurrence of hourly CO2 and CH4 episodes, were calculated on a seasonal basis based on the methodology presented 
by Dimitriou and Kassomenos (2017a). The pollution threshold, which had to be exceeded by an hourly CO2 or CH4 
concentration in order to be characterized as an episode, was set to the 90th percentile of all hourly CO2 and CH4 
concentrations, respectively. CPFi probability values for each wind sector (i) are provided by Equation 1 as follows:

where ni and mi are the total number of hourly concentrations and the number of episodes, respectively, which 
correspond to sector (i),Furthermore, extreme hourly concentrations were studied with 12-hour backward simulations 
of air tracers with the use of the Lagrangian particle dispersion model FLEXPART version 10.4 (Pisso et al., 2019) 
coupled with meteorological input data from the United States National Centers of Environmental Prediction (NCEP) 
Global Forecast System (GFS) in order to identify possible emission “hotspots” in the area.

3 Results

3.1 Seasonal and diurnal variability of CO2 and CH4
Maximum and minimum hourly concentrations of CO2 are clearly observed in winter and summer respectively, where-
as CH4 hourly concentrations are similar throughout the year and independent of season, with slightly elevated levels 
during winter. A simple linear regression model analysis implemented among both CO2 and CH4 hourly levels with 
the respective CO and BC hourly concentrations (Table 1) also verified this finding through the calculation of higher 
seasonal coefficients of determination, indicative of common sources and more specifically of combustion processes, 
especially for CO2. On the other hand a clear difference in origin can be seen between CO2 and CH4, as apparently for 
CH4 there are at least two different sets of data, which indicates that although combustion is the main source for CO2, 
for CH4 the presence of additional important sources is clearly evident.

Table 1. Correlation (R2) of CO2 and CH4 with CO and BC
The examination of the CO2 and CH4 diurnal variations for each season at Thissio sampling site  indicated a clear diur-
nal variability for both greenhouse gases in all seasons, characterized by an increment of hourly concentrations during 
evening/night and early morning hours. Furthermore, as CO2 in urban areas mainly originates from the combustion 
of petroleum-based fuels in car engines and central heating systems, apart from the night maximum there is a 
distinct peak during morning traffic hours. During summer the diurnal variability of CO2 drops to similar levels as 
the marine background site located at Finokalia, Crete (Figure 1).
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Fig. 1. Diurnal variability of CO2 and CH4 during winter (left panels) and summer (right panels) at Thissio and Finokalia stations.
It occurs than on average the extra anthropogenic burden caused by human activities in the urban center is in the order 
of 3.6% for the period of one year. When considering the monthly variability, the CO2 offset in Athens range between 
5.5 to 7.7% during winter, while during summer the differences are minimal (ranging between 0.6 to 1.3%). Especially 
during nighttime CO2 concentrations can be up to 20% higher than those at Finokalia (415 vs. ~600 ppm). For CH4 the 
additional burden due to the urban environment and activities is once again in the order of 3.5% for the whole period, 
but does not exhibit a seasonal difference.

3.2 The effect of wind and regional sources on GHG levels
The influence of specific wind directions on CO2 and CH4 levels, due to the transport of emissions from local sources, 
was studied initially with seasonal pollution roses by using CPF. Increased hourly levels of both greenhouse gases 
mainly occurred in conjunction with winds blowing from northern and eastern directions in all seasons, possibly from 
emission sources situated to the northern and the eastern domains of the Athens basin. According to CPF roses, peak 
episode likelihood for CO2 was related to winds originating from the eastern sector whereas winds from the northern 
sector had a stronger impact on CH4 concentrations primarily during spring and summer. 

As many extreme episodes were observed only for CH4 and not for CO2, these cases were considered as indicative 
of regional contributions from emission sources. For CH4 concentrations ≥2400 ppb and CO concentrations ≤500 ppb 
(in order to avoid local emission sources) 86 cases were identified. The grand majority was observed during summer 
(44.2%) and secondarily during winter (23.3%) and 12-hour backward emission sensitivity simulations with FLEX-
PART driven by GFS meteorology were performed. Regional contributions from the northern sector highlight the in-
dustrial zone located to the north of the Athens basin as a potential source of the transported CH4 emissions. Industrial 
activity there, among others, includes chemical industries and food industries. Air masses approaching Athens from 
the west, are likely enriched with CH4 from the three major oil refineries, the landfill, the Liquefied Natural Gas (LNG) 
transfer station and the primary waste water plant of Athens, all located west of the measurement station of Thissio.  

 
4 Conclusions
This study presents the first long-term measurements of GHGs that have ever been conducted in the metropolitan area 
of Athens, Greece, covering a yearlong period. CO2 and CH4 levels were analyzed in terms of atmospheric circulation 
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at a local and regional scale in order to identify possible sources and processes affecting their concentrations within 
the Athens basin.  Increased levels of both CO2 and CH4 were observed during night and early morning hours in 
all seasons, due to the enhancement of traffic/heating emissions and residential natural gas leakages respectively, 
whilst the lowering of atmospheric mixing layer during these specific hours also facilitated the entrapment of local 
greenhouse gas emissions near the surface. Moreover, CO2 presents a profound seasonal pattern with higher levels 
during winter and lower levels during summer, whereas CH4 concentrations remain similar independently of season, 
implying greater contribution of fossil fuel and biomass combustion from heating on CO2 than on CH4 loadings. A 
comparison with the regional baseline reference station of Finokalia also showed highly increased CO2 concentrations 
in Athens during cold seasons due to local emissions from combustion sources, estimating an additional burden due 
to the anthropogenic influence in the order of ~6%. Finally, the synergistic effect of multiple sources such as oil 
refineries, LNG transfer point and landfill,  along the atmospheric path of air masses has been found to contribute to 
extreme CH4 levels.
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Abstract: The aim of this study was to estimate the personal dose of particulate matter (PM10) for residents in several 
Greek cities using a dosimetry model (ExDoM2). Human health risk indexes such as the Relative Risk and the At-
tributable Fraction were also estimated. A 24-h outdoor exposure scenario (under light exercise activity) was imple-
mented for a resident (adult male) in the following cities: Athens, Chania, Heraklion, Patra, Thessaloniki and Volos. 
Two different size distribution data (Athens and Chania) were used in the simulations. Model results showed that the 
daily deposited dose ranged from 295 μg (Athens-Ag.Paraskevi) to 652 μg (Thessaloniki) using the size distribution 
of Athens. In addition, the daily deposited dose ranged from 388 μg (Chania-Akrotiri) to 848 μg (Thessaloniki) using 
the size distribution data of Chania. Therefore, higher deposited dose in the human respiratory tract was found for a 
resident in Thessaloniki due to higher hourly median PM10 concentrations (28-46 μg/m3) compared to with the other 
cities. Regarding health risk indexes higher values were obtained for Thessaloniki followed by Athens-Aristotelous 
and Heraklion. Specifically, 2.1 % of all-cause mortality in Thessaloniki could be avoided if PM10 concentration was 
reduced at the level of 10 μg/m3. Likewise, 1.7 % of all cause-mortality in Athens-Aristotelous and Heraklion could 
be avoided.

1 Introduction
Urban particulate matter (PM) levels may vary significantly due to the presence of different sources that have direct 
impact on ambient concentrations. Apart from meteorological conditions and geographical position that play an impor-
tant role in PM levels (Unal et al. 2011), human-originated activities comprise a major primary source of airborne par-
ticles. Seasonal variability and diurnal variations depend both on local and remote sources (Chatoutsidou et al. 2019).
Exposure to outdoor airborne PM is responsible for harmful effects on the respiratory and cardiovascular system. 
Notably, particulate air pollution is associated with aggravation of asthma, bronchitis, cardiac arrhythmia, myocardial 
infarction, ischemic stroke, vascular dysfunction, lung inflammation, lung fibrosis, deep vein thrombosis and lung 
cancer (Du et al. 2015, Valavanidis et al. 2008). In addition, fine and ultrafine particles are able to reach the lower 
respiratory tract and penetrate into blood causing systemic inflammation and epigenetics changes (Cheng et al. 2020). 
Therefore, the estimation of regional deposition of PM in the human respiratory tract using dosimetry models is an 
important step for determination of the potential impact of particles on human health. In principle, dosimetry models 
take into account characteristics of the exposed subject such as the gender, age and exertion level, as well as atmo-
spheric particle characteristics and meteorological variables such as wind speed, PM concentration, size distribution, 
shape factor and density of particles. 
The current study implemented ExDoM2 (Chalvatzaki and Lazaridis 2015) to obtain the personal dose of particles re-
ceived by residents in several Greek cities (Athens (Ag.Paraskevi and Aristotelous), Chania (Akrotiri and Dikastiria), 
Heraklion, Patra, Thessaloniki and Volos). In total, 8 locations were investigated considering the impact from exposure 
to outdoor PM10 concentration for 24-h. At the end, human health risk indexes associated with exposure to PM10 were 
estimated.

2 Data and Methodology

2.1 Data
The particle mass concentration (PM10) was derived from the Ministry of Environment and Energy (http://www.ypeka.
gr). Fig. 1 presents the hourly median PM10 concentrations for all 8 locations obtained for 2018. Specifically, PM10 
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levels were obtained for 5 urban traffic stations (Athens-Aristotelous, Chania-Dikastiria, Heraklion, Patra and Thes-
saloniki-Ag.Sofia), 1 urban background stations (Volos) and 2 suburban background stations (Athens-Ag.Paraskevi 
and Chania-Akrotiri). It demonstrates that higher hourly median PM10 concentrations were measured in Thessaloniki 
(28-46 μg/m3) followed by Athens-Aristotelous (27-37 μg/m3) and Heraklion (24-39 μg/m3). On the other hand, lower 
hourly median PM10 concentrations correspond to Chania-Akrotiri (11-25μg/m3) and Athens-Ag. Paraskevi (15-18 μg/
m3). Therefore, PM10 concentrations at suburban background stations were considerably lower compared to the other 
two locations (urban traffic and suburban background).

Fig. 1. Hourly median concentrations of PM10 at 8 stations in Greece (Athens-Ag.Paraskevi (S1), Athens-Aristotelous 
(S2), Chania-Akrotiri (S3), Chania-Dikastiria (S4), Heraklion (S5), Patras (S6), Thessaloniki (S7) and Volos (S8)

Regarding size distribution data, simulations incorporated published data from Chalvatzaki et al. (2018) for Athens 
and Chalvatzaki et al. (2019) for Chania. For all remaining locations the size distribution data of Athens were adopted. 
According to Fig. 2, coarse particles (PM2.1-10) dominated the size distribution in Chania (60 %) while in Athens fine 
particles (PM1.77) contributed for 56 %. 

Fig. 2. Size distribution data in Athens -Ag. Paraskevi and Chania -Akrotiri.

2.2 Methodology
ExDoM2 (Chalvatzaki and Lazaridis 2015) is a revised version of ExDoM (Aleksandropoulou and Lazaridis 2013) 
and was implemented in order to obtain the personal dose received by residents in the under study Greek cities. The 
respiratory tract module of ExDoM2 is based on ICRP (1994, 2015). The deposited dose rate of particles in region j of 
the respiratory tract was calculated with the following equation (Aleksandropoulou and Lazaridis 2013, Chalvatzaki 
and Lazaridis 2015):
    
Hj=∑B×Ci×DEi,j=(B×Cfine×DEfine,j)+(B×Ccoarse×DEcoarse,j)        (1)
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where Ci is the exposure concentration (μg/ m3) for particles in the size fraction i (fine and coarse), B is the inhalation 
rate (m3/ h), DEi,j is the deposition fraction in region j of the respiratory tract for particles in the size fraction i (fine 
and coarse). 
The relative risk (RR) and the attributable fraction (AF) for all-cause mortality were calculated using the equations 
provided by Ostro (2004):

RR=exp[β(X-X_0 )] (2)

AF=(RR-1)/R (3)
where, X is the annual concentration of PM10 (μg/m3), Χο is the baseline concentration of PM10 (10 μg/m3) and β is 
the coefficient of the risk function (0.0008). The annual median PM10 concentration was used in this work. 

3 Results
Deposited dose in the human respiratory tract
The daily deposited dose of particles in the 3 regions of the respiratory tract (extrathoracic, tracheobronchial and 
alveolar-interstitial) is shown in Fig. 3. Higher deposited dose observed in the urban traffic stations (Thessaloniki, 
Athens-Aristotelous, Heraklion, Chania-Dikastiria) while lower values found in the suburban background stations 
(Athens -Ag. Paraskevi and Chania-Akrotiri). Two different size distribution data (Athens and Chania) were used in 
the simulations.  Higher dose in the ET region was found in Thessaloniki using the size distribution data of Chania 
(721 μg) while higher dose in the TB and AI regions were found in Thessaloniki using the size distribution data of 
Athens (42 μg for TB region and 143 μg for AI region). This finding is associated with the particle size distribution 
characteristics. Particularly, the contribution of coarse particles in the mass size distribution implemented for Chania 
was higher compared to corresponding contribution of the size distribution of Athens. Investigation of the daily de-
posited dose in the respiratory tract (total) shows that higher dose obtained at 848 μg in Thessaloniki whereas lower in 
Athens-Ag. Paraskevi at 295 μg. Likewise, Aleksandropoulou and Lazaridis (2013) reported that the daily deposited 
dose ranged from 345 μg to 761 μg in a coastal remote site (Finokalia, Greece) while lower levels (133 - 212 μg) were 
obtained in a residential background area in Oslo (Norway). 

 Fig. 3. Daily deposited dose (μg) of particles in the a) extrathoracic (ET), b) tracheobronchial (TB) and  c) alveolar-interstitial 
(AI) regions for all stations (Athens-Ag.Paraskevi (S1), Athens-Aristotelous (S2), Chania-Akrotiri (S3), Chania-Dikastiria (S4), 
Heraklion (S5), Patras (S6), Thessaloniki (S7) and Volos (S8)).
Health Risk indexes
Finally, the RR obtained for the 8 locations ranged from 1.01 to 1.02 where higher values were found for Thessa-
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loniki, Athens-Aristotelous and Heraklion. These RR estimates were subsequently used to calculate the AF. Specifi-
cally, the results (Table 1) indicate that the 2.1 %, 1.7 % and 1.7 % (AF×100) of all-cause mortality in Thessaloniki, 
Athens-Aristotelous and Heraklion respectively, could be avoided if PM10 concentration was reduced to 10 μg/m3. 
Similar finding is reported in Cardaba Arranz et al. (2014), where, the authors found that 2 % of all-cause mortality 
in Valladolid (Spain) is attributed to PM pollution. In addition, lower values were found in Chania-Akrotiri (0.4 %) 
and Athens-Ag.Paraskevi (0.6 %). Therefore, Thessaloniki and Chania-Akrotiri are the city with the higher and lower 
values, respectively. Thessaloniki is populated area with anthropogenic sources such as traffic emissions and industrial 
activities (Slini et al., 2006) while the opposite characteristics are observed in Chania-Akrotiri. Chania-Akrotiri is 
sparsely populated area with small impact from local anthropogenic sources (Chatoutsidou et al. 2019).  

Table 1. Attributable fraction (AF) for the under study locations.

4 Conclusions
The deposited dose and health risk indexes were estimated from PM10 data in several Greek cities. Higher deposited 
dose was observed in urban traffic stations (e.g. Thessaloniki, Athens-Aristotelous) while lower values were observed 
in suburban background stations (Athens-Ag. Paraskevi and Chania-Akrotiri). Therefore, the characteristics of the 
sampling location influence PM10 levels and hence affect the deposited dose. In addition, two different size distribution 
data (Athens and Chania) were used. Specifically, the daily deposited dose in the ET region for residents in Thessalon-
iki (city with the higher PM10 levels) was equal to 721 μg (size distribution of Chania) and 467 μg (size distribution of 
Athens).The daily deposited dose in TB region was equal to 42 μg (size distribution of Athens) and 35 μg (size distri-
bution of Chania) while in the AI region was equal to 143 μg (size distribution of Athens) and 92 μg (size distribution 
of Chania). Therefore, the size distribution data of Chania increase the deposited dose in the ET region and decrease 
the deposited dose in the TB and AI region. In addition, higher health risk indexes were found in Thessaloniki, Athens-
Aristotelous and Heraklion and were linked with higher PM10 concentrations in these locations. Specifically, the AF 
was 0.021, 0.017 and 0.017 for Thessaloniki, Athens-Aristotelous and Heraklion respectively, suggesting that elevated 
PM10 concentrations result in elevated health risk indexes. The health risk indexes included a baseline level of 10 µg/
m3 thus any mortality under this baseline was not considered. 
Acknowledgments We acknowledge support of this work by the project “PANhellenic infrastructure for Atmospheric 
Composition and climatE change” (MIS 5021516) which is implemented under the Action “Reinforcement of the 
Research and Innovation Infrastructure”, funded by the Operational Programme “Competitiveness, Entrepreneurship 
and Innovation” (NSRF 2014-2020) and co-financed by Greece and the European Union (European Regional Devel-
opment Fund).

References
Aleksandropoulou V, Lazaridis M (2013) Development and application of a model (ExDoM) for calculating the re-

spiratory tract dose and retention of particles under variable exposure conditions. Air Qual Atmos Health 6: 13-26.
Cardaba Arranz M, Muñoz Moreno MF, Armentia Medina A, Alonso Capitán M, Carreras Vaquer F, Almaraz Gómez 

A (2014).Health impact assessment of air pollution in Valladolid, Spain. BMJ Open 4, e005999. doi:10.1136/bm-
jopen-2014-005999.

Chalvatzaki E, Lazaridis M (2015) Development and application of a dosimetry model (ExDoM2) for calculating in-
ternal dose of specific particle-bound metals in the human body. Inhal Toxicol 27 (6): 308-320.



34 | Air quality / Atmospheric chemistry

Chalvatzaki E, Chatoutsidou SE, Mammi-Galani E, Almeida SM, Gini MI, Eleftheriadis K, Diapouli E, Lazaridis M 
(2018) Estimation of the Personal Deposited Dose of Particulate Matter and Particle-Bound Metals Using Data from 
Selected European Cities. Atmosphere 9 (7): 248. https://doi.org/10.3390/atmos9070248.

Chalvatzaki E, Chatoutsidou SE, Pantelaki C, Lazaridis M (2019) Estimation of Personal Dose and Health Risk In-
dexes for an adult male arising from Particulate Air Pollution at the Akrotiri Station (Chania, Crete), 1st Scientific 
Conference PANACEA, University of Crete, Heraklion. 

Chatoutsidou SE, Kopanakis I, Lagouvardos K, Mihalopoulos N, Tørseth K, Lazaridis M (2019) PM10 levels at urban, 
suburban and background locations in the eastern Mediterranean: Local versus regional sources with emphasis on 
African dust. Air Qual Atmos Health 12:1359-1371 https://doi.org/10.1007/s11869-019-00750-41371 

Cheng M, Wang  B,& Yang M,  Ma J, Ye  Z,  Xie L, Zhou M, Chen W (2020) microRNAs expression in relation to 
particulate matter exposure: A systematic review. Environ Pollut. 260. 113961. 10.1016/j.envpol.2020.113961.

Du Y, Xu X, Chu M, Guo Y, Wang J (2016). Air particulate matter and cardiovascular disease: The epidemiological, 
biomedical and clinical evidence. Journal of thoracic disease 8:E8-E19. 

ICRP (1994) Human respiratory tract model for radiological protection. ICRP Publication 66. Ann. ICRP 24 (1-3). 
ICRP (2015). Occupational intakes of radionuclides: Part 1. ICRP Publication 130. Ann. ICRP 44 (2).
Ostro B (2004) Outdoor air pollution: Assessing the environmental burden of disease at national and local levels. Ge-

neva, World Health Organization. Environmental Burden of Disease Series, No 5. Available online: https://www.
who.int/quantifying_ehimpacts/publications/ebd5.pdf 

Slini T, Kaprara A, Karatzas K.,Moussiopoulos N (2006). PM10 Forecasting for Thessaloniki, Greece. Environmental 
Modelling & Software 21, 559-565.

Unal YS, Toros H, Deniz  A, Incecik S (2011) Influence of meteorological factors and emission sources on spatial and 
temporal variations of PM10 concentrations in Istanbul metropolitan area. Atmos Environ 45: 5504-5513. 10.1016/j.
atmosenv.2011.06.039.

Valavanidis A, Fiotakis K, Vlachogianni T. (2008) Airborne Particulate Matter and Human Health: Toxicological As-
sessment and Importance of Size and Composition of Particles for Oxidative Damage and Carcinogenic Mecha-
nisms, J. Environ. Sci. Health, Part C, 26 (4): 339-362.



| 35 Air quality / Atmospheric chemistry

Mass concentration of airborne particles and their characteristics at Ak-
rotiri station (Chania) during a summer campaign

Chatoutsidou S.E.* and Lazaridis M. 
School of Environmental Engineering, Technical University of Crete, 73100, Chania, Greece 

*corresponding author e-mail: sochatoutsidou@isc.tuc.gr

Abstract: PM10 and PM2.5 concentrations were measured at Akrotiri station (Chania) during a 3-months campaign 
(May to July 2020). PM10 was measured online whereas PM2.5 was obtained by gravimetric sampling. Increased PM10 
concentrations were measured during Sahara dust events that took place at the under study site with higher daily 
maximum concentration at 38.2 μg/m3. Nevertheless, intensive fluctuations caused by the dust events were responsible 
only for temporal increase of ambient levels. Overall, higher ambient levels were obtained on July (monthly average 
20.3 μg/m3) which were associated with local anthropogenic sources. Analysis with wind direction has shown no link 
between wind direction/frequency and PM10 besides the south direction during dust events. On the other hand, PM10 
was negatively correlated with wind speed (-0.61 Spearman r). PM2.5 varied between 6.1 to 16.9 μg/m3 with higher 
concentrations measured on July verifying the increased emissions of fine particles during this period. The contribu-
tion of PM2.5 to PM10 was 54 % on June samples and 63 % on July samples. 

1 Introduction
Atmospheric pollution is a direct result of anthropogenic emissions which include primarily gases, chemical spe-
cies and particulate matter. Their impact on both air quality and population exposure has lead international agencies 
(EPA,WHO, EU) to establish thresholds in order to mitigate their emissions, while, the research community aims to 
investigate their characteristics, dynamic behavior and environmental associations (Hama et al. 2017; Kopanakis et 
al. 2018).
Atmospheric particulate matter (PM) constitutes of multicomponent particles or variable size and shape. Anthropo-
genic airborne PM originate primarily from combustion sources (exhaust emissions), are rich in minerals and small 
in size (<1 μm) (Kumar et al. 2014). They usually outnumber larger particles which are the product of mechanical act 
over surfaces also rich in minerals and crustal elements depending on their primary origin. Thus, PM2.5, PM10 levels 
and their characteristics are widely investigated in locations with different intrinsic characteristics. The Mediterranean 
basin is one of them with marine air, African dust and urban-originated particles comprising a challenging mixture of 
atmospheric particles (Chatoutsidou et al. 2019; Saliba et al. 2010). Towards this direction, the objective of the present 
study was to examine PM levels and the associated characteristics in a coastal suburban site significantly influenced 
by both anthropogenic and natural sources.

2 Data and Methodology

2.1 Data
A 3-months campaign was conducted at Akrotiri station whereby the particle mass concentrations PM2.5 and PM10 were 
measured from May to July 2020. The Akrotiri station is located within the campus of the Technical university of Crete 
at the northwest side of the island of Crete. It is a suburban coastal site with the closest distance from the sea being at 
2 km in the north direction. The surrounding area is a mix of farms and residential area with a main road of normal 
traffic passing outside the university campus. In addition, the city of Chania with population at approximately 54,000 
habitants is in the southwest direction 5 km away from the campus and corresponds to main urban area. 

PM10 concentration was measured on-line throughout the total period of the campaign (May-July) and was accom-
panied by (periodic) gravimetric sampling of PM2.5. Specifically, a Dust Trak II (TSI) was employed for the on-line 
measurement of PM10 whereas a Leckel impactor with a pre head of PM2.5 was used for passive sampling. Sampling 
interval for the on-line measurement was 5 min whilst gravimetric sampling lasted 24 h. The flow rate of the Dust Trak 
was at 3.0 lpm whilst the flow rate of the impactor was at 2.3 m3/h. Meteorological data were also recorded with a log 
interval of 5 min. 
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3 Results

3.1 Daily concentrations
The average daily PM10 concentrations during the 3-months sampling campaign are presented in Figure 1. Intensive 
daily variations of the PM10 levels were observed on May but a gradual increase of the ambient concentrations was 
found after mid-June. Therefore, higher monthly concentration corresponds to July (20.3 μg/m3) followed by May 
(17.0 μg/m3) and June (13.6 μg/m3). While the increased PM10 levels on May are linked with Sahara dust events that 
took place at the under study location between 11/05 – 13/05 and 18/05 – 20/05, the elevated concentrations on July 
are associated with local anthropogenic sources. 

Fig. 1. Average daily PM10 concentration at Akrotiri station.

Daily concentrations were always lower than the WHO air quality guideline for PM10 (50 μg/m3). As such, highest 
daily concentration was measured at 38.2 μg/m3 on 19/05 and lowest on 12/06 at 8.3 μg/m3. However, the majority of 
the measured concentrations lied between 12.4 μg/m3 to 20.4 μg/m3 (25th –75th percentile). The temporal fluctuations 
observed on mid-May caused by the Sahara dust events on May resulted in a significant increase of ambient levels. 
However, looking overall the measurement period suggests that PM10 was characterized by elevated concentrations 
on July. PM10 is a well-established metric for air quality indexes regarding particulate matter. In the under study area 
PM10 is significantly affected by African dust transport especially the first semester of the year. Nonetheless, sources 
of coarse particles such as road dust resuspension and emissions from finer particulate sources (combustion generated 
particles) contribute largely. This observation indicates that the African dust (natural carrier of coarse particles) con-
tribution is variable (high or low) as it is highly dependent on atmospheric conditions. Clearly, this a direct observa-
tion from the measured data obtained from this campaign. Severe dust storms took place at the under study site with 
PM10>100 μg/m3 and can be found in Kopanakis et al. (2018) and Chatoutsidou et al. (2019)

3.2 Impact of wind direction and wind speed
Monthly wind and concentration roses given in Figure 2 show that the highest concentrations on May correspond to 
a south wind origin (S, SSE). Median concentration from these directions varied between 19.1 μg/m3 and 19.5 μg/
m3. This characteristic evidences the direct impact to PM10 from the Sahara dust events that took place on May. How-
ever, no other link between PM10 levels and wind direction/frequency was found, an observation that applies to all 
three months. In more detail, wind roses for June show a prevailing wind direction from the west (WSW, W, WNW) 
but higher concentrations are associated with east direction (E, ENE). Similar finding applies to July, where a higher 
frequency of north wind was observed, but PM10 levels show a more uniform distribution compared to the other two 
months with increased concentrations correspond to NE, ENE, WSW and SSW directions. Novertheless, it is possible 
that fresh clean air coming from the sea resulting in reduced ambient concentrations (22 μg/m3 and 21.2 μg/m3 for N 
and NNW respectively) as Figures 2c and 2f suggest. 
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Fig. 2. Wind and concentration roses for May (a,d), June (b,e) and July (c,f). PM10 levels correspond to median concentration per 
direction.

Conversely, wind speed was found to influence PM10 levels. Specifically, PM10 concentration from each direction was 
plotted against the corresponding wind speed for the three months. The results are presented in Figure 3. Accordingly, 
a decreasing trend can be observed therefore lower concentrations correspond to higher wind speed. This observation 
is linked with air dilution due to stronger blowing wind and is reported in other studies (Hama et al. 2017; Kopanakis 
et al. 2018). The decreasing trend of PM10 with wind speed was verified by all data although different levels apply in 
different months. Overall, spearman correlation was at -0.61. 

Fig. 3. Wind speed versus PM10 concentration. All data correspond to median values. 
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3.3 PM2.5 concentrations
The average daily concentrations for PM2.5 are shown in Figure 4 together with the corresponding PM10 concentrations. 
PM2.5 at Akrotiri station was considerably lower than the WHO air quality guideline (25 μg/m3) during the sampling 
days. Hence, daily concentrations varied between 6.1 to 16.9 μg/m3 with average at 11.0 ± 3 μg/m3. These values are 
lower compared to PM2.5 concentrations reported in urban areas (Juda-Rezler et al. 2020; Shang et al. 2020) but com-
parable to other suburban locations (Rodríguez et al. 2020). In addition, average PM2.5 for June samples was 8.6 ± 2.4 
μg/m3 while for July it was 13.2 ± 1.8 μg/m3. The elevated PM2.5 concentrations on July ( are associated with increased 
anthropogenic sources such as exhaust emissions from motor vehicles.
The contribution of PM2.5 to PM10 was by average 54 % on June and 63 % on July. This finding suggests that more than 
half of the measured airborne particulate matter is smaller than 2.5 μm. This value is within the range of the PM2.5/
PM10 ratio found in urban environments (0.27 – 0.8) (Saliba et al. 2010). The results also indicate a substantial in-
crease ( of fine particles on July (9%), which, is in agreement with the elevated PM2.5 concentrations measured during 
this period. (Ultra)Fine particles in urban environments originate primarily by combustion sources and especially by 
traffic emissions (Kumar et al. 2014), on the other hand surface erosion by wind, road dust resuspension and African 
dust contribute mostly to coarser particles. The interplay between these two major size fractions and by extension the 
relative contribution to the ambient levels depends on these factors, their frequency and intensity.

Fig. 4. Average daily PM2.5 and PM10 concentrations. No available data for PM10 on 15/06 and 16/06.

4 Conclusions
The present study focused on ambient levels of PM10 and PM2.5 at Akrotiri station during a 3-months sampling cam-
paign. The results have shown that both metrics were lower than the WHO air quality guidelines for 24h concentra-
tions (50 μg/m3 for PM10 and 25 μg/m3 for PM2.5). Specifically, daily PM10 varied from 8.3 μg/m3 to 38.2 μg/m3 whilst 
PM2.5 varied from 6.1 to 16.9 μg/m3. 
Intensive fluctuations of PM10 levels were observed on May whereby Sahara dust events caused the sudden increase of 
ambient levels. Nevertheless, high concentrations of PM10 over the measured period were obtained on July, a finding 
that was associated with elevated anthropogenic sources during this period. Besides the direct link between the south 
wind origin (Sahara) and PM10, no other association with wind direction/frequency was found. Conversely, analysis 
with wind speed clearly demonstrated the direct impact to ambient PM10 concentration with increased wind speed 
resulting in lower PM10 levels (-0.61 Spearman r).
Likewise PM10, PM2.5 levels demonstrated increased concentrations during July. This finding directly implies that this 
increase was caused by emissions of fine particles in the under study area, probably originated from local anthropo-
genic sources. The contribution of PM2.5 to PM10 increased from 54 % (June) to 63 % (July).
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Abstract: Aerosol particles serve as Cloud Condensation Nuclei (CCN) to form liquid cloud droplets or as Ice Nu-
clei Particles (INP) to form ice at much higher temperatures than homogeneous freezing. Mineral dust containing 
K-Feldspar is considered as the most important INP, while measurements of its hygroscopic growth indicate very low 
solubility. Most chemistry-climate models assume that CCN activation depends solely on the soluble material in the 
particle. However mineral dust can be wettable, adsorbing water at its surface, contributing to CCN and promoting 
growth of particles to CCN and formation of cloud droplets at cloud relevant supersaturation. In the present study, we 
use the well documented global 3-dimensional chemistry - transport model TM4-ECPL to derive dust distributions 
for the year 2010 and then apply experimentally derived parameterizations of INP and CCN. The atmospheric INP 
concentrations at ambient temperature are found to be 3 to 4 orders of magnitude (0.001-0.1 cm-3) lower than the cal-
culated CCN concentrations (100-1000 cm-3) close to their emission sources. CCN from insoluble mineral dust could 
affect cloud droplets formation at middle and low altitudes, while INP is important only at high altitudes.  

1 Introduction
Aerosol-cloud interactions are among the largest uncertainties in climate projections. In particular, the dynamics and 
properties of mixed-phase clouds are major contributors to these uncertainties. The radiative and microphysical prop-
erties of clouds are sensitive to aerosol concentration, composition and size resulting to aerosols significantly affecting 
precipitation rates. Aerosol particles serve as CCN to form liquid cloud droplets, or as INP to form ice. Ice nucleation 
in clouds occurs via i) homogeneous freezing of liquid particles below about −36 °C ii) heterogeneous ice nucleation, 
triggered by INPs and occurring at much higher temperatures than homogeneous freezing (Murray et al. 2012). INP 
concentrations are very small compared to CCN, however their presence in the atmosphere can dramatically reduce 
the lifetime of shallow clouds (Vergara-Temprado et al. 2018), alter the   development of deep convective clouds re-
leasing latent heat that invigorates up-draught altering cloud structure (Lohmann and Gasparini, 2017) and affect the 
atmospheric radiative balance (Tan et al. 2016).
The prediction of INP concentration in climate models is usually based on parameterizations that depend on the size 
distribution of aerosol particles and the temperature (DeMott et al. 2010). The majority of chemistry-climate models 
use Kohler theory to describe cloud droplet formation from dust with the assumption that CCN activation depends 
solely on the fraction of soluble material in the particle (Smoydzin et al. 2012). Since measurements of hygroscopic 
growth indicate very low solubility of dust particles, the activation of observed CCN has been attributed to soluble ions 
present in dust particles (Herich et al. 2009). However, due to its wettability mineral dust adsorbs water at its surface, 
increasing CCN activation and promoting the formation of cloud droplets at cloud relevant supersaturation (Kumar 
et al. 2009). Mineral dust particles are also identified as the most important INP type due to their general effective ice 
nucleating ability (Atkinson et al. 2013) and their large emissions into the atmosphere (981 to 4313 Tg yr−1 according 
to AEROCOM models, Huneeus et al. 2011). Measurements of ice crystals in mixed-phase clouds have shown that 
mineral dust is often present, supporting dust’s INP properties (Pratt et al. 2009). Recent studies showed that K-rich 
feldspars (K-Feldspars) are effective INPs; their high ice nucleation efficiency was tentatively attributed to surface 
-OH groups (Kiselev et al. 2016).
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During atmospheric transport, mineral dust particles are ageing by condensation of sulfate (SO4
2−), nitrate (NO-) and 

secondary organic aerosol material, thus becoming more soluble and susceptible to wet scavenging. This process 
modifies INP’s efficiency in nucleating ice. As evidence of such processing, nitrate and/or sulfate was detected in 50% 
and 99% of the ice nuclei active and non-active particles, respectively (Iwata and Matsuki 2018). It remains challeng-
ing to identify singularity between species-to-species variability in ice-nucleating properties considering processes 
that occur in the atmosphere (Hoose and Möhler 2012) and model them on a global scale.
The present modeling study uses the well documented 3-dimensional global chemical transport model (TM4-ECPL) 
to simulate the global immersion-mode INP distributions based on the most recent experimentally-derived parameter-
izations of ice nucleating ability for K-feldspar. We use a singular approximation following a methodology that has 
been applied in earlier studies (e.g. Vergara-Temprado et al. 2017) to parameterize the INP concentrations. We also 
simulate CCN concentrations using adsorption theory (Kumar et al. 2009) and compare them with INP concentrations 
from mineral dust.

2 Methodology

2.1  Global modeling
The well documented global 3-dimensional chemistry-transport model TM4-ECPL is here used (Myriokefalitakis 
et al. 2016, Kanakidou et al. 2016, 2020). The TM4-ECPL model uses the ERA- Interim meteorological fields as-
similated by the European Centre for Medium-Range Weather Forecasts (ECMWF) meteorological model and has a 
horizontal resolution of 3º (longitude) by 2º (latitude), with 34 levels from surface up to 0.1hPa (~65 km). It simulates 
tropospheric oxidant chemistry accounting for non-methane volatile organics, all major aerosol components and the 
atmospheric cycles of nutrients. Dust emissions are calculated online (Myriokefalitakis et al. 2016) and occur both in 
fine and coarse modes with dry mass median radii (lognormal standard deviation) of 0.34μm (1.59) and 1.75µm (2.00), 
respectively. The model allows for hygroscopic growth of particles (as a function of the ambient relative humidity and 
the composition of soluble aerosol), wet removal and gravitational settling that change the size distribution of aerosols 
during atmospheric transport, while particle’s growth by coagulation is neglected. Mineral dust mass concentration is 
calculated and converted to number concentration in each grid box of the model using typical lognormal distribution 
equations. Details on the other emissions used in the model are provided in Daskalakis et al. (2016) and Kanakidou et 
al. (2020).

2.2 Calculations of INPs concentrations
The calculation of INP number concentration follows the ice nucleation active surface site density concept (Vali et al. 
2015) that assumes particle nucleation onto ice to happen below a temperature characteristic of the particle composi-
tion, without significant time dependence. The ice nucleation active
surface sites density is derived by the spectrum of ice-nucleating properties (Atkinson et al. 2013) known as ns and for 
a polydisperse aerosol sample is given by the Poisson distribution:
         𝑘                        𝑘 

∑ 𝑛𝑖,𝑗(𝑇, 𝑆𝑖) =  ∑ 𝑛𝑎𝑒𝑟,𝑗{1 − 𝑒𝑥 𝑝[−𝑆𝑎𝑒𝑟,𝑗 𝑛𝑠(𝑇, 𝑆𝑖)]}

        𝑗=1                     𝑗=1

Where ni,j is the ice number concentration for the aerosol component i and size mode j, naer,j the total aerosol number 
concentration and Saer,j the aerosol surface area in size mode j (Niemand et al. 2012).
In this study we use the recently proposed ns parameterization (Harrison et al. 2019) for K-feldspar ice-nucleation ac-
tivity that is a good approximation for the majority of feldspars studied in the laboratory. We assume that dust particles 
are spherical and externally mixed as in Vergara-Temprado et al. (2017). Assumption of internally mixed particles 
leads to 1-2 orders of magnitude more INP at temperatures below -25°C but similar concentrations above (Harrison et 
al. 2019). Additionally, in the present study the ice nucleating ability of K-feldspar is parameterized assuming that 35% 
of the total feldspar mass is K-feldspar (Vergara-Temprado et al. 2017). The global soil mineralogy dataset developed 
by Nickovic et al. (2012) is used to calculate the spatially distributed K-feldspar and quartz emissions. This dataset 
separates the size distribution of minerals into clay and silt, which correspond to accumulation and coarse mode of 
model. We assume that only the insoluble part of concentrations of these minerals contribute to INPs (Atkinson et al. 
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2013). The solubilization scheme of airborne dust minerals is parameterized in the model as in Myriokefalitakis et 
al. (2015) and describes a process of importance for the release of soluble nutrients into the environment. Vergara-
Temprado et al. (2017) claimed that the implementation of aging of mineral dust in their model significantly improved 
the comparisons of simulated ΙΝP concentrations with observations.

For insoluble dust particles the multilayer Frenkel–Halsey–Hill (FHH) adsorption isotherm theory is used, which 
uses two adjustable parameters (AFHH and BFHH) to describe the contribution of water vapour adsorption to CCN activ-
ity. The adsorption parameter (AFHH) represents the interactions between the first water monolayer and the dust surface. 
BFHH expresses the long-range interactions of additional adsorbed water layers with the dust surface. The proposed by 
Kumar et al. (2011) set of the FHH parameters (AFHH = 2.25±0.75, BFHH = 1.20±0.10) is used here. The equilibrium 
water vapor saturation ratio, S, over the surface of an insoluble particle is then given by Kumar et al. (2009).

where Dw is the diameter of a water molecule (2.75 Å), Ddry is the dry particle diameter, DP is the wet particle diameter 
at equilibrium, σ is the particle surface tension at the point of activation, ρw is the water density, Mw is the molar mass 
of water, R is the universal gas constant, and T is the average temperature. The above equation can extract Sg critical 
supersaturation ratio for a characteristic wet diameter, Dg by solving following equation

Assuming uniform chemical composition within each particle mode, j, a power law function can be used to express the 
ratio of the dry to the critical median diameters in terms of a critical super-saturation ratio,

where S and Sg,j are critical supersaturations of CCN with dry diameter Ddry and median diameter of mode j, Dg,j re-
spectively, and x is an exponent that depends on the activation theory used (𝑥 ≅ 0.86) implicating in the calculation of 
CCN spectrum for the lognormal particle size distribution:

We then calculate the CCN number concentration at 825hPa and at a supersaturation level of 0.2%. This enables the 
identification of regions in the atmosphere where ice cloud droplets formation in mixed- phase clouds is expected to 
occur. 

3 Results
INP particles trigger immersion or condensation freezing of water (activate) below a temperature that depends on their 
composition. INPs concentrations are presented in model predictions either as potential INPs that are activated at fixed 
temperature ([INP]T) (Fig. 1, left) or as ambient INPs that are calculated using local temperature (Fig. 2, top left). In 
this study we show INP concentrations both at fixed activation temperature of -15°C at 825hPa, which is representa-
tive for mixed phase clouds (Fig 1,) 
[INP]-15) and at ambient conditions at 600 hPa, which correspond to the model atmospheric conditions (Fig 2, [INP]
ambient). [INP]ambient is a pertinent quantity that could determine the regions with non-deep convective clouds where cloud 
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glaciation is most likely to happen. The contribution of insoluble particles to CCN is potentially most important in 
areas close to mineral dust sources (Fig. 2, bottom left).

Fig. 1.  (left) Annual mean K-feldspar INP at activation temperature of -15oC [INP]-15 at the pressure level of 825hPa; (right) 
illustration of [INP]ambient relevant to non-deep convective mixed-phase clouds and [INP]T relevant to the influence of deep-con-
vective systems that are here illustrated by the convective, vertically-extended clouds. 
 
Mineral dust contribution to CCN depends on the predicted fraction of mineral dust to the total aerosol number con-
centration. Close to deserts, the dominant aerosol component is mineral dust (80– 99% by mass) with the rest of the 
aerosol consisting of soluble materials, such as sulfate, organic carbon, and sea-salt from atmospheric transport. These 
soluble components can be externally or internally mixed with mineral dust. When externally mixed they are mainly 
smaller in size than dust and can contribute substantially to aerosol number and CCN concentrations. INP are far less 
abundant compared to CCN with maximum CCN number concentration by 3 orders of magnitude higher than INP. 
Hence, in an ice cloud, the water is typically distributed on orders of magnitude fewer INP than CCN in a liquid cloud. 
Furthermore, INPs are active at much higher altitudes in atmosphere than CCN, due to the strong dependence of active 
sites density on temperature (Fig. 2, right top vs bottom). Fig. 2 also shows the inter-hemispheric transport asymmetry 
from the north hemisphere extratropics to the southern hemisphere (Yan et al., 2021). 

Fig. 2. Annual mean K-feldspar INP at the model temperature [INP]ambient at pressure level of 600hPa (top left) and zonal mean 
[INP]ambient (top right). Predicted annual mean distribution [CCN]0.2 from mineral dust at 0.2% supersaturation (bottom left) and 
its zonal mean distribution (bottom right).  

4 Conclusions
This study was a first attempt to assess the contribution of freshly emitted insoluble dust particles to both global CCN 
and INP concentrations. Simulations were carried out with the TM4-ECPL chemical transport model. CCN activity 
was parameterized using the adsorption theory, whereas INP was calculated based on singular approximation. We used 
Kumar et al. (2009) and Harrison et al. (2019) parameterizations to predict CCN and INP concentrations, respectively, 
considering only the contribution of insoluble mineral dust. The contribution of mineral dust to total particle number 
and CCN concentration was found to be relatively important in areas with high dust concentrations (i.e., deserts and 
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near-by regions) with impacts that can extend over the tropical Atlantic Ocean. The available and potential INP con-
centrations at ambient and given temperature, respectively, were found to be 3 to 4 orders of magnitude lower than the 
calculated CCN. INP from insoluble mineral dust could affect cloud glaciation at high altitudes, while CCN is impor-
tant only at middle and low altitudes. 
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Abstract: A bulk of literature concentrates on the nexus between air quality and human health. The objective of this 
study is to warily examine the effects of Particulate Matter (2.5 μm or less and 10 μm or less in diameter, hereafter 
PM2,5 and PM10, respectively) on cardiorespiratory mortality for Athens, within the framework of the AirQ+ model 
developed by the World Health Organization. We calculate the Relative Risk (RR) of mortality attributed to the car-
diovascular and respiratory diseases for PM2,5, and PM10, using the Generalized Linear Model (GLM) as it provides a 
more flexible modelling procedure and departs from the restrictive assumption of normality. Three different age groups 
are used for comparison purposes: people aged 20-49, 50-79 and 80+. Daily means of PM2.5 (2007-2016) and PM10 
(2001-2016) are acquired by the National Observatory of Athens. The findings of the performed analysis illustrate that 
there is an increasing effect of the pollutants to human health. More specifically, PM2,5 has the highest effect on respira-
tory diseases as it is shown by its high Relative Risk.

1 Introduction
Air pollution and the rapidly aging population are public health challenges of essential importance. In order to quantify 
the effects of air pollutants on human health and population mortality, the need of a robust index is crucial. Relative 
Risk (hereafter RR) is introduced in the seminal study Cornfield (1951). To date, there is no universal definition for 
RR and as such, various alternatives have been proposed. Zhang and Kai (1998) explain that RR “usually means the 
multiple of risk of the outcome in one group compared with another group and is expressed as the risk ratio (…). The 
term RR refers to either the risk ratio or the odds ratio”. WHO (2006) defines RR as “the percentage change in health 
outcome per unit change in air pollution” and calculates RR ratio as the magnitude of the association between exposure 
and disease. In other words, RR indicates the likelihood of developing the disease under examination in the exposed 
group, relative to those who are not exposed. Armitage et al. (2002) describe RR as “a measure of the increased risk 
(if any) of contracting a particular disease in the exposed compared with the non-exposed”. Another definition of RR, 
proposed by Tenny and Hoffman (2017), is that it is “a ratio of the probability of an event occurring in the exposed 
group versus the probability of the event occurring in the non-exposed group”. In all cases, RR is a unit free index.  
Numerous studies use RR to quantify the effects of different pollutants on different populations. The aim of the pres-
ent study is to calculate the RR for PM2,5, and PM10 and cardiorespiratory mortality throughout the years for Athens.

1.1. Particulate Matter
Particulate Matter (PM) is a key indicator of air pollution released in the atmosphere by a variety of natural and human 
activities (Kim et al., 2015). Since there are different sources, seasons and climatic conditions, the concentrations of 
PM fluctuate greatly spatially and from one day to the next (or even intraday) (Schwarze et al., 2006). Consequently, 
there is heterogeneity in health risk and effects among population of different locations and during different seasons. 
Nonetheless, daily exposure to PM is related to morbidity and mortality during the subsequent days (WHO, 2013).
The effects of PM exposure vary depending on pre-existing medical conditions and physical characteristics (i.e. 
breathing mode, volume of a person, health condition), PM size and its link to potential deleterious health problems, 
increased respiratory symptoms, premature death in people with existing heart or lung disease, aggravated asthma, 
irregular heartbeat, decreased lung function and nonfatal heart attacks (see among other Schwarze et al., 2006, Kim 
et al., 2015). While Kim et al. (2015) suggest that the size of PM is the main indicator of health effects, Schwarze 
et al. (2006) after comparing epidemiological and experimental studies, claim that the different fractions of PM may 
contain qualitatively different elements (and thus more toxic compounds) and hence the particle composition is far 
more important for the biological effects than the size of the particles. To protect public health, air quality standards 
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have been established in many countries. Nevertheless, Kim et al. (2015) indicate that there is no evidence to support 
a safe threshold level of exposure below which there are no health effects. Moreover, current air quality standards and 
thresholds are established based on the total mass of the particles treating all components as equally toxic, an assump-
tion that is unrealistic (Schwarze et al., 2006).

2 Data and Methodology
2.1 Data
Athens is the capital of Greece and concentrates almost half of Greece’s population. As air pollution is closely related 
to mortality due to cardiovascular and respiratory diseases, we collect the respective data on a daily basis for different 
age groups from the Hellenic Statistical Authority. We categorize our data in 3 age groups: 20-49, 50-79 and 80+ years 
old. Due to lack of data, younger age groups are not taken into account. The period under examination is from 1st Janu-
ary 1992 to 31st January 2016 (9.132 observations). Data on a daily frequency for PM2,5 and PM10 are obtained from 
the National Observatory of Athens. The period under examination is different for each pollutant. More specifically, 
for PM2,5 the period under examination is from 1st January 2007 to 31st December 2016 (3.653 observations), and for 
PM10 is from 1st January 2001 to 31st December 2016 (5.844 observations).

2.2 Methodology
In order to estimate the Relative Risk for all three pollutants (i.e. PM2,5 and PM10), we use AirQ+ software provided by 
WHO. The model requires the following data: (i) The concentration of each pollutant on a yearly basis, (ii) The total 
population of the city, (we make the assumption that the population is constant for all the years based on the census 
of 2011), (iii) The area size of the city, (iv) The incidence per 100.000 citizens, (v) A cut-off value for consideration 
(for example 10 μg/m3 for PM2.5, 20 μg/m3 for PM10) and (vi) The values of beta and the upper and lower values of 
the confidence interval after applying a Generalized Linear Model (GLM) between cardiorespiratory mortality and 
each pollutant. In the present study, we use the Generalized Linear Model (Parameters are estimated implementing the 
Newton-Raphson method with the step method of Marquardt) the method of Newton also known as Newton - Raph-
son. The formula that calculates the RR in the AirQ+ software is 0â(× -× )RR = e . Where, â  denotes the change in the 
RR for a one-unit change in concentration X , X  is the mean concentration of the pollutants and 0X  is the cut-off value 
provided by WHO. 

3 Results
Due to lack of data availability different stations are taken into consideration for different pollutants. Specifically, for 
PM2,5 we take into account the mean value of 3 stations (namely Agia Paraskevi [AGP], Lykovrissi [LYK] and Piraeus 
[PIR-1]) (Figure 1). Figure 1 presents the concentrations of PM2,5 throughout the years, depicting the thresholds pro-
vided by WHO and EU. The peak of the concentrations is observed in 1st February 2015. For PM10 we examine the 
mean value of 6 stations (namely Agia Paraskevi [AGP], Aristotelous [ARI], Lykovrissi [LYK], Maroussi [MAR], 
Piraeus [PIR-1] and Thrakomakedones [THR]) (Figure 2). Figure 2 presents the mean concentrations of PM10 for 
the period under examination, showing the thresholds provided by WHO and EU. As with the PM2,5, the peak of the 
concentrations is observed in 1st February 2015. Additionally, it is evident that the concentrations released into the 
atmosphere exceed the WHO threshold and the EU directive. The correlations between the two pollutants (PM2,5 and 
PM10) is equal to 0.69. The high correlation makes the distinction of the effects of each pollutant difficult.
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Table 1 illustrates the correlations among PM2,5, cardiological and respiratory mortality across different age groups. 
The correlations are very low for both cardiological and respiratory diseases for all age groups. Additionally, there is a 
negative correlation between PM2,5 and respiratory mortality for people over 80 years old. Moreover, Table 2 illustrates 
the correlations among PM10, cardiological and respiratory diseases and different age groups. It is evident that the cor-
relations are very low for both cardiological and respiratory diseases for all age groups. Moreover, there is a negative 
correlation between PM10 and respiratory mortality for the total mortality and people over 80 years old.

In this section, we present the results concerning the RR for all pollutants in relation to cardiological and respira-
tory mortality for the three age groups under examination. Figure 3 illustrates the Relative Risk for PM2,5 and cardio-
logical diseases for different age groups from 2007 to 2016. It is evident that RR is approximately 1 for the age group 
20-49, while it increases for the rest of the age groups (i.e. 50-79 and 80+). RR with a value equals to 1 indicates that 
the risk of mortality is the same in the population that is exposed and the population that is not exposed. Consequently, 
in the first age group the risk of mortality is the same to everyone aged between 20 and 49. RR greater than 1 means 
that people in the exposed group are more affected than the people not exposed to the pollutant. RR is clinically sig-
nificant to quantify the effects when is lower than 0.5 and greater than 2 (Andrade, 2015).
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Figure 4 presents the Relative Risk for PM2,5 and respiratory diseases for different age groups from 2007 to 2016. It 
is evident that RR is approximately 1 for the age group 20-49 throughout the years. The RR for the age group 50-
79 varies between 0.5 and 1.5, while there is an upward trend for the age group 80+ throughout the years. Figure 5 
demonstrates the Relative Risk for PM10 and cardiological diseases for different age groups from 2001 to 2016. RR is 
constant with a value of approximately 1 for the age group 20-49 throughout the years. The RR for the age group 50-79 
varies between 0 and 2, while there is a variation for the age group 80+ with a peak value of 4.6 in 2007. The value of 
4.6 implies that there is a four-fold higher risk in the exposed group (i.e. people over 80 years old that died) than the 
total population. Finally, Figure 6 depicts the Relative Risk for PM10 and respiratory diseases for different age groups 
from 2001 to 2016. RR is constant with a value of approximately 1 for the age group 20-49 throughout the years. The 
RR for the age group 50-79 varies between 0.5 and 1.5, while there are fluctuations for the age group 80+ throughout 
the years.

4 Conclusions
The purpose of the present study is to quantify the effects of PM2,5 and PM10 to cardiological and respiratory mortality 
for different age groups, i.e. people aged 20-49, 50-79 and 80+, using Relative Risk as an index We use daily data for 
cardiorespiratory diseases and daily data for the pollutants. Our dependent variable is mortality, while our independent 
variable is the concentration of each pollutant. The correlations of the different pollutants with the cardiorespiratory 
mortality are low. Our results show that for the age group 20-49, the RR is approximately constant and relatively equal 
to 1 for all pollutants and for both cardiological and respiratory diseases. Hence, the risk of mortality to the exposed 
group compared to the unexposed is nearly identical. Moving on to the age group 50-79, our results show that the 
higher RR is detected for PM2,5 in cardiological diseases in 2012 with a value equal to 2.5. As expected, the higher RR 
values are for the age group of 80+, mainly for the PM. Our results reveal the relationship of the pollutants with age, 
since higher RR is observed in the elderly. In other words, the higher the age, the higher the RR, meaning that exposed 
population has higher risk of mortality than the unexposed population. Hence, stricter air quality standards are neces-
sary in order to protect public health.
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Abstract Dust particles can cause fluctuations in Earth’s energy budget, modify in-cloud processes, ocean and land 
fertilization, impacting on climate evolution. The result of those processes can be altered due to different dust particle 
size distribution (PSD) in the atmosphere. From recent observational and modeling studies, it seems that dust models 
are struggling to accurate represent dust PSD, especially the presence of large dust particles. In this work we investigate 
the aerodynamics that impact on particles during their vertical motion in the atmosphere testing a drag coefficient, 
valid in the higher Reynolds numbers. We demonstrate its performance in a Meso-β dust simulations and we compare 
the results with those obtained using the default code which is based on the Stoke’ s drag coefficient. We limit our 
study in the particle sizes that already have been simulated by the model (particle effective radius up to 10 μm). The 
results indicate that adopting the new methodology the total simulated dust load is slightly increased, in agreement 
with corresponding theory. The methodology is also applicable for dust particles with sizes in the full range of the 
observed dust PSD.

1 Introduction
Dust particles contribute to about a half of the global annual particle emissions by mass. Because they can scatter, 
absorb or emit radiation are rendered as one of the most important factors in the maintenance of the Earth’s energy bal-
ance (Balkanski et al., 2007). Dust particles can act as cloud condensation nuclei (CCN) and ice nuclei (IN), impacting 
on the hydrological cycle (Kumar et al., 2011)”ISSN”:”16807316”,”abstract”:”This study reports laboratory mea-
surements of cloud condensation nuclei (CCN and influence the biogeochemical systems of land and oceans through 
deposition processes (Okin et al., 2011). These impacts act in response to the total dust mass on the atmosphere and 
the distribution of mass in the different dust particle sizes. It has been already known that dust particles can travel long 
distances far from their source, however recent studies revealed that the presence of coarse dust particles remain in 
the atmosphere for longer times that it was believed (Ryder et al., 2019) and the models fail to represent accurately 
the dust PSD (Mahowald et al., 2014). The physical processes that extend particles’ lifetimes still remain a mystery. 
Several physical mechanisms have been proposed to be responsible for the lower deposition rates, such as not resolved 
turbulence, lower drag forces due to particles asphericity, dust electricity and spatial variability of PSD (van der Does 
et al., 2018).
Towards the investigation of the aerodynamical conditions of dust particles during their motion in the atmosphere, we 
implement the drag coefficient of a sphere derived by Clift and Gauvin (1971), using a numerical procedure described 
by Mallios et al. (2020), for the calculation of dust particles terminal velocities. The drag coefficient is valid for Reyn-
old numbers up to . Given the relationship of the  with particles size, the new drag coefficient is appropriate for the 
estimation of the aerodynamic drag of coarse, large and giant dust particles.
In this work, we demonstrate the performance of the new drag coefficient in terms of the simulated dust mass and in-
vestigate the reasons behind their difference. In section 2 the development on the model code is described. The results 
are presented in section 3 and section 4 includes the conclusions.

2 Model and Methodology
2.1 Model
We use the WRF-Chem version 4.2.1 in dust only mode, adopting the GOCART-AFWA dust emission and transport 
scheme (LeGrand et al., 2019). The model domain is bounded by corner points SW ( 6.28o N, -34.99o E ), NW ( 39.59o 
N, -34.99o E ), SE ( 6.28o N, 34.99o E ) and NE ( 39.59o N, 34.99o E ) containing 150x80 points with a horizontal grid 



52 | Air quality / Atmospheric chemistry

spacing of 50 km, and 70 vertical levels following a sigma-pressure coordinate. The 6-hourly, 1ox1o resolution re-
analysis product of the Global Forecast System Final Analysis (GFS - FNL) is used for the initial and lateral boundary 
conditions. The simulations were performed for August of 2015, when several dust events took place. The runs were 
carried out with re-initialization cycles every 84 hours, with updating the sea surface temperature as well. This was 
done to avoid long-term drifts. The aerosol radiative feedback was turned-off, simplifying the comparison between the 
set of runs (CONTROL and EXP1). Table 2 shows the radius ranges that is assumed in each model size bin. 

Table 3 Radius range in μm of each model size bin.

Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
Radius (μm) 0.1-1.0 1.0-1.8 1.8-3.0 3.0-6.0 6.0-10.0

2.2 Methodology
The losses in mixing ratio due to gravitational settling are described by the advection of dust mass with settling veloc-
ity. In WRF-Chem version 4.2.1 the numerical scheme that is used to solve numerically the equation of advection, is 
an explicit upwind scheme which in algebraic form is described by the equation:
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In CONTROL methodology,  is defined as the Stokes terminal velocity in a reference air viscosity . In UPDATED 
methodology,  is defined using the drag of the equation and is calculated for every model level and then the maximum 
value is taken.
The differences between the velocities derived by Stokes Law and those derived by the updated drag coefficient for 
the diameters that are the representative of the model size bins, in several heights are shown in Fig.1. In the calcula-
tions we assume conditions of U.S. Standard Atmosphere (NOAA/NASA/USAF 1976) as depicted in Fig.1.We can 
see that UPDATED methodology results in lower velocities than CONTROL. The difference is increased with particle 
size. This is due to the different equations of viscosity, mean free path and the different range in the application of Re.

Fig. 1 Terminal velocities in U.S. Standard Atmosphere, as are estimated using the CONTROL and UPDATED methodology.

3 Results
We run a set of two model simulations, one using the original code of the model (CONTROL) and one with the updated 
drag (EXP1). The results are averaged for the period between 2 and 20 of August 2015, after a 10-day spin-up. In Fig.2 
the average total dust-load of the EXP1 run is depicted, along with the relative difference between the CONTROL and 
the EXP1. There is a small increase in average total dust-load, with the maximum values of approximately 0.01g/m2, 
mostly located near the African Atlantic coasts. Τhe differences in dust-load per size bin, shown in Fig.3, suggest that 
the increase in dust load is dominated by dust particles of bigger sizes, since for bins 3, 4 and 5 the difference has a 
positive sign. This is consistent with Fig.1. Lower terminal velocities lead to higher lifetime of dust particles in the 
atmosphere and higher dust-load. The difference in the application of CFL condition does not introduce any difference 
in the time splitting of the advection scheme between the two methods. The velocities are lower and the CFL criterion 
is more “easily” satisfied.
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Fig. 2 The average total dust-load simulated using the EXP1 methodology (left) and the differences in dust-load between the two 
methodologies (right).

Fig. 3 Dust-load differences per model size bin (a) 1st bin, (b) 2nd bin, (c) 3rd bin, (d) 4th bin and (e) 5th bin. 

In order to further investigate the results of the simulations, we perform some additional simulations where we test 
the impact of the different drag coefficients and the differences in the implementation methodology (condition of slip 
correction, equations of air mean free path and viscosity). The results suggest that the differences in equations of 
viscosity and air free path between the two simulations have no significant impact. The differences can be attributed 
to the fact that the slip correction condition in EXP1 run is applied only when . That affects mostly the bigger sizes, 
where exceeds that limit. 

4 Conclusions
The utilization of the UPDATED methodology in WRF version 4.2.1 in the numerical experiment EXP1 results in an 
increment of the total dust-load, which is higher as particle size gets bigger. Those differences are mainly due to the 
difference in the application of slip correction in the drag coefficients and suggest that the EXP1 gives results that are 
in agreement with theory. There is, also, a benefit of the CFL relaxation. UPDATED methodology is applicable for the 
simulation of gravitational settling in WRF – Chem 4.2.1, not only for dust particles with sizes like those have been 
adapted in this study, but for dust particles with greater sizes as well. 



| 55 Air quality / Atmospheric chemistry

Acknowledgments This research was supported by D-TECT (Grant Agreement 725698) funded by the European 
Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme and by “Stav-
ros Niarchos Foundation (SNF). Stavros Solomos acknowledges financial support from the project MegDeth (HFRI 
no.703).

References
Balkanski, Y., Schulz, M., Claquin, T. and Guibert, S.: Reevaluation of Mineral aerosol radiative forcings suggests 

a better agreement with satellite and AERONET data, Atmos. Chem. Phys., 7(1), 81–95, doi:10.5194/acp-7-81-2007, 
2007.

Courant, R., Friedrichs, K. and Lewy, H.: Über die partiellen Differenzengleichungen der mathematischen Physik, 
Kurt Otto Friedrichs, 53–95, doi:10.1007/978-1-4612-5385-3_7, 1986.

van der Does, M., Knippertz, P., Zschenderlein, P., Giles Harrison, R. and Stuut, J. B. W.: The mysterious long-
range transport of giant mineral dust particles, Sci. Adv., 4(12), eaau2768, doi:10.1126/sciadv.aau2768, 2018.

Kumar, P., Sokolik, I. N. and Nenes, A.: Measurements of cloud condensation nuclei activity and droplet acti-
vation kinetics of fresh unprocessed regional dust samples and minerals, Atmos. Chem. Phys., 11(7), 3527–3541, 
doi:10.5194/acp-11-3527-2011, 2011.

LeGrand, S. L., Polashenski, C., Letcher, T. W., Creighton, G. A., Peckham, S. E. and Cetola, J. D.: The AFWA 
dust emission scheme for the GOCART aerosol model in WRF-Chem v3.8.1, Geosci. Model Dev., 12(1), 131–166, 
doi:10.5194/gmd-12-131-2019, 2019.

Mahowald, N., Albani, S., Kok, J. F., Engelstaeder, S., Scanza, R., Ward, D. S. and Flanner, M. G.: The size 
distribution of desert dust aerosols and its impact on the Earth system, Aeolian Res., 15, 53–71, doi:10.1016/j.aeo-
lia.2013.09.002, 2014.

Okin, G. S., Baker, A. R., Tegen, I., Mahowald, N. M., Dentener, F. J., Duce, R. A., Galloway, J. N., Hunter, K., 
Kanakidou, M., Kubilay, N., Prospero, J. M., Sarin, M., Surapipith, V., Uematsu, M. and Zhu, T.: Impacts of atmo-
spheric nutrient deposition on marine productivity: Roles of nitrogen, phosphorus, and iron, Global Biogeochem. 
Cycles, 25(2), 1–10, doi:10.1029/2010GB003858, 2011.

Ryder, C. L., Highwood, E. J., Walser, A., Seibert, P., Philipp, A. and Weinzierl, B.: Coarse and Giant Particles are 
Ubiquitous in Saharan Dust Export Regions and are Radiatively Significant over the Sahara, Atmos. Chem. Phys. Dis-
cuss., 1–36, doi:10.5194/acp-2019-421, 2019.

Stokes, G. G. and Stokes, G. G.: On the Effect of the Internal Friction of Fluids on the Motion of Pendulums, Math. 
Phys. Pap., 1–10, doi:10.1017/cbo9780511702266.002, 2010.



56 | Air quality / Atmospheric chemistry

Interannual and seasonal variability of greenhouse gases at Finokalia 
station in the East Mediterranean

Gialesakis N. 1, Kouvarakis G. 1, Kalivitis N. 1, Ramonet M. 2, Mihalopoulos N. 1,3, Delmotte M. 2, Lett 
C. 2, Legendre V. 2, Kanakidou M. 1,4, *

1 Environmental Chemical Processes Laboratory, Department of Chemistry, University of Crete, 70013 Heraklion, Greece
2 Université Paris-Saclay, CEA, CNRS, UVSQ, Laboratoire des Sciences du Climat et de l’Environnement (LSCE/IPSL), 
Gif-sur-Yvette, France
3 Institute for Environmental Research and Sustainable Development (IERSD), National Observatory of Athens, Penteli, 
Greece
4 Excellence Chair, Institute of Environmental Physics, University of Bremen, Bremen, Germany

*corresponding author e-mail: mariak@uoc.gr

Abstract: The annual and diurnal variability of carbon dioxide (CO2), methane (CH4), carbon monoxide (CO), and 
ozone (O3) greenhouse gases mixing ratios measured at Finokalia station on Crete in the Mediterranean region are here 
presented and discussed based on continuous observations from June 2014 to December 2018. Interannual variabilities 
have been calculated for the period 2015-2018. The CO2 mixing ratios showed an increase of 2.6 ppm/yr with maxima 
during winter and minima during summer. CH4 mixing ratios maximized in winter and minimized in summer, overall 
showing an increase of 7.1 ppb/yr. CH4 diurnal variation was very small and not considered significant. CO showed a 
decreasing trend of 5 ppb/yr and a clear seasonality with the highest values in winter and the lowest values in summer. 
Finally, O3 mixing ratios showed a clear seasonal cycle with high values in summer and low in winter and a very small 
interannual trend of 1.2 ppb/yr. The observations have been compared with observations from the NOAA and EBAS 
databases in the northern hemisphere. 

1 Introduction
Global warming is of societal concern affecting the well-being of life in the Environment and causing several premature 
deaths and important financial losses (IPCC 2013). The main drivers of human-driven climate change are the higher 
atmospheric mixing ratios of greenhouse gases (GHG) compared to those before industrialization. The elevated GHG 
atmospheric mixing ratios are due to their human-driven emissions into the atmosphere and result in increased absorp-
tion of the infra-red radiation emitted from the Earth’s surface and thus trapping of this extra energy into the Earth’s 
atmosphere. 
Carbon dioxide (CO2) is the main contributor to this effect; it has primary sources from fossil fuel combustion and 
cement production and land-use emissions mainly due to deforestation and agricultural practices. Carbon dioxide is 
removed from the atmosphere by uptake into the ocean and to the land (Friedlingstein et al. 2019), corresponding to 
very long lifetime of a few hundreds of years. Its levels have increased rapidly (more than 50%) since the beginning of 
the Industrial Era in 1750 (Joos and Spahni 2008; NOAA/GML (www.esrl.noaa.gov/gmd/ccgg/trends/). 
Methane (CH4) has a mean lifetime of 9.8 ± 1.6 yr (Voulgarakis et al. 2013) and according to the Global Methane Bud-
get 2000-2017 (Saunois et al. 2020) it is emitted into the atmosphere from fossil fuel combustion, agriculture and waste 
management, biomass and biofuel burning, wetlands and other natural sources such as permafrost and termites. The 
main sinks of methane are the reactions with hydroxyl radical (OH) in the troposphere, with chlorine atoms (Cl) in the 
stratosphere, and a small contribution from soil uptake. Atmospheric CH4 levels reached 1857 ± 1 ppb in 2018 (He et al. 
2019), approximately 2.5 times greater than the value of 722 ± 25 ppb of the pre-industrial era (Etheridge et al. 1998).
Carbon monoxide (CO) is a weak absorber at the near- and mid- IR. Its importance for the atmosphere comes mainly 
from its major role as a sink for OH radical that is one of the main oxidants in the global troposphere, and from its 
involvement in ozone (O3) chemistry, thus affecting the abundance of chemically reactive GHG (Lelieveld et al. 2016). 
Carbon monoxide has a short atmospheric lifetime of 1-3 months (Seinfeld and Pandis 2006). Its main sources include 
primary emissions from combustion (fossil fuel, biofuel, biomass burning), from plant leaves and marine biogeochemi-
cal cycling, as well as secondary production of CO from oxidation of CH4 and NMVOCs (Zheng et al. 2019). The 
dominant sink of CO is its oxidation by OH. Carbon monoxide levels have been decreasing since 2000, driven by re-
duced anthropogenic emissions mainly in the US, Europe and China, as well as by reduced biomass burning emissions 
all over the world (Zheng et al. 2019).
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Tropospheric O3 is a secondary pollutant; in the troposphere it is produced by the oxidation of CO and of volatile organ-
ic compounds (VOCs) in the presence of nitrogen oxides. As one of the main oxidants of the atmosphere, it affects the 
photosynthetic activity of plants (Yue and Unger 2014) and is one of the causes for pulmonary diseases (Jimoda 2012).
In this study, we present and discuss observations of CO2, CH4, CO and O3 at the background monitoring station of the 
University of Crete at Finokalia, (35o 20’ N, 25o 40’ E, 250 m asl), Crete, in the eastern Mediterranean (Figure 1). This 
region, located at the interception of three continents (Europe, Asia, Africa), is a receptor of air masses transporting 
anthropogenic pollutants, mainly from Europe, Balkans and the Black Sea, mixed with biomass burning (Sciare et al. 
2008), biogenic (Liakakou et al. 2009) and other natural emissions (Gerasopoulos et al. 2011) from nearby regions 
under conditions that boost photochemical production of pollutants. Eastern Mediterranean is also affected by the emis-
sions of two large megacities (Istanbul, Turkey 15.8M and Cairo, Egypt 20.9M) and one large urban center (Athens, 
Greece 3.1M) (Kanakidou et al. 2011, Lelieveld et al. 2002, Myriokefalitakis et al. 2016).

Figure 1. a) Location of Finokalia station on the northeast coast of Crete in the East Mediterranean and major sectors 
of air masses reaching the station (http://finokalia.chemistry.uoc.gr). 

2 Data and Methodology

2.1 Data
CO2, CO, CH4 near-surface mixing ratios were measured at the monitoring station of the University of Crete at Finoka-
lia (35o20’N, 25o40’E) since 2014 with continuous measurements using a Cavity Ringed Down Spectroscopy (Picarro-
CARDS instrument). Data from the Picarro analyzer are available in hourly time step, present a normal distribution 
(Figure 2) and were therefore used to derive monthly mean values. Near-surface O3 mixing ratios are measured since 
1997 with Thermo Environmental Instruments Ozone analyzer (Thermo 49c and 49i) which is based on UV absor-
bance. Here we focus on the January 2015 to December 2018 data.

Figure 2. Distribution of CO2, CH4 and CO observations at Finokalia station for all data covering 2015-2018.

2.2 Methodology
The statistical analysis of data has been performed with Python scripts using pandas and NumPy libraries and also 
Microsoft Excel. For a better analysis of our measurements, it was necessary to remove the seasonality from the data. 
For this purpose, the trendline was subtracted from our average monthly data in order to gain residuals, then the aver-
age residuals for each month (e.g., one residual average for all Januaries) were calculated and then subtracted from the 
data resulting to deseasonalized data. To ensure that the resulting trends are statistically significant, a Mann-Kendall 
(MK) trend test was performed for each deseasonalized dataset with Python scripts using the pymannkendall library 
(Shourov and Mahumd, 2011).
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3 Results
From January 2015 to December 2018, CO2 measured near-surface monthly mean mixing ratios range from 394.0 ppm 
to 414.7 ppm with highest values during winter and autumn months and lowest values during summer as shown in 
Figure 2. This behavior can be explained by the high photosynthetic activity during months with intense sunlight which 
enhances capture of CO2 leading to the observed summer low mixing ratios. CO2 showed a significantly increasing 
trend of 2.6 ppm/yr (MK score = 960, p-value= 1.54E-17, alpha =0.05), which is a result of anthropogenic emissions. 
This increasing trend is most evident when the seasonality is subtracted from the measurements (Figure 2 right panel) 
and it agrees with the calculated trends from measurements at Mauna Loa and in the northern hemisphere as a whole 
(Table 1). 
Methane mixing ratios did not show a clearly seasonal variation due to their dependance on both anthropogenic and 
natural emissions (Figure 2). However, CH4 mixing ratios maximized during winter months and minimized during 
spring and summer months, due to methane consumption by OH radical, which is in higher mixing ratios during the 
high photochemistry months. Methane also showed a significantly increasing trend of 7.3 ppb/yr (MK score = 738, 
p-value= 5.73E-11, alpha =0.05), which agrees with the increasing trends derived from observations in the northern 
hemisphere (Table 1). Methane monthly mean mixing ratios at Finokalia range from 1910.9 to 1955.4 ppb and are sig-
nificantly higher than those at other locations shown in Table 1, while interannual trends are similar. 
In contrast to CO2 and CH4, CO showed a significantly decreasing trend of 5.2 ppb/yr (MK score = -640, p-value= 1.35E-
08, alpha =0.05), which is stronger than the decreasing trends observed at Mauna Loa and in the northern hemisphere 
on average. This decreasing trend most likely reflects the reductions in CO emissions from anthropogenic sources due 
to legislation for abatement of air pollution and changes in biomass burning emissions. It can also be explained by an 
increase in CO photochemical destruction by OH radical and other factors such as meteorology. Near-surface monthly 
mean mixing ratios of CO, range from 90.5 to 149.3 ppb with maximum values during winter and minimum values dur-
ing spring when OH radical mixing ratios are high. During summer secondary peaks have been observed in CO mixing 
ratios that could be associated with emissions from wildfires, which are common in the Mediterranean during summer.
Finally, O3 presents opposite seasonal variation to the other gases, with high mixing ratios during summer and spring 
and the lowest during winter. This behavior can be explained by the intense photochemistry during summer and spring 
in the region, which favors the photochemical production of O3 from local but mostly regional precursors. Ozone mix-
ing ratios range from 36.9 to 63.0 ppb and in contrast to the other three gases, show only a small increasing trend over 
the 2015-2018 period (1.21±0.29 ppb/yr) due to its secondary origin and its relatively short lifetime in the atmosphere 
(MK score = 343, p-value= 2E-03, alpha =0.05). This behavior is supported by the comparison with data from stations 
from EBAS dataset (Table 1), which do not show a consistent interannual trend.

Figure 2. Monthly near-surface average mixing ratios of greenhouse gases at Finokalia station from 2015-2018 (left) and de-
seasonalized data (right).
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4 Conclusions
In this study we present the first data of GHG in the remote East Mediterranean atmosphere, using measurements from 
Finokalia station in Crete from June 2014- Dec2018. CO2 and CH4 showed a clearly increasing trend over these years, 
which is probably associated with direct increase in emissions or changes in factors that cause higher emissions from 
natural sources, or reduced removal from the atmosphere. CO showed a decreasing trend, which may be the result of 
decreasing primary emissions from anthropogenic activities over the years. Its short lifetime allows these emissions 
reductions to be rapidly reflected on its ambient mixing ratios. O3 has secondary origin and therefore any trend in 
its mixing ratios is difficult to be determined. However, O3 has a clear seasonal cycle affected by the sunlight, with 
peak values during summer and lower values during winter. Sunlight has the opposite effect on the other three gases 
by increasing the photosynthetic activity (sink of CO2) and the OH radical levels (sink of CO and CH4). As a result, 
high values during winter and low values during summer and spring were recorded for CO2, CO and CH4 at Finokalia 
station. However, no clear seasonal variability has been seen in CH4 mixing ratios due to the complex mixture of an-
thropogenic and natural emissions.
The comparison of the observations at Finokalia with those at other locations in the region or in the northern hemi-
sphere shows good agreement for CO2. For CO and CH4 mixing ratios are higher at Finokalia than in the northern 
hemisphere in general and significantly higher than at Mauna Loa due to the vicinity of sources. Also, CO decreasing 
trend at Finokalia is a bit larger than the trend at Mauna Loa as well as in the northern hemisphere on average, probably 
due to stronger changes in CO emissions in our region than the hemispheric average. Furthermore, near-surface O3 
shows a small positive trend during the studied period, which agrees with that observed at Cabo de Creus in Spain but 
is larger than that at Ag. Marina in Cyprus. The recorded negative and positive trends of O3 in various stations around 
the Mediterranean and in Central Europe reflect the complexity of the O3 production due to its nonlinear dependence 
on nitrogen oxide and volatile organic compounds levels.

Table 4. Statistical comparison of Finokalia station and worldwide measurements; Trends are ppm/yr for CO2 and 
ppb/yr for all other species for the period 2015-2018.  Data from NOAA Database (esrl.noaa.gov)
2 Data from EBAS Database (ebas.nilu.no)
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Abstract: As cities are growing in size and complexity, the estimation of air pollution exposure requires detailed spa-
tial representation of air pollution levels, rather than homogeneous fields, provided by global- or meso-scale models. A 
critical input for city-scale modeling is a temporally and spatially resolved emission inventory. Bottom-up approaches 
to create urban-scale emission inventories require numerous, available city-specific input data and are rather stand-
alone projects than just a means to serve AQ modeling needs. This study presents a prompt and effective method to 
arrive at high resolution emission information, based on the spatial disaggregation of the regional, open access emis-
sion inventories, provided by the Copernicus Atmospheric Monitoring Service. In particular, a top-down approach is 
built upon the CAMS-REG gridded (ca. 7x7 km2) database of anthropogenic air pollution emissions, creating added-
value products of road transport emissions (line sources), mass emitted from industrial units (point sources) and of 
surface emissions attributed at a grid of 1 km resolution. The disaggregation is based on contemporary proxies from 
the Copernicus Land Monitoring Service (CLC 2018), the European Pollutant Release and Transfer Register (E-PRTR 
2019) and on the Global Human Settlement (GHS) population data (2015). The downscaling of coarse emission rates 
for the area of Athens not only optimizes source allocation, but –once combined with contemporary land use data- it 
may result in the elimination of local inconsistencies. 

1 Introduction
While cities occupy a small proportion of the Earth’s surface, they are home to more than 50% of the world’s popula-
tion, consume more than three-quarters of the world’s natural resources, and generate over 80% of the world’s eco-
nomic production. Cities produce high amounts of emissions and wastes and face numerous environmental pressures 
that affect urban resilience, sustainability and human well-being. Air pollution is considered one of the world’s largest 
environmental health threats and stands in-between emissions and population exposure. According to the latest report 
from the European Environmental Agency (EEA, 2019), air pollution is considered the major cause of premature 
deaths and diseases in Europe, with 90% of population in cities being exposed to harmful levels. PM2.5 in particular 
has been recognized as responsible for over 400,000 premature deaths in Europe. 
As cities are growing in size and complexity, the estimation of humans’ exposure requires detailed spatial representa-
tion of air pollution levels that coarse global- or meso-scale models do not provide. Regional Eulerian models fail to 
capture the intra-urban variability and the concentration gradients that typically occur near heavily trafficked streets 
(Benavides, et al, 2019), thus not facilitating mitigation measures (Jerrett et al, 2005). 
Emission inventories are considered as essential components in urban air quality management plans (Gulia et al, 
2015), separated by their spatio-temporal variation to bottom-up and top-down and constitute a substantial input for 
three-dimensional atmospheric chemistry transport model (CTM) systems used, among others, to assess measures for 
emission reductions and improved air quality (Matthias et al, 2018). In particular, bottom-up approaches rely mostly 
on local activity estimates collected over the area of interest (e.g. traffic counts for road segments in a city), while top-
down approaches spatially distribute emission totals (country or region, e.g. derived from total fuel sales) according to 
gridded proxies (e.g. population, land use). In addition, although bottom-up inventories often do exist for major cities, 
they are often missing or unavailable for many others. 
In this study, an innovative approach has been developed in order to create a high-resolution (1km) emission inventory 
over the urban area of Athens. Specifically, this approach focuses on downscaling the CAMS-Reg-AP regional emis-
sion inventory (Garnier et. al, 2019), by using several proxies, such as JRC’s Global Human Settlement Layer, CLMS 
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Corine Land Cover, E-PRTR point source information and OSM road network data. These high-resolution emission 
data are feeding the city-scale CTM applications over Hamburg and Athens, showing a good performance against 
measurements (Gerasopoulos et al., 2019; Ramacher and Karl, 2020).

2 Data and Methodology
In this section, a short description of the input and disaggregation data is provided, together with the methodology 
to arrive at the high resolution emission fields. The process is fully automated, providing a user-friendly interface to 
produce a detailed mapping of industrial (point), transport (line) and residential, agricultural and other (area) emission 
sources for any European city (or area) at the desired spatial analysis. 

2.1 Data
Annual emission totals, provided by Copernicus Atmospheric Monitoring Service (CAMS) all across Europe, are 
utilized. In particular, CAMS-REG-AP v3.1 database (Granier et al. 2019) in the horizontal spatial resolution of 0.1 
x 0.05 degree (lon/lat) for the year 2016 for Athens, is used. The database provides information for CH4, CO, NH3, 
NMVOC, NOX, PM10, PM2.5 and SO2 from road, air, rail transport, navigation, mobile machinery, fuel production, 
industrial activities (paper, cement, minerals, metals etc.), stationary combustion, agriculture, waste, solvent use and 
public power.
The spatial disaggregation process is based on publicly available, well-established, contemporary gridded datasets. 
Data from the Global Human Settlement Layer (GHSL 2015), the Copernicus Land Monitoring Service (CLC 2018), 
the European Pollutant Release and Transfer Register (E-PRTR 2019) and the Open Street Map project (OSM), are 
retrieved and processed to provide suitable proxies for each source category (here GNFR), such as population density, 
land type categories (e.g. industrial, agriculture) and road networks

2.2 Methodology
Emission information for the industrial units is the point source total emission values, as well as their spatial location 
and sectoral information. This input is provided by the European Pollutant Release and Transfer Register (E-PRTR 
2019).
Area source emissions are combined with spatial sector-specific proxies. Population density as given by the Global 
Human Settlement Layer (GHSL 2015) at 1 km2, is used as the spatial proxy for the distribution of emissions deriving 
from residential heating. CORINE Land Use/ Land Cover (LULC) stands as the spatial proxy for industry, agriculture 
and mobile machinery. Original LULC data for 2018, with the spatial resolution of 100 m and 44 land types, are aggre-
gated to 1 km2 and reclassified into 12 generalized land types (Urban, Industry, Roads and Railways, Agriculture, For-
est, Bare Soil, Glaciers, Water bodies, Salines, Sea and Ocean, Mineral Dump and Constructions, Non-Road Mobile 
Sources). Then, the respective spatial proxies are produced with the use of Geographic Information Systems (GIS).
Industrial activities, such as paper, cement, minerals, metals etc., waste and solvent use are disaggregated based on 
spatial proxies created by the combination of E-PRTR point location information (2019) and LULC vector Geo-
database (2018). E-PRTR location information, from around 24,000 industrial facilities, divided in 54 sectors and sub-
sectors, are reclassified to two general categories, Waste/ Wastewater Management and Other Industrial Activities and 
these are then spatially joined with the LULC polygons, to arrive at a new land use classification.
All spatial data, either proxies or emissions, are masked by the extent of the selected study area and projected to the ap-
propriate coordinate system (e.g. UTM Zones). Then, the mass emitted from each 0.1 x 0.05 degrees cell of the CAMS 
inventory and for each anthropogenic activity is spatially disaggregated to a 1 km2 cell, according to the appropriate 
high-resolution spatial proxy. 
Road traffic emissions are disaggregated based on the open access geospatial vector data of Open Street Map (OSM) 
(lines). In particular, eight road types based on highway key element from OSM data, are selected in order to construct 
the major road network of the study region. The selected road types are reclassified into 4 main types named motorway, 
primary, secondary and trunk. Each reclassification involves the main road type and its links. CAMS road transport 
emissions are firstly downscaled to area sources based on the population density proxy and then distributed to the road 
links derived from OSM. The road transport emissions are converted from gridded area sources into lines, by intersect-
ing OSM road proxy data with emission value per grid cell and calculating the total road length. Weighting factors are 
based on total road length, as well as road type of each road link intersecting each grid cell.
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3 Results
Representative maps of Athens are given in Fig. 1, showing the annual emission rates from residential combustion 
and from the road network, as provided by CAMS (a and c) and by the approach developed in the current study (b and 
d). The selected pollutants (PM2.5 and NOx) are the ones being emitted the most by the respective sources (residential 
wood combustion and gasoline-fueled cars).
Residential combustion emissions (Fig. 1a and b) are in analogy to the number of residences/people (population den-
sity) and to wood supplies (proximity to wood). Thus, higher PM2.5 emissions occur in the city center and close to the 
mountainous areas. Nevertheless, the disaggregation approach succeeds to appoint emissions only to the residential 
areas at the foothills rather than the forest. Similar improvements when compared to the coarse database are found 
overseas near the coastline, as well as at other non-residential areas (e.g. the National downtown park, east of the pin in 
Fig. 1), where the emitted mass is attributed only to the nearby residences. With respect to absolute numbers, it seems 
that a homogeneous distribution of PM2.5 emissions gives a maximum of 0.7-1 tn km-2 yr-1, while this ranges in most 
cases from 0.2 to 5 tn km-2 yr-1, given the selected proxy to reallocate this mass. 
With respect to road transport emissions (Fig. 1c and d), the advantage of the developed method is evident: although 
most emission inventories are gridded, in reality vehicle emissions follow the road network. In cases where CTMs can 
treat street canyon circulation and dispersion, such a linear input has great value. Nevertheless, the developed algo-
rithm simultaneously provides road emissions in a gridded format, so as to serve conventional regional CTM models. 
It should be noted that given the dense road network of Athens, the coarse cell mass quantities are distributed to a 
multitude of road segments within each cell, thus linear emission rates seem lower. Nevertheless, mass consistency 
among the 2 datasets is reserved both per coarse cell and for the whole domain as a total.

Fig. 1. Annual emission fields for the extended urban area of Athens from: a) Residential combustion as originally provided by 
CAMS, b) Residential combustion by the current approach, c) Road traffic as originally provided by CAMS and d) Road traffic 
by the current approach. 
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4 Conclusions
This study introduces a robust methodology to efficiently address potential gaps in urban and high resolution air qual-
ity emissions. The CAMS-REG emission database is combined with sector-specific spatial proxies to create added-
value products of road transport emissions (line sources), mass emitted from industrial units (point sources) and of 
surface emissions attributed at a grid of 1 km resolution. 
The process is fully automated, providing a user-friendly interface to produce a detailed mapping of industrial (point), 
transport (line) and residential, agricultural and other (area) emission sources for any European city (or area) at the 
desired spatial analysis.
Overall, Athens seems a representative paradigm to demonstrate the added value of the developed tool. Due to the 
intense geographical and population inhomogeneity over the urban area, the direct use of regional emission inventories 
for city-scale purposes would fail to represent the spatial distribution and range of residential emissions. 
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Abstract: For the better understanding of the atmospheric processes leading to ozone episodes over the Eastern 
Mediterranean, which is one of the major global tropospheric ozone hotspots, 4-year daily rural afternoon ozone 
measurements from the station of Finokalia in Crete have been analyzed. For the 7% highest ozone episodes during 
summer the composite NOAA/ESRL reanalysis maps of some meteorological variables have been plotted and com-
pared with the climatic seasonal averages and the corresponding HYSPLIT back trajectories. The results show that 
during the highest ozone episodes, the transport of tropospheric ozone-rich air masses through atmospheric subsid-
ence significantly influences the boundary layer and surface ozone concentrations. In particular, the geographic 
areas with observed tropospheric subsidence seem to be the transition regions between high and low pressure 
synoptic meteorological systems. During the highest ozone episodes, the air masses originate almost always from 
northern directions. The results also show that the strongest tropospheric subsidence conditions observed at the sta-
tion during the highest ozone days are linked with air masses originating from the lower troposphere of the north-
western sector. Strong atmospheric subsidence is also observed under the north-eastern circulation, linked to the 
characteristic “etesian” winds, which prevail over the Aegean Sea and the Eastern Mediterranean during summer.

1 Introduction
It has been documented that high summertime rural surface ozone can occur over the eastern Mediterranean, es-
pecially on its eastern edge, affecting the air quality of major urban centers in the area (Kalabokas et al., 1996; 
Kourtidis et al., 1997; Kalabokas et al., 2000; Zerefos et al., 2002; Kalabokas and Repapis, 2004). Analysis of 
vertical ozone profiles, especially within the contexts of MOZAIC-IAGOS projects indicates higher ozone values 
for all seasons relatively to central Europe as well as a strong influence of synoptic meteorology on tropospheric 
ozone values (Varotsos et al., 1993; Kalabokas et al., 2007; Kalabokas et al., 2013; Kalabokas et al., 2015). During 
the highest ozone days over the eastern Mediterranean in the warm semester a large surface anticyclone is centered 
over N. Africa, extending over central and western Europe. Thereafter, strong summer anticyclonic subsidence 
in the lower troposphere, leading to enhanced ozone, has been reported over the eastern Mediterranean (Doche 
et al., 2014; Kleanthous et al., 2014; Safieddine et al., 2014; Zanis et al., 2014; Tombrou et at., 2015). Summer 
anticyclones in the area are also associated with the downward transport of upper troposphere (UT) ozone, espe-
cially at the interface with adjacent low-pressure systems located over the eastern Mediterranean and Middle East 
(Kalabokas et al., 2013; Zanis et al., 2014; Tyrlis et al., 2014; Kalabokas et al., 2015). Summertime stratospheric 
intrusions are also common events above this region influencing both the upper and mid-troposphere (Stohl et al., 
2003; Akritidis et al., 2016), as found for other seasons too (Galani et al., 2003). In addition, a frequent midsummer 
peak of UT ozone is observed above northern Europe and the adjacent North Atlantic Ocean (Thouret et al., 2006), 
which could serve as an ozone reservoir for the lower troposphere and boundary layer over the eastern Mediter-
ranean through large-scale subsidence. Similarly, enhanced ozone during anticyclonic conditions has also been 
observed at rural locations in the central and western Mediterranean region (Kalabokas et al., 2008; Velchev et al., 
2011; Cristofanelli et al., 2015; Kalabokas et al., 2017), where summer subsidence seems to be weaker than over 
the eastern Mediterranean, but where frequent stagnant conditions enhance local photochemical ozone production.
In this work and for a more systematic investigation of the influence of synoptic meteorological conditions to the 
ozone concentrations in the eastern Mediterranean, the daily rural afternoon ozone measurements from the station 
of Finokalia in Crete have been analyzed. For the highest summer ozone episodes, the composite NOAA/ESRL 
reanalysis maps of geopotential height, specific humidity and vertical wind velocity omega have been plotted and 
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compared with the climatic seasonal averages and the corresponding HYSPLIT back trajectories, which were sepa-
rated according to the prevailing wind flows during summer (NE and NW).

2 Data and Methodology
The EMEP Finokalia station in Crete, Greece (35° 20’N, 25° 40’E) started its operation at the end of 1997 (Kou-
varakis et al., 2000; Gerasopoulos et al., 2005). The hourly ozone concentrations collected during the first 4 years 
of its operation (1998-2001) have been used for this analysis. The composite NOAA/ESRL reanalysis maps were 
constructed on a 2.5o x 2.5o grid at 850 and 700 hPa for the highest ozone days following the procedure of Kalnay 
et al. 1996. The 6-day back trajectories were calculated with end points at 50, 500 and 1500 m altitude, using the 
NOAA HYSPLIT model with GDAS meteorological data (Draxler and Rolph, 2015) for the EMEP stations and 
the days of the selected ozone episodes. The GDAS data have a horizontal resolution of 1◦ and 23 vertical levels 
between 1000 and 20 hPa.

3 Results and discussion
In Fig. 1a the seasonal variation of monthly average ozone at Finokalia for the 20-year period 1998-2018 as well 
as for the first and last 3-year periods (1998-2001 and 2015-2018) are plotted. There is a clear decrease in the aver-
age spring and summer monthly concentrations during the recent years, which is in agreement with similar trends 
observed over the Mediterranean.
In Fig. 1b the diurnal variation of the 7% highest and the 7% lowest summertime ozone at Finokalia for 1998-2001 
is presented, where a significant difference is observed between the two categories. As seen the mid-day ozone con-
centrations of the lowest ozone days are lower that the corresponding nocturnal concentrations while the mid-day 
ozone concentrations of the highest ozone days are slightly higher that the corresponding nocturnal values. This is 
an indication of the free-tropospheric influence to boundary layer ozone in the area during the afternoon hours with 
the maximum vertical mixing height. The difference between the 7% highest and the 7% lowest summertime ozone 
is about 20-25 ppb during the night while it becomes 40-45 ppb during the day. In the 6-day HYSPLIT back-tra-
jectories during the highest summertime ozone days at Finokalia (not shown) two most frequent situations appear: 
back-trajectories originating either from the free troposphere over NW Europe or originating from the Balkans and 
NE Europe (either from the boundary layer or the free troposphere).
In Fig. 1c the diurnal variation of summer average ozone 7% highest ozone originating from NW and NE directions 
at Finokalia is presented. It is observed that during 11:00 – 19:00 the average ozone concentrations when the air 
masses originate from NW directions are constantly higher and the difference is maximized in the evening hours 
(17:00 – 18:00).
In the following paragraphs the synoptic meteorological conditions corresponding to the above- described circula-
tion types as well as their differences will be examined. In Fig. 2 the composite NOAA/ESRL weather maps of geo-
potential height at 850 hPa) for summer (JJA), for the 7% of the days with the highest summer ozone concentrations 
and for the highest summer ozone concentrations corresponding to NW and NE directions at Finokalia are shown. 
As observed, the Azores anticyclone is much stronger and more extended to the north, if compared with the average 
climatic conditions. At the same time the low-pressure system over the Polar Regions is deeper and more extended 
than the climatological average. As a result, during the highest ozone days the westerly flow at 700hPa (not shown) 
is significantly stronger and displaced to the north than the normal. The omega vertical velocity during the highest 
ozone days is enhanced (positive values – downward movement of air masses) than the average climatology (not 
shown) and it is more displaced to the North and East including the western Mediterranean and the Atlantic coast. 
It must be reminded that the prevailing winds at Finokalia during the highest ozone days arrive from two regions 
(NW and NE) experiencing strong atmospheric subsidence activity associated with dry atmospheric conditions as 
observed at the specific humidity meteorological charts (Fig. 1). These results show that the summertime synoptic 
conditions corresponding to the highest surface ozone days at Finokalia are comparable with the conditions encoun-
tered during lower troposphere highest ozone episodes following the analysis of MOZAIC vertical profiles over the 
Aegean Sea and the Eastern Mediterranean (Kalabokas et al., 2015).
The synoptic meteorological conditions corresponding to NE circulation show that the Azores and the north Afri-
can anticyclone are extended towards central Europe and the Balkans while the middle east low is weaker than the 
normal. On the other hand, during the NW circulation both anticyclones are weaker and less extended while the 
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low-pressure system over northern Europe and Scandinavia is much stronger and more extended. This combination 
of synoptic systems is associated with strong subsidence leading to dry atmospheric conditions over the Eastern 
Mediterranean but also over large parts of the European continent, as observed in the specific humidity charts (Fig. 
2). Therefore, as shown in the specific humidity charts the tropospheric subsidence is much stronger for air masses 
originating from NW directions (very extended dry conditions) than the NE ones, which corresponds to systemati-
cally higher mid-day concentrations.

Fig. 1: Seasonal variation of monthly average O3 at Finokalia-Crete, Greece for 1998-2018 (black), 1998-2001(red) 
and 2015- 2018 (blue), (a, upper panel). Diurnal variation of highest (red) and lowest (blue) summertime ozone at 
Finokalia-Crete, Greece, (b, middle panel). Diurnal variation of summer average O3 (black), 7% highest O3 origi-
nating from NW (blue) and NE (red) at Finokalia-Crete, Greece (c, lower panel).
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Fig. 2: Composite NOAA/ESRL weather maps of geopotential height (left column) and for average summer (upper 
panel), 7% highest ozone (2nd panel), highest ozone with NE wind direction (3rd panel) and highest ozone with NW 
wind direction (4th panel). In right column: omega vertical velocity for 7% highest ozone (upper panel), specific 
humidity for 7% highest ozone, specific humidity for highest ozone with NE wind direction (3rd panel) and specific 
humidity for highest ozone with NW wind direction (4th panel) for summer (JJA) 1998-2001 at Finokalia-Crete, 
Greece.



| 69 Air quality / Atmospheric chemistry

4 Conclusion
Based on the above observations, it appears that ozone variability in the boundary layer as well as at the surface 
over this examined part of the Eastern Mediterranean (Aegean Sea) during the warm semester of the year, is signifi-
cantly influenced by tropospheric transport with a strong vertical component, which is associated with certain me-
soscale and synoptic meteorological conditions, especially during summer. Because of this important tropospheric 
ozone influence, high summer ozone background levels are observed within the boundary layer and at the surface, 
which might be further enhanced by the photo- chemically produced ozone from local or regional pollutant emis-
sions under the favorable meteorological conditions prevailing during Mediterranean summers. Strong subsidence 
conditions associated with high ozone levels are observed under NE and especially under NW atmospheric circula-
tion, where higher mid- day ozone concentrations are observed.
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Abstract The Mt Etna eruption on 30 May 2019 was followed by a north-eastward transport of the volcanic plume 
towards Greece. FLEXPART dispersion model simulations confirm the volcanic plume transport from Etna towards 
the Antikythera Island, in Greece, mixing also with co-existing desert dust particles. Model simulations are evalu-
ated with lidar measurements conducted at the PANhellenic GEophysical observatory of Antikythera (PANGEA) of 
the National Observatory of Athens (NOA), revealing the presence of the volcanic particles above the area the days 
following the eruption and with satellite-based SO2 observations from the TROPOspheric Monitoring Instrument on-
board the Sentinel- 5 Precursor (TROPOMI/S5P). This is the first time that Etna volcanic elements are monitored at 
the Antikythera station with implications for the investigation of their role in the Mediterranean weather and climate.

1 Introduction
Volcanic eruptions may inject huge amounts of particles and gases into the atmosphere, which can exert an important 
impact on a regional and global scale (Kremser et al. 2016). The major component in volcanic emissions is tephra, 
also called volcanic ash, which is solidified material. One of the most abundant gasses emitted by volcanic eruptions 
is sulfur dioxide (SO2) which is oxidized to sulfate aerosols in the atmosphere by reacting with the hydroxyl radicals 
(OH) (Kristiansen et al. 2010). The oxidation of SO2 and hydrogen sulfide (H2S) gases generates submicron sulfate 
particles with a lifetime of several years if those are injected in the lower stratosphere or in the upper troposphere and 
from days to a few weeks if those are injected in the troposphere (Textor et al. 2003).
Volcanic material injected and transported at flight altitudes similar to dust and smoke (Akritidis et al. 2020) poses a 
serious hazard to aviation since it can cause damage and loss of power of the aircraft engines (Zerefos et al. 2017).
Modeling and forecasting the transport and atmospheric concentrations of volcanic ash and gases released during 
volcanic eruptions (e.g., SO2) depend critically on the knowledge of the source term. The source term of the eruption 
includes parameters like the release height the total mass, the mass eruption rate, and the duration of the eruption 
(Mastin et al. 2009). Unfortunately, an estimation of the source term is difficult by using direct measurements and 
often relays on ground-based remote systems as video-surveillance systems (e.g. Scollo et al. 2014). The main source 
term of an eruption includes parameters like the release height, the total mass, the mass eruption rate and the duration 
of the eruption (Mastin et al. 2009).
Long-range transport of volcanic aerosol over the Mediterranean is recorded systematically by the European Aerosol 
Research Lidar Network (EARLINET). Recent observations from the newly established PANhellenic GEophysical 
observatory of Antikythera (PANGEA) of the National Observatory of Athens (NOA) during 30 May 2019 to 4 June 
2019 depict the transport of elevated layers above the Eastern Mediterranean and in particular Greece (Kampouri et 
al., 2021). The presence of these elevated layers is mostly associated with the continuous Etna activity during the 
aforementioned period.
The aim of this study is to investigate the properties of Etna emissions and their transport paths in the Mediterranean. 
For this purpose, we use combined satellite observations and modeling techniques as well as ground-based remote 
sensing near the volcano source and at the island of Antikythera located 765 km downwind.
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2 Data and Methodology
On 30 May 2019 the Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo (INGV-OE) reported Strom-
bolian activity at the Northeast Crater (NSEC) of Mt. Etna Volcano (37.74°N, 15.00°E, 3300m above sea level (asl)) 
which is located on the island of Sicily (Italy). Lava flow and explosive activity at the east base of NSEC were in 
fact observed from the video-surveillance system of INGV- OE since about 02:00 UTC. Intense ash emission was 
dispersed towards the northeast and decreased in intensity in the afternoon.
Our methodology for the analysis of Etna volcanic plume transport for the specific case study of May – June 2019 
flank eruption, incorporates the use of a number of numerical modeling systems, namely the Lagrangian particle dis-
persion model FLEXPART coupled with the state-of the-art Weather Research and Forecasting model (WRF-ARW), 
along with MERRA-2 Reanalysis simulations. In addition, PollyXT NOA lidar data from the PANGEA station and 
satellite observations from the TROPOMI/S5P are utilized.
The transport of volcanic ash and SO2 plumes was simulated with the FLEXPART model (Stohl et al. 2005, Brioude et 
al. 2013) in a forward mode. The initial injection height in the model is set to the surface of the Etna crater (i.e., 3.3 km 
a.s.l. up to 4 km a.s.l., based on INGV-OE reports). A total of 10000 particles were released in each model run, for SO2 

tracer and another 10000 particles for ash. For both ash and SO2 simulations dry and wet deposition processes are also 
enabled. For ash, the gravitational particle settling was determined assuming spherical particles with a density of 3000 
kg/m3. For the description of the event, the dispersion simulations were driven by hourly meteorological fields from 
the Advanced Research WRF (ARW) model version 4 (Skamarock et al. 2019). The WRF- ARW spatial set up was at 
a 9 × 9 km resolution domain with 600 × 370 grid points and 33 vertical levels. The initial and boundary conditions for 
the offline coupled FLEXPART-WRF runs are taken from the European Centre for Medium-Range Weather Forecasts 
(ECMWF) Integrated Forecast System (IFS) operational analyses with 0.18° × 0.18° resolution and 91 model levels. 
Sea Surface Temperature (SST) analysis data were provided by the Copernicus Marine Environment Monitoring Ser-
vice (CMEMS) at a resolution of 1/12°. The use of 1-hourly WRF meteorological fields at a 9 × 9 km spatial resolution 
allows for a more detailed representation of the volcanic plume dispersion.
In this work, the multi-wavelength Raman-polarization system PollyXT-NOA lidar (Engelmann et al. 2016, Baars et al. 
2017) was used, providing vertical distributions of the particle backscatter coefficient (β) at 355, 532, and 1064 nm, 
the extinction coefficient (α) at 355 and 532 nm and the particle depolarization ratio (δp) at 355 and 532 nm. Finally, 
satellite-based observations of the SO2 VCD from the state-of-the-art TROPOMI/S5P sensor (Veefkind et al. 2012) are 
used as an additional source of validation for our results (data publicly available via the Copernicus S5P hub: https://
scihub.copernicus.eu/). TROPOMI with a spatial resolution of 3.5 x 7 km2 (3.5 x 5.5 km2 after August 2019) allows for 
retrievals with 12 (16) times higher resolution than its predecessor Ozone Monitoring Instrument (OMI).

3 Results
To understand the main mechanisms driving the long-range transport of volcanic aerosol over the Mediterranean dur-
ing the event, we examined the major atmospheric processes taking place in the area on a synoptic scale, as resolved 
by the WRF-ARW model (Skamarock et al. 2019). This transport episode is associated with a closed long wave trough 
(Karacostas et al. 1992, Karacostas et al. 2015, Karacostas et al. 2018) affecting the North Italy on the isobaric level 
of 500 hPa. The modeled geopotential height at 500 hPa on 30 May 2019, 02:00 UTC (which is around the starting 
time of the eruption) shows a low-height center (at 5600 gpm) located Northeast of Italy (Fig. 1).

Figure. 1. Geopotential height (gpm) and wind vectors (m/s) at 500 hPa and Sea level Pressure (hPa) (black contours every 4 
gpm at 30 May 2019, 02:00 UTC.
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FLEXPART was driven with two different source terms for SO2 and ash in order to investigate their atmospheric 
transport pathways and dispersion. Simulated column concentrations of sulfates and ash are shown in Fig. 2. On 
3 June 2019, 00:00 UTC the sulfates plume has covered north-eastern parts of Greece, with the main part shifting 
towards the southern parts of the country and reaching Antikythera (Fig. 2a). For the ash particles, a small part of 
the ash plume is transported to the Ionian Sea towards to the south-west Greece, but at insignificant values (Fig. 2b).

Figure. 2. Simulated column concentration of volcanic particles (mg/m2) originating from Etna for a) sulfates and
b) ash on 3 June 2019, 00:00 UTC, as simulated by FLEXPART-WRF.

The modeled arrival height of the first plume above Antikythera is centered approximately at 1.5 -2.5 km height during 
17:00 - 18:00 UTC on 2 June 2019, whereas the second sulfates plume is centered at 2 - 3.5 km height from 00:00 - 
02:00 UTC on 3 June, 2019 (Fig. 3a). In addition, modeled volcanic ash fluxes are simulated near the surface (below 
1 km) at very small values on 3 June 2019 after 18:00 UTC. The time-height evolution of PollyXT-NOA lidar observa-
tions at PANGEA is seen in Fig. 3b in terms of the attenuated backscatter coefficient at 532 nm (top panel), indicative 
of particles’ concentration above the station, and the volume linear depolarization ratio (δv) at 532 nm (bottom panel), 
indicative of the particles’ shape. Non-spherical particles such as dust or volcanic ash produce δv values larger than 
10%, while more spherical particles such as marine aerosols or anthropogenic pollution are expected to produce neg-
ligible δv values.

Figure. 3. a) Modeled sulfates concentration (μg/m3) over Antikythera, from 30 May, 10:00 UTC – to 4 June, 00:00 
UTC and b) Attenuated backscatter at 532 nm (up) and volume linear depolarization ratio at 532 nm (down) at PAN-
GEA station during 30 May 2019, 12:00 UTC to 4 June 2019, 00:00 UTC. Station elevation is at 193 m a.s.l.
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Figure. 4. a) particle backscatter coefficient profiles at 532nm (β532). Green line corresponds to the total β532, while 
orange and blue lines correspond to the β532 caused by the depolarizing (ash - βp) and non-depolarizing (sulfates 
- βnp) component respectively, b) particle linear depolarization coefficient profile at 532nm (δp532 – blue line), c) 
mass concentration profiles of the depolarizing (mass depolarizing – orange line) and non-depolarizing (mass non- 
depolarizing – blue dashed line) component respectively and d) WRF dust averaged concentration (orange line) and 
sulfates averaged concentration (blue dashed line), at 00:00 and 03:00 UTC (in μg/m3) on 3 June, 2019.

Two-time windows of 1h and 2h and 35mins were selected to calculate the aerosol optical properties using the Raman 
method (Ansmann et al. 2011), from 17:00 - 18:00 UTC and from 00:00 - 02:35 UTC on 2 and 3 June, 2019, respec-
tively. These windows were selected based on the FLEXPART-WRF simulations showing that both components, ash 
and sulfates are present over the station during this time.

However, these time frames correspond also to a different type of air mass, advected from the Sahara Desert, carrying 
dust particles. According to WRF-Chem model simulations, these dusty layers extend from close to the surface up to 
almost 10 km in height, perhaps co-existing with the particles of volcanic nature (Fig. 4d (orange line)).
For 3 June 2019, the lidar derived profiles (Fig. 4a and b) suggest that the depolarizing aerosol component being 
confined between 2 to 3 km, with δp values of (~25-30%). The agreement between lidar profile (Fig. 4c (blue line) 
and modeled sulfate particles (Fig. 3a and Fig. 4d (blue line)), is very satisfactory. The sulfate plumes coincide very 
well with the PollyXT lidar measurements.

4 Conclusions
This is the first time that volcanic aerosol layers originating from Etna on 30 May, 2019 were observed at the PAN-
GEA observatory of Antikythera. A synergy of satellite, ground-based and model data for monitoring the transport 
pathways and quantifying the amount of volcanic emissions reaching Antikythera is used. Conclusions from this 
study are summarized as follows:
The long‐range dispersion of sulfates and ash particles from Etna was simulated with FLEXPART- WRF model. The 
sulfates plume spreads mainly northeastward from the volcano, while on 3 June 2019, the plume approaches the 
Antikythera station.
The height and mass concentration of the simulated two sulfate plumes were evaluated in a qualitative manner using 
PANGEA measurements. According to the PollyXT-NOA observations, the two elevated plumes are located between 
1 - 2 km and 2 - 3 km above the local PBL on 2 June, 2019, 17:00 to18:00 UTC and 3 June, 2019, 00:00 to 02:00 UTC 
respectively, three and four days after the eruption. The modeled (FLEXPART) and observed (lidar) concentrations 
of sulfates, as well as the corresponding modeled and observed layer depths, are in good agreement. Regarding the 
concentrations of depolarizing particles, the comparison between modeled and observed layers suggests a possible 
mixture of volcanic ash and Saharan dust particles over the PANGEA observatory.
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Abstract   The probability of an atmospheric particle to act as cloud condensation nuclei (CCN) and form cloud 
droplets depends on its size, chemical composition (hygroscopicity) and the levels of supersaturation that develops 
in ambient clouds. Here we study the aerosol-CCN-cloud droplet link at the Finokalia atmospheric observatory from 
February to December 2014. A comprehensive dataset of the observed submicron aerosol size distribution, chemi-
cal composition and derived CCN concentrations is being processed with a state-of-the-art droplet parameterization 
to calculate the potential cloud droplet number concentration (CDNC) and maximum cloud supersaturation. Bulk 
hygroscopicity is calculated from the mixture of salts predicted by ISORROPIA-II thermodynamic model using the 
observed particle composition. The calculated CCN overestimate the available observations by 5-20% for most su-
persaturations between 0.2 and 1.0%. This error propagates to CDNC predictions. Both calculated CCN and CDNC 
maximize in summer, when the maximum supersaturation needed for cloud droplet to form is minimum. 

1 Introduction
Atmospheric aerosol particles modify the Earth’s radiation balance via their absorption and scattering proper-

ties (direct effect), whilst by acting as cloud condensation nuclei (CCN), aerosol particles influence clouds and thus 
the climate indirectly (indirect effect), by modifying their microphysical properties such as their albedo, lifetime and 
precipitation patterns. Clouds form in parts of the atmosphere that are supersaturated in water vapor (where relative 
humidity is above 100%). The ability of an atmospheric particle to act as CCN and form cloud droplets, depends on 
its size, chemical composition and the levels of supersaturation that develops in ambient clouds. The theoretical ba-
sis behind the activation of particles is the Köhler theory (Köhler 1936), which determines the characteristic level of 
water vapor supersaturation required for particles to activate into CCN and further into cloud droplets. It combines 
the Kelvin effect, which describes the change in saturation vapor pressure due to a curved surface, and the Raoult’s 
law, which relates the saturation vapor pressure to the solute. The solution effect has been expressed through the hy-
groscopicity parameter (k), and thereby the modified Köhler theory became the so called k-Köhler theory (Petters and 
Kreidenweis 2007)”ISSN”:”16807316”,”abstract”:”Atmospheric particles can serve as cloud condensation nuclei in 
the atmosphere. The presence of surface active compounds in the particle may affect the critical supersaturation that 
is required to activate a particle. Modelling surfactants in the context of Köhler theory, however, is difficult because 
surfactant enrichment at the surface implies that a stable radial concentration gradient must exist in the droplet. In this 
study, we introduce a hybrid model that accounts for partitioning between the bulk and surface phases in the context 
of single parameter representations of cloud condensation nucleus activity. The presented formulation incorporates 
analytical approximations of surfactant partitioning to yield a set of equations that maintain the conceptual and math-
ematical simplicity of the single parameter framework. The resulting set of equations allows users of the single pa-
rameter model to account for surfactant partitioning by applying minor modifications to already existing code. © 2013 
Author(s. This is used in the present study in order to describe the particle diameter to CCN activity. The hygroscopic-
ity, which is an important parameter affecting the CCN activation is the ability and readiness of an aerosol particle to 
uptake and retain water. It reflects the chemical composition of particles that act as CCN and can vary between values 
close to zero and above unity indicating a non-hygroscopic and a highly hygroscopic aerosol, respectively. 
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2.2 Methodology 

In order to determine the CCN number concentration from PM1 bulk composition, initially the hygroscopicity parameter 
was calculated assuming a mixture of organics and inorganics of the studied aerosol system according to: k = ∑ 𝜀𝜀𝑖𝑖𝑘𝑘𝑖𝑖 
where εi is the volume fraction of the components of the mixture and ki their characteristic hygroscopicity. For this, the 
submicron aerosol particles along with the gas phase precursors and the meteorological data were used as input in 
ISORROPIA-II thermodynamic equilibrium model (Fountoukis and Nenes 2007) in order to investigate the inorganic 
part of the assumed mixture. ISORROPIA-II examines the thermodynamics of inorganic K+ –Ca2+ –Mg2+ –NH4

+ –Na+ 
–SO4

2- –NO3
- –Cl- –H2O aerosol systems and can be run in either the forward mode (in which input is the temperature, 

the relative humidity and the total concentrations of aerosols and gas phase precursors), or the reverse mode (in which 
input is the temperature, relative humidity and the concentration of only the aerosols). The result of both modes is the 
concentration of species in the aerosol and gas phase. For the present study, ISORROPIA-II was run in the forward 
mode, since along with aerosol concentrations, gas phase NH3, HNO3 and HCl were available assuming a metastable 
aerosol state (the aerosol is always an aqueous solution). A sensitivity run was performed assuming a stable state (the 
aerosol is solid, liquid or both) in order to investigate which solids are present in our aerosol system given the input 
conditions. According to this sensitivity run of the model, ammonium sulfate ((NH4)2SO4) was the only solid present in 
the system, so the hygroscopicity parameter equation became: 𝑘𝑘 = 𝜀𝜀(𝑁𝑁𝑁𝑁4)2𝑆𝑆𝑆𝑆4𝑘𝑘(𝑁𝑁𝑁𝑁4)2𝑆𝑆𝑆𝑆4 +  𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜, where to derive 
the volume fraction of (NH4)2SO4 (𝜀𝜀(𝑁𝑁𝑁𝑁4)2𝑆𝑆𝑆𝑆4), the density of (NH4)2SO4 was used (1760 kg m-3, Bougiatioti et al. 2009) 
together with the mass concentrations of NH4

+ and SO4
= from the metastable run of the model since assuming an aqueous 

solution is more representative for the aerosol state in the atmosphere. The characteristic hygroscopicity of 0.61 was 
used for (NH4)2SO4 (Cerully et al. 2015) and 0.16 for the organics (Petters and Kreidenweis 2007), while for the organic 
aerosol density the value of 1500 kg m-3 (Bougiatioti et al. 2009) was used. Next, the simplified k- Köhler theory (eq. 1, 
(Kalkavouras et al. 2019) was used in order to calculate the so-called critical diameter (at 0.2%, 0.4%, 0.6%, 0.8% and 
1.0% supersaturation levels characteristic for the area) above which a particle is considered to be activated into CCN: 
 
𝑑𝑑𝑐𝑐 = ( 4𝐴𝐴3
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water, σw the surface tension of water (0.0728 J m-2), T the temperature (K), R is the universal gas constant (8.314 J/mol 
K) and ρw is the density of water (998.71 kg m-3). The CCN number concentrations (at the five different supersaturation 
levels), are then calculated from the observed number size distributions by integrating the SMPS measurements (in 
hourly basis for this study) from the characteristic critical diameter calculated as shown in eq. 2, to the largest size 
particle measured: 
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where dc is the calculated critical diameter, which is included in the SMPS size bin, and the upper limit 848 (nm) is the 
bin that contains the largest particles measured by the SMPS. Here is important mentioning that the SMPS measures 
submicron particles, so the derived CCN are not a realistic representation as the largest particles that have already been 
activated are not considered in the SMPS data. However, as the smaller particles account mostly for the number 
distribution, this uncertainty is consequently low. Finally, having the abovementioned predicted CCN spectra along with 
cloud updraft velocity 0.3 m/s which is characteristic for the area (Kalkavouras et al. 2019, Tombrou et al. 2015), we 
determined the cloud droplet number concentrations (CDNC) and maximum supersaturation levels for clouds forming 
in the area, using a state-of-the-art droplet parameterization (Morales Betancourt and Nenes 2014). This 
parameterization is based on the population splitting approach (Nenes and Seinfeld 2003), in which the CCN that form 
droplets are treated as two separate populations, those that have a size close to their dc (meaning the diameter at which 
a CCN must grow to, before experiencing unstable growth) and those that do not. 
 

In the present study, we investigate the link between aerosols, CCN and cloud droplet levels at Finokalia on Crete is-
land in the eastern Mediterranean. Submicron aerosol and gas chemical composition data were used to quantify i) the 
hygroscopicity parameter using the mixing rule, ii) the critical diameter above which an aerosol is thought to activate 
into CCN using the k-Köhler theory at different levels of supersaturation, iii) the CCN number concentrations using 
observed aerosol number size distributions and finally iv) the Cloud Droplet Number Concentrations (CDNC) from 
the predicted CCN concentrations and an updraft velocity of 0.3 m/s using the parameterization developed by Morales 
Betancourt and Nenes (2014).
 
2 Data and Methodology
Observations of submicron aerosol particles, gas phase species and particle number size distributions were performed 
at the Finokalia atmospheric observatory (http://finokalia.chemistry.uoc.gr/) of the University of Crete in Crete, 
Greece (35o20´N, 25o40´E; 250 m a.s.l) from February to December 2014. The station is located at a coastal remote 
background site in the northeastern part of the island of Crete facing the Mediterranean Sea, with no considerable 
influence from local anthropogenic emissions. The site is receiving air masses of various origins, predominantly from 
the north/northwest sector (coming from Balkans, mainland Greece and Central Europe), but also from the south with 
dust events from the Sahara desert occurring more frequently in spring and fall (Mihalopoulos et al. 2007)nss-SO42-. 
Overall, Finokalia station is a representative background site for the eastern Mediterranean.

2.1 Data
PM1 chemical composition and mass were measured using an Aerosol Chemical Speciation Monitor (ACSM) from 27 
February to 31 December 2014 (Stavroulas et al. unpublished data). The ACSM provides real time measurements of 
ammonium (NH4

+), sulfate (SO4
=), nitrate (NO3

-), chloride (Cl-) and organic mass in non-refractory submicron atmo-
spheric particles (Ng et al. 2011). ACSM measurements were recorded every 30 minutes and hourly mean values were 
derived and here analyzed. Gas phase filter measurements of ammonia (NH3), nitric acid (HNO3) and hydrochloride 
(HCl) with 3-day resolution were also conducted at Finokalia station for the studied period. These particulate and 
gas phase measurements along with the corresponding meteorological data (temperature and relative humidity in 
hourly averaged values) were used as input in the ISORROPIA-II model. Particle number size distributions were also 
measured with a time resolution of 5 min during the same period using a scanning mobility particle sizer (SMPS) in 
diameter-scanned range of 9 to 848 nm; hourly averaged values were used here (Kalivitis et al. 2019).

2.2 Methodology
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where dc is the calculated critical diameter, which is included in the SMPS size bin, and the upper limit 848 (nm) is the 
bin that contains the largest particles measured by the SMPS. Here is important mentioning that the SMPS measures 
submicron particles, so the derived CCN are not a realistic representation as the largest particles that have already 
been activated are not considered in the SMPS data. However, as the smaller particles account mostly for the number 
distribution, this uncertainty is consequently low. Finally, having the abovementioned predicted CCN spectra along 
with cloud updraft velocity 0.3 m/s which is characteristic for the area (Kalkavouras et al. 2019, Tombrou et al. 2015)
with similarities inside the Marine Atmospheric Boundary Layer (MABL, we determined the cloud droplet number 
concentrations (CDNC) and maximum supersaturation levels for clouds forming in the area, using a state-of-the-art 
droplet parameterization (Morales Betancourt and Nenes 2014). This parameterization is based on the population 
splitting approach (Nenes and Seinfeld 2003), in which the CCN that form droplets are treated as two separate popula-
tions, those that have a size close to their dc (meaning the diameter at which a CCN must grow to, before experiencing 
unstable growth) and those that do not.

3 Results
For the studied period (27 February to 31 December 2014), the mean values of the inorganic (ammonium sulfate) and 
organic volume fraction were found to be 0.59 ± 0.11 and 0.41 ± 0.11 respectively, while the hygroscopicity parameter 
was 0.43 ± 0.05 (median 0.43), which is quite higher than the one calculated with a similar method by Bougiatioti et 
al. (2009) because in that study the particulate organic mass was much higher. The critical diameters (eq. 1) at the five 
supersaturation levels are provided in Table 1. As expected they decrease with increasing supersaturation meaning that 
the smaller particles activate at higher supersaturation. 

Table 1. Critical diameters (dc) calculated with k-Köhler theory at five supersaturations (given in parentheses).

CCN number concentrations were relatively high throughout the studied period ranging from 918 cm-3 for the larger 
particles (0.2% ss) to 1933 cm-3 for the smaller ones (1.0% ss). Figure 1a shows the seasonal variation of the predicted 
CCN number concentrations at the five supersaturation levels. 

Fig. 7: Seasonal variability of (a) CCN number concentrations at 0.2%, 0.4%, 0.6%, 0.8% and 1.0% supersaturation. (b) Cloud 
Droplet Number Concentrations and maximum supersaturation (smax) calculated with an updraft velocity of 0.3 m/s.

2.2 Methodology 

In order to determine the CCN number concentration from PM1 bulk composition, initially the hygroscopicity parameter 
was calculated assuming a mixture of organics and inorganics of the studied aerosol system according to: k = ∑ 𝜀𝜀𝑖𝑖𝑘𝑘𝑖𝑖 
where εi is the volume fraction of the components of the mixture and ki their characteristic hygroscopicity. For this, the 
submicron aerosol particles along with the gas phase precursors and the meteorological data were used as input in 
ISORROPIA-II thermodynamic equilibrium model (Fountoukis and Nenes 2007) in order to investigate the inorganic 
part of the assumed mixture. ISORROPIA-II examines the thermodynamics of inorganic K+ –Ca2+ –Mg2+ –NH4

+ –Na+ 
–SO4

2- –NO3
- –Cl- –H2O aerosol systems and can be run in either the forward mode (in which input is the temperature, 

the relative humidity and the total concentrations of aerosols and gas phase precursors), or the reverse mode (in which 
input is the temperature, relative humidity and the concentration of only the aerosols). The result of both modes is the 
concentration of species in the aerosol and gas phase. For the present study, ISORROPIA-II was run in the forward 
mode, since along with aerosol concentrations, gas phase NH3, HNO3 and HCl were available assuming a metastable 
aerosol state (the aerosol is always an aqueous solution). A sensitivity run was performed assuming a stable state (the 
aerosol is solid, liquid or both) in order to investigate which solids are present in our aerosol system given the input 
conditions. According to this sensitivity run of the model, ammonium sulfate ((NH4)2SO4) was the only solid present in 
the system, so the hygroscopicity parameter equation became: 𝑘𝑘 = 𝜀𝜀(𝑁𝑁𝑁𝑁4)2𝑆𝑆𝑆𝑆4𝑘𝑘(𝑁𝑁𝑁𝑁4)2𝑆𝑆𝑆𝑆4 +  𝜀𝜀𝑜𝑜𝑜𝑜𝑜𝑜𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜, where to derive 
the volume fraction of (NH4)2SO4 (𝜀𝜀(𝑁𝑁𝑁𝑁4)2𝑆𝑆𝑆𝑆4), the density of (NH4)2SO4 was used (1760 kg m-3, Bougiatioti et al. 2009) 
together with the mass concentrations of NH4

+ and SO4
= from the metastable run of the model since assuming an aqueous 

solution is more representative for the aerosol state in the atmosphere. The characteristic hygroscopicity of 0.61 was 
used for (NH4)2SO4 (Cerully et al. 2015) and 0.16 for the organics (Petters and Kreidenweis 2007), while for the organic 
aerosol density the value of 1500 kg m-3 (Bougiatioti et al. 2009) was used. Next, the simplified k- Köhler theory (eq. 1, 
(Kalkavouras et al. 2019) was used in order to calculate the so-called critical diameter (at 0.2%, 0.4%, 0.6%, 0.8% and 
1.0% supersaturation levels characteristic for the area) above which a particle is considered to be activated into CCN: 
 
𝑑𝑑𝑐𝑐 = ( 4𝐴𝐴3

27𝑘𝑘𝑠𝑠𝑠𝑠2)1/3                                                                                                                                     (1) 
 
where k is the hygroscopicity parameter, ss the supersaturation level and 𝐴𝐴 = 4 𝑀𝑀𝑤𝑤𝜎𝜎𝑤𝑤
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 where Mw is the molar mass of 

water, σw the surface tension of water (0.0728 J m-2), T the temperature (K), R is the universal gas constant (8.314 J/mol 
K) and ρw is the density of water (998.71 kg m-3). The CCN number concentrations (at the five different supersaturation 
levels), are then calculated from the observed number size distributions by integrating the SMPS measurements (in 
hourly basis for this study) from the characteristic critical diameter calculated as shown in eq. 2, to the largest size 
particle measured: 
   
𝐶𝐶𝐶𝐶𝑁𝑁(𝑑𝑑𝑑𝑑) = ∫ 𝑑𝑑𝑁𝑁
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where dc is the calculated critical diameter, which is included in the SMPS size bin, and the upper limit 848 (nm) is the 
bin that contains the largest particles measured by the SMPS. Here is important mentioning that the SMPS measures 
submicron particles, so the derived CCN are not a realistic representation as the largest particles that have already been 
activated are not considered in the SMPS data. However, as the smaller particles account mostly for the number 
distribution, this uncertainty is consequently low. Finally, having the abovementioned predicted CCN spectra along with 
cloud updraft velocity 0.3 m/s which is characteristic for the area (Kalkavouras et al. 2019, Tombrou et al. 2015), we 
determined the cloud droplet number concentrations (CDNC) and maximum supersaturation levels for clouds forming 
in the area, using a state-of-the-art droplet parameterization (Morales Betancourt and Nenes 2014). This 
parameterization is based on the population splitting approach (Nenes and Seinfeld 2003), in which the CCN that form 
droplets are treated as two separate populations, those that have a size close to their dc (meaning the diameter at which 
a CCN must grow to, before experiencing unstable growth) and those that do not. 
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As expected, CCN number concentration increases with increasing supersaturation. The seasonal cycle of CCN is 
characterized by summertime maximum and wintertime minimum. The high CCN number concentrations during 
summer can be partially attributed to the high aerosol concentration during that period most probably resulting from 
accumulation of particles due to reduced deposition rates, biomass burning emissions and secondary aerosol formation 
from intensive photochemistry. The here computed CCN seasonal cycle agrees well with earlier studies in the area 
(Schmale et al. 2018).

For November and December 2014, CCN measurements were available at Finokalia. Therefore, a comparison between 
measurements and predicted CCN number concentrations was conducted for this period. Overall the predicted CCN 
correlated quite well with the measurements with overestimations between 5 and 20%. The best correlation is at 0.4% 
supersaturation level with R2=0.90. This uncertainty in CCN calculations is expected to partially propagate to the 
CDNC predictions. Note that although it has been shown that error in CDNC calculations is in general smaller than 
that in CCN calculations (Sotiropoulou et al. 2007, Fanourgakis et al. 2019), the results for Finokalia station seem to 
deviate from that rule. For the period with available observations of CCN, the hygroscopicity parameter (size resolved) 
was calculated combing CCN measurements with the SMPS data. The thus derived size-resolved hygroscopicity was 
about half the bulk hygroscopicity used here. The CDNC from the predicted CCN spectra and with updraft velocity of 
0.3 m/s, varied considerably throughout the year reaching values up to 650 cm-3 and an overall mean value of 362.26 ± 
111.68 cm-3 (median 367 cm-3), which is concurrent with observationally derived cloud droplet number concentrations 
(Fanourgakis et al. 2019). The higher CDNC concentrations were expected due to the derived overestimation of CCN 
concentrations during closure. Seasonally the CDNC concentrations varied similarly to the CCN concentrations, as 
expected, with summertime maximum and wintertime minimum values as shown in Fig. 1b. The predicted maximum 
supersaturation (smax) that could form in a cloud was quite low (Fig 1b), ranging from 0.05% to 0.58% with an aver-
age value of 0.11% ± 0.05% and maximizing during winter (in December with monthly mean 0.15% ± 0.08) when the 
levels of aerosols and CCN are low and minimize during summer (in July with monthly mean 0.08% ± 0.015). 

4 Conclusions
Submicron aerosol chemical composition data and number size distributions measured at the Finokalia station for al-
most an entire year (from February to December 2014) were here used in order to determine the link between aerosols, 
CCN and CDNC levels. Using the mixing rule and assuming a mixture of organics and inorganics (with inorganics 
considered to be ammonium sulfate), the hygroscopicity parameter was calculated and the result showed that the as-
sumed particles were highly hygroscopic, with a mean value of 0.43 ± 0.05. An anticorrelation was found between the 
critical diameter calculated with k-Köhler theory (eq. 2) and the supersaturation levels (0.2%, 0.4%, 0.6%, 0.8% and 
1.0%) that were used, while the range of the critical diameter at these supersaturations was on average from 32.76 ± 
1.71 nm at supersaturation 1.0% to 95.78 ± 5.01 nm at 0.2%. The CCN number concentrations calculated using the 
observed SMPS number size distribution data, varied considerably throughout the studied period reaching values 
slightly above 2000 cm-3 during summertime and minimizing during wintertime. Finally, the CDNC as calculated us-
ing the parameterization by Morales-Betancourt and Nenes (2014), the predicted CCN at the five different supersatura-
tion levels and a typical updraft velocity of 0.3 m/s, varied substantially with a range between 16.4 to 650 cm-3 and a 
seasonal cycle following the seasonal variation of CCN with summertime maximum values. The in-cloud maximum 
supersaturation level was on average 0.11% ± 0.05% and showed an inverse to CCN and CDNC seasonality, reflecting 
the competition of CCN for water vapor in order for cloud droplets to form.
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Abstract: Exposure to air pollution is one of the most significant environmental factors affecting human health. 
Even ambient particulate matter (PM) concentrations have been widely investigated, the characterization of indoor 
microenvironments air quality, where people spend most of their time, is limited. In this study, simultaneous 24 h 
indoor and outdoor PM2.5 concentration measurements were conducted, using PMS 5003 low cost optical particle 
counters. The measurement campaign took place in a 2-floor residence of a suburban location in the greater area of 
Patras, Greece. The relationship between indoor and outdoor PM2.5 was investigated as well as the main activities and 
potential particle sources. Elevated indoor PM concentrations were reported. Moreover, the significant higher indoor 
values during winter identify the fireplace wood burning as the main origin for PM.

1 Introduction
Suspended Particulate Matter (PM) is a major component of air pollution originating from both natural and anthropo-
genic sources. Extensive studies focused on PM effects on climate and environment have been conducted during the 
last decade (Fuzzi et al. 2015). Additionally, numerous epidemiological researches deal with PM health effects due 
to long-term and short- term exposure (Pope and Dockery, 2006). A negative correlation has been indicated between 
elevated ambient PM concentrations and several health impacts. More specifically, long term exposure to PM is 
linked with cardiovascular diseases, lung effects and increased hospital admissions (Dominici et al. 2006, Middleton 
et al. 2008).
Implementation of air quality monitoring stations across urban and suburban outdoor environments measuring ambi-
ent PM concentrations can provide comprehensive insights of atmospheric conditions. People though traditionally 
spend the majority of their time indoors. Consequently, a deeper research and knowledge of indoor PM levels is 
crucial to accurately investigate human exposure. Several studies focused on temporal variations, mass concentration 
and size distribution at indoor microenvironments such as residences, schools, workplace and hospitals (e.g. Rivas 
et al. 2014, Sangiorni et al. 2013). Cooking, smoking and fireplaces are characterized as the predominant sources of 
indoor originated particles, while penetration of outdoor generated particles and air exchange rates significantly affect 
and may degrade indoor air quality conditions (Massey et al. 2013). Morawska et al. (2017), underlined the impor-
tance of indoor sources along with ventilation on indoor air quality and in case of residencies studies, the penetration 
of outdoor PM was more significant than indoor generated particles. Since children are in the sensitive populations, 
the examination of air quality in classes and schools in general are crucial. Simultaneous indoor and outdoor mea-
surements were carried out in several schools in Barcelona, Spain (Pacitto et al. 2018). The analysis revealed higher 
indoor concentrations compared to outdoors (60.7 μg m-3 and 50.1 μg m-3 PM10 median values). These results are 
consistent with similar studies since indoor sources such as chalk and particle resuspension due to pupil activities 
contribute to elevated indoor levels.
Biomass burning for domestic heating is quite widespread during the last decade in Greece. Wood consumption in 
fireplaces contributes to the degradation of indoor air quality (Sarigiannis et al. 2014). Elevated indoor PM10 concen-
trations, up to 12 times the background ones, were reported during the operation of a fireplace in unoccupied house-
holds in Portugal (Vicente et al. 2020). Additionally, indoor concentrations were on average 14 times higher than the 
outdoor ones during the fireplace operation.
In this study, the relationship between simultaneous indoor and outdoor PM2.5 concentration measurements in a 
2-floor residence are examined and related with the main activities and potential particle sources.
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2 Materials and Methodology
Simultaneous indoor and outdoor PM2.5 measurements took place at a residence located in the suburbs of a medium 
sized city, Patras, Greece. The experimental site was a sparsely populated, and low trafficked region, thus the ambient 
PM anthropogenic sources were insignificant. Additionally, the high-speed prevailing winds led to lower PM concen-
trations, compared to the city center, due to particle dispersion.
Commercial low-cost optical PM measurement units were selected for the measurement campaign. More specifically, 
two calibrated PurpleAir II devices (Kosmopoulos et al., 2020) were installed inside and outside of the house. The 
indoor one was placed in the living room, where the residents were spending most of their time, while the outdoor on 
the living room balcony (2m away from the indoor one with a wall in-between). These sensors have been tested in 
various studies (e.g. Stavroulas et al., 2020) showing promising performance.

3 Results

3.1 Daily variation
Simultaneous 24h PM2.5 measurements, both indoors and outdoors, were carried out during the winter (December-
February) and summer (June-August) period of 2017-2018. The mean indoor concentration during the whole period 
was 18.08±7.73 μg m-3 while for the outdoor was
~52% lower, 8.64±2.48 μg m-3. In general, the discrepancies between indoor and outdoor PM2.5 concentrations could 
be attributed to the indoor generated particles by potential sources such as cooking, smoking and fireplace, accompa-
nied by limited outdoor sources. To better assess the sources characteristics, we examined the two seasons separately.
Indoor daily PM2.5 concentrations, as shown in Fig.1, ranged within 7.15-82.69 μg m-3 during winter and 1.62-26.77 
μg m-3 during summer. The ambient PM2.5 ranged from 3.50 to 38.93 μg m-3 and from 2.64 to 12.50 μg m-3, respec-
tively. World Health Organization (WHO) guidelines suggest that PM2.5 24-hour mean concentrations should not 
exceed the limit of 25 μg m-3 (WHO, 2006). During the 6-month measurements, 71 daily overpasses, 70 of them 
during winter, were reported for indoor conditions. For the outdoor station, only 6 were reported, all during winter. 
The mean concentration during Dec-Feb was 13.38±6.51 μg m-3 outdoors and significantly elevated, 37.91±16.82 μg 
m-3, indoors. During Jun-Aug, indoor PM2.5 concentration was elevated by ~3 μg m-3, compared to the outdoor ones 
(10.35±4.36 μg m-3 and 7.08±2.21 μg m- 3 respectively).

Fig. 1. Daily PM2.5 variability at indoor (red line) and outdoor (blue line) environments. The black dashed line cor-
responds to the 24h limit of 25 μg m-3 according to WHO guidelines. The tick marks in the horizontal axis indicate 
the first day of each month.

A fireplace was the main heating device of this residence, operating almost all day during winter. It was identified 
as the most intense indoor PM source thus the elevated concentrations during that season were mainly attributed to 
it. Additional sources were smoking and cooking. Since the low-cost unit was placed in the living room where the 
inhabitants spent most of their time, their activities had significant impact on indoor air quality. During the summer 
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the house was naturally ventilated through window opening while the major indoor sources (fireplace and smoking) 
were absent. Consequently, the indoor particles originated mostly from the outdoor generated ones that penetrate 
through air exchange indoors and from resuspension during indoor activities.
Ambient concentrations were ~2 times higher during the winter period but still remained below 14 μg m-3. As men-
tioned before, this area lacks significant outdoor PM sources. The main sources during the winter are biomass burning 
for residential heating and agricultural activities (emissions from burning olive tree branches). The low intensity of 
these activities combined with the high-speed prevailing winds lead to small and rather constant PM levels during 
the whole year.

3.2 Diurnal variability
In this section, the seasonal diurnal variability was examined (Fig.2). In general, PM2.5 concentrations remained 
lower than 22 μg m-3 for indoor measurements during summer and for outdoor ones during both seasons. The lowest 
values and the lowest diurnal variability were reported for ambient environment during summer when PM2.5 ranged 
from 6.06 μg m-3 to 8.23 μg m-3. When the winter period was examined, the ambient concentrations increased but 
remained low, ranging between 7.10 μg m-3 and 21.68 μg m-3. During the day, 08:00-16:00, PM2.5 concentrations did 
not exceed 15 μg m-3 while an increasing trend was identified from 16:00 to 22:00. This increment was mainly caused 
by the domestic heating devices of the nearby houses.

Fig. 2. Diurnal PM2.5 variability at indoor (red line) and outdoor (blue line) environments. The summer period is 
indicated with solid line while the winter period with dashed line.

When the indoor microenvironment was examined, significant differences were identified between the two exam-
ined seasons. During summertime, a morning peak was identified at 08:00 (17.70 μg m-3) which coincides with the 
beginning of the inhabitant’s activities. During the day, when the residents spent most of their time outdoors, the 
concentrations remained lower. The lowest values were reported during nighttime. The bedrooms are located at the 
2nd floor and the experimental area remained completely empty without any sources affecting the air quality condi-
tions. Indoor air quality degraded significantly in winter. During the whole day (09:00-21:00), PM2.5 levels remained 
higher than 40 μg m-3. The highest values were reported at 14:00 and 15:00 (~72 μg m-3) which is consistent with the 
cooking activities. The concentrations remained high during the day due to the wooden fireplace operation and the 
poor house ventilation.

4 Conclusions
The goal of the presented study was the investigation of indoor and outdoor air quality conditions in a typical two 
floor apartment situated in the suburbs of Patras, Greece. A measuring campaign took place during the summer (June-
August) and winter (December- February) period of 2017-2018. PM2.5 levels were measured in a sparsely populated 
area with limited ambient sources. In 24h basis, simultaneous indoor and outdoor measurements were conducted us-
ing calibrated low-cost PM sensors.
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The analysis indicated degraded indoor air quality conditions, especially during the winter. 70 exceedances of WHO 
24h PM2.5 limit (25 mg m-3) were observed during winter while outdoors only 6 cases were reported.
An increasing summer to winter difference was revealed for both indoor and outdoor environments and is highly cor-
related with the activities/sources. The highest concentrations were reported indoors during winter due to the opera-
tion of the fireplace and the inadequate natural ventilation.
Regarding the diurnal variability of PM2.5 levels, our findings showed that fireplace was the major factor accounting 
for elevated indoor and outdoor concentrations. The significance of the rest of people’s activities for indoor air qual-
ity, cooking and smoking was also underlined.
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Abstract: Chemical events have significant public health and emergency preparedness consequences, therefore, crisis 
response planning is of outmost importance. The dispersion of a chemical agent in an indoor environment, near the 
so-called “human breathing zone” can cause harmful effects to the occupants of the room. The present study examines 
the dispersion of NH3, i.e. a colorless, highly irritating gas with a suffocating odor in an office. Specifically, the turbu-
lent flow of NH3, under the influence of the indoor air’s circulation, has been simulated using a Computational Fluid 
Dynamics model, i.e. the Realizable k-e model. For the simulations the structure and the constructive components, 
as well as the layout of objects in the room, the position of doors and windows, the exhaust ventilation and any other 
object that could act as an obstacle to the flow of gas have been taken under consideration. On the whole, the study 
provides estimation and quantification of the NH3 levels, mainly up to the breathing zone, as well as evaluation of the 
natural ventilation’s contribution in the decongestion and decontamination of indoor air. 

Keywords: chemical agents, pollutant’s dispersion, turbulent flow, CFD simulation  

1 Introduction
Chemical agents are chemical hazardous materials, including routinely used in industrial process chemicals (e.g., 
ammonia, phosgene, chlorine etc.) and chemicals developed by military organizations (e.g., nerve agents, vesicants). 
Chemical agents, as well as biological and radiological agents, can be used by terrorists or militaries in order to pro-
duce mass casualties. However, chemical events differ from biological and radiological events because their victims 
develop symptoms simultaneously, leading to great initial mass casualties, to which the health care systems need to 
respond rapidly (Hendrickson, 2005).
The risk rises rapidly when a chemical event occurs in an indoor space because the decontamination of indoor air is a 
lot harder to achieve, therefor a quantitative description of a chemical agent and its dispersion in an indoor environ-
ment is of major importance. Such knowledge is needed by engineers and architects while designing a new building, 
in order to select appropriate ventilation systems and control strategies to minimize indoor contaminant exposures 
(Panagopoulos et al., 2011).
Among the existing research methods, actual measurement is still considered the most reliable to describe accurately 
the dispersion of a pollutant in a room, however, it is expensive, time-consuming, toxic and difficult to carry out exten-
sive parametric studies (Li et al., 2014). Computational Fluid Dynamics (CFD) is nowadays the most commonly used 
method for the simulation and the evaluation of indoor air environment, despite the fact that it is also time-consuming 
process, because it can well describe the influence of objects that can act as obstacles to the flow and the diffusion of 
gas (Liu et al., 2016).  
Kassomenos et al. (2008) used CFD techniques to examine the dispersion of the toxic chemical substance vinyl chlo-
ride monomer in a polyvinyl chloride chemical plant and estimate the exposure of the workers to the pollutant. Jian-
feng Li and Ya-Fei Zhou (2015) studied the spread of hydrochloric acid that escaped from the metal-etching chamber 
during maintenance in a semiconductor manufacturing plant. Longxiang et al., (2017) used CFD analysis to simulate a 
heavy gas (i.e., SF6) in a typical industrial factory building. Panagopoulos et al., (2011) simulated the VOC and form-
aldehyde contamination of indoor air in an apartment. 
The present study examines the release and dispersion of a chemical agent (i.e., NH3) in a typical office, in the Physics 
Department of the University of Ioannina. The purpose is to compare the pollutant’s concentrations near the human 
breathing levels with the indexes set by NIOSH (National Institute of Occupational Safety and Health), as well as to 
evaluate the openings’ contribution in the decongestion and decontamination of indoor air in case of a chemical event. 
The preliminary results of the study will be presented.
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 2 The Chemical Agent Ammonia (NH3)

2.1 Chemical and physical properties and health effects of ammonia exposure
Ammonia (NH3) at room temperature is a colorless, highly irritating gas with a suffocating odor. In pure form (anhy-
drous ammonia) it is lighter than dry air (molecular weight: 17,03gr/mole) and it is hydroscopic. Although anhydrous 
ammonia after its dispersion generally dissipates and does not settle in lower areas, under high relative humidity con-
ditions the gas forms vapor heavier than air which can spread into low-lying areas with poor airflow, thus people may 
become exposed. It is easily compressed and forms a clear liquid under pressure.
During a chemical event, people can be exposed to ammonia by inhalation or by skin or eye contact. 
Inhaling high concentrations of ammonia causes immediate burning of the nose, throat and respiratory tract. This can 
cause bronchiolar and alveolar edema and airway destruction resulting in respiratory distress or failure. Exposure 
to lower concentrations can cause coughing, and nose and throat irritation. Its specific odor provides adequate early 
warning of its presence, but olfactory fatigue or adaptation can reduce someone’s awareness.
As far as skin and eye contact are concerned, exposure to low concentrations of ammonia may produce rapid skin or 
eye irritation and higher concentrations may cause severe injury and burns.

2.3 Dangerous Exposure Limits for Ammonia
The National Institute for Occupation Safety and Health (NIOSH), a part of the U.S. Centers for Disease Control and 
Prevention, in the U.S. Department of Health and Human Services, has developed the Immediately Dangerous to Life 
and Health concentration values (IDLH values) in order to characterize high-risk exposure concentration and condi-
tions. IDLH values are established to ensure that the worker can escape from a given contaminated environment in the 
event of failure of the respiratory protection equipment and to indicate a maximum level above which only a highly 
reliable breathing apparatus, providing maximum worker protection, is permitted. According to NIOSH the current 
IDLH value for Ammonia is 300ppm (0.012 mol/m³).
The National Advisory Committee for Acute Exposure Guideline Levels for Hazardous Substances has been estab-
lished to identify, review, and interpret relevant toxicological and other scientific data and develop acute exposure 
guideline levels (AEGLs) for high-priority, acutely toxic chemicals. AEGLs represent threshold exposure limits for the 
general public and are applicable to emergency exposure periods ranging from 10 minutes (min) to 8 hours (h). Three 
levels—AEGL-1, AEGL-2, and AEGL-3—are developed for each of five exposure periods (10 min, 30 min, 1 h, 4 h, 
and 8 h) and are distinguished by varying degrees of severity of toxic effects. According to NAC/AEGL Committee, 
the three AEGLs concerning ammonia are the following:

Tab. 1. AEGLs for Ammonia

3 Data and Methodology
3.1 Office Layout and Description
Fig. 1 presents the plane view and Fig. 2 the 3D geometric model of the office. The room is a floor area of 26.00 m2 
and the room height is 3.00m (volume= 78.00m3). There is a door on the southern side (1.00m×2.20m) and a win-
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dow on the north side (1.50m×1.00m). The office is also equipped with a ventilation system with one inlet-outlet on 
the western wall.

Fig. 1. Plane view of the office                             Fig.2. Southwestern isometric view of the office         

3.2 Methodology

3.2.1 CFD model description 
The present study examines the release and the dispersion of NH3 in an indoor environment, and more specifically, 
in an office. The gas is released from a source of circular cross-section, located in the center of the room, 1m above 
ground level (AGL).
A Computational Fluid Dynamics software was used to simulate the flow and the dispersion of NH3 in the room. Tak-
ing under consideration the requirements of the present study and the available computing power, the Reynolds Aver-
aged Navier-Stokes (RANS) model was preferred over the Large Eddy Simulation (LES) model. The RANS model 
includes the continuity and momentum equations:

where ρ is the density; t is the time; μ is dynamic viscosity and ui and uj are the mean velocity components in the xi and 
xj directions, respectively. The Boussinesq hypothesis is employed to relate the Reynolds stresses ' '

i ju uρ− are related 
to the mean velocity gradients:  

Where μt is the turbulent viscosity, k is the turbulent kinetic energy and δij  is the Kronecker delta. 
The k and its rate of dissipation ε are obtained from the following transport equations:
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In these equations, kG represents the generation of turbulence kinetic energy due to the mean velocity gradients, bG is 
the generation of turbulence kinetic energy due to buoyancy, MY represents the contribution of the fluctuating dilata-
tion in compressible turbulence to the overall dissipation rate, 2C and 1C ε  are constants,  kσ  and εσ  are the turbulent 
Prandtl numbers for k  and ε  ,respectively, and finally, kS  and Sε  are user-defined source terms.
The model constants 1C ε , 2C , kσ , and εσ  have been established to ensure that the model performs well for certain 
canonical flows. The model constants are 1 1.44C ε = , 2 1.9C = , 1.0kσ = , 1.2εσ =

The set of formulas mentioned above are used to determine the flow field, and the concentration of the pollutant is 
computed using the following convection-diffusion equation: 

( ) ( )i i i iY u Y J
t
ρ ρ∂

+∇⋅ = −∇ ⋅
∂

, where iJ is the mass diffusion term.

An equation of this form will be solved for 1N − species, where N is the total number of fluid chemical species pres-
ent in the system. Since the mass fraction of the species must sum to unity, the thN mass fraction is determined as one 
minus the sum of 1N − solved mass fractions. 

3.2.2 Boundary conditions and computational details.
After designing and meshing the 3D geometrical model of the room, the appropriate boundary conditions were setup. 
On the pollutant’s source was imposed a mass flow inlet. After observation, it was concluded that the airflow’s direc-
tion is southern, and the air enters the room through the door on the southern wall, which was considered as velocity 
inlet for the outdoor air. Likewise, the northern window was considered as pressure outlet. The rest of the boundaries 
(the surfaces of the floor, the ceiling, the side walls and all the existing obstacles) were regarded as no-slip, stationary 
walls. 
The pollutant outflowed from the source for 5 seconds and its dispersion was observed for 30 more minutes. The 
atmospheric stratification was considered neutral. A transient solver was selected, using as initial data the results of 
a steady-state airflow simulation. The time step was set to 0.1 sec. The PISO algorithm is considered the most appro-
priate for transient simulations, and therefore it was used for solving the equations. The spatial discretization method 
adopted a second order upwind scheme.
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4 Results
The following figures present the concentration of the pollutant during its 5 seconds dispersion as well as the following 
30 minutes, in the breathing levels of 1.2m AGL and 1.80mAGL. of the examined semi-enclosed environment.
Concentration of 0.001mole/m³ is equal to the AEGL-1 for 10 and 30 minutes, concentration of 0.009mole/m³ is 
equal to the AEGL-2 for 10 and 30 minutes and finally, concentration of 0.012mole/m³ is equal to the IDLH value for 
ammonia.

Fig.3. ΝΗ3 concentration at different tie intervals from the release, at the breathing level of 1.20m and 1.80m AGL
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Abstract: Acidic gaseous compounds such as nitric acid, hydrochloric acid and sulfur dioxide (HNO3, HCl and SO2 
respectively) comprise important atmospheric constituents, with impacts on air quality, human health and acidity of 
the atmosphere. Despite these effects and with the exception of SO2, the rest, namely HNO3 and HCl, are not consid-
ered as national priority pollutants and published works in the past concern short term low resolution measurements. 
This work concerns the levels and the variability of these three acidic compounds at the urban background atmospheric 
monitoring station of the National Observatory of Athens at Thissio. A high resolution automatic Wet Annular Denuder 
Ion Chromatography technique is operated providing time resolved hourly averaged data for the period of December 
2014 to February 2015, June to October 2015 and February to March 2016. Their diurnal and seasonal variability is 
investigated and compared to the past works. The role of winter time biomass burning, been reflected on the night-time 
levels, is also assessed. Emphasis is given on SO2 since its levels have greatly been limited over the last two decades in 
Athens, Greece, as a consequence of the de-industrialization of the area, the implementation of antipollution measures 
and the reduction of emissions due to the financial recession period arising at 2008.

1 Introduction
Nitric acid, hydrochloric acid and sulfur dioxide (HNO3, HCl and SO2 respectively) comprise major atmospheric 
acidic trace gases. Their production pathways and the depletion by reactive species such as the hydroxyl radicals (OH), 
affect the air quality and oxidative capacity of the atmosphere. HNO3 is mainly produced during day by the reaction 
of nitrogen dioxide (NO2) with OH radicals. Its night-time formation includes reaction of nitrate radicals (NO3) with 
organic compounds and the heterogeneous hydrolysis of nitrogen pentoxide (N2O5) (Atkinson et al. 2004), whereas 
the heterogeneous reactions of NO3 on particles are not that important (Heintz et al. 1996). HNO3 formation is also 
involved in ozone (O3) production, serving thus as nitrogen oxides (NOx) sink. SO2 is one of the major products of 
fossil fuel combustion (e.g. traffic and industry), which is oxidized into sulfuric acid (H2SO4) in the atmosphere. It 
can also be released by volcanoes or as byproduct of the natural metabolism of the dimethyl sulfide (DMS) in marine 
environments (Berresheim and Jaeschke 1983). The emission of HCl is related to combustion of chloride-containing 
fuels (e.g. waste incineration),  volcanic emissions, water treatment and emissions during manufacturing processes, 
whereas it is also produced by the secondary reactions of sea-salt dechlorination (Crisp et al. 2014 and references 
therein). The acidic compounds react with alkaline compounds either in gaseous with ammonia (NH3) or particulate 
form (salts such as CaCO3 and/or NaCl). Precisely, NH3 selectively reacts first with the H2SO4; and the excess of am-
monia is then available for the neutralization of HNO3 and HCl, towards the formation of semivolatile salts (Seinfeld 
and Pandis 1997, Tsimpidi et al. 2007).
The ammonia induced acidity of the produced aerosol regulates the partitioning of the components into the gaseous 
and particulate phase. Therefore, the levels of the fine particulate matter (PM) in the atmosphere can also be affected 
by these secondary processes, highlighting thus the role of the gaseous acidic compounds on the control of the PM 
levels in the atmosphere. Apart from the health impacts, the acidification of the precipitation has adverse effects on 
ecosystems and the building materials of monuments. Nevertheless, the majority of the published works focuses on 
the particulate ionic components. Despite the fact that SO2 is considered as typical regulatory compound, the reactive 
HNO3 and HCl are not considered as priority pollutants. 
The limited past publications on national level concern short-term measurements of low resolution techniques, not 
allowing thus the study on intraday basis. In addition, in recent years the atmospheric composition has been differenti-
ated due to changes in the intensity of the emission sources, e.g. improvement of the air quality due to the application 
of anti-pollution techniques versus degradation due to biomass combustion in domestic heating systems. Therefore, 
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changes might have also occurred on the levels of the gaseous acidic compounds relative to the past records. The cur-
rent work aims to (i) provide information on the levels and the seasonal variability of the acidic gases under the current 
atmospheric conditions using high resolution data that further facilitate the investigation of the diurnal pattern, (ii) 
assess the current levels of SO2 taking into account the historical data in Attica basin and (iii) investigate the role of 
the residential wood burning on the emission of the acidic gases. 

2 Data and Methodology

2.1 Sampling site
The measurements were conducted at the air-quality monitoring station of the National Observatory of Athens at This-
sio, Athens (37.97° N, 23.72° E). The sampling site located at the top of the Hill of Nymphs, is ideal for the character-
ization of the urban background air pollution conditions (Grivas et al. 2019), as the station overlooks the city center 
and serves as receptor point, through dispersion and circulation, of aerosols from different potential sources. The 
monitoring of the gaseous acidic compounds took place from December 2014 to March 2016, over selected periods 
representative of cold and warm conditions, as well as during the transition seasons, given the fact each one reflects 
contrasted air pollution profiles in terms of dominant emission sources and atmospheric processes. 

2.2 Methodology
Real-time measurements of SO2, HCl and HNO3 were determined using a Wet Annular Denuder combined with an 
Ion Chromatograph (WAD-IC). The air was drawn at approximately 10 L min-1 through the WAD system and sequen-
tially analysis of the samples was carried out by ion chromatography (IC) using a Metrohm 761 compact Ion Chro-
matograph, providing results in 20 min basis. Reported concentrations were blank corrected and averaged on hourly 
level. Black carbon levels were measured with Magee Scientific 7-λ aethalometers and the meteorological data were 
obtained by NOA’s automatic meteorological station at Thissio. All the ancillary data were also hourly averaged to 
facilitate the study. 

3 Results
The levels of the acidic gases were semi-continuously measured at Thissio, during December 2014 to February 2015, 
June to October 2015 and February to March 2016. The hourly concentrations of HNO3 varied from 0.1 μg m-3 to more 
than 5 μg m-3 with a mean of 0.70.6 μg m-3. These values are lower by almost 50% relative to the mean levels of 1.20.77 
μg m-3 that have been observed in Finokalia Crete on 1996-1999 (Kouvarakis et al. 2001), whereas fall partially within 
the range of 1.6-4.2 μg m-3 reported by Danalatos and Glavas (1999) for the observations at Patras also 20 years ago, 
despite the lower levels encountered during our study in Athens. Furthermore, past levels obtained by short term late 
summer measurements in Athens (Eleftheriadis et al. 1998, Tzanis et al. 2009) exhibited also higher values relative to 
the current ones. HCl measurements are scarce in Athens, with the past late summer time levels of 0.5 μg m-3(adopted 
by Eleftheriadis et al. 1998) ranging at the same levels as our measurements (0.50.3 μg m-3). 
The SO2 measurements were as high as 44 μg m-3 and a mean value of 3.34.8 μg m-3 was obtained. Opposite to the other 
two compounds, SO2 has gained the scientific interest over the years and it is included in the national reports for the 
major gaseous pollutants. A sharp decrease on the SO2 levels was observed on the climatological analysis of Kalabokas 
et al. (1999) conducted for the central most polluted urban stations in Athens over the period 1987-1997. Precisely, 
a decrease of 52% was found for the Patision traffic station (located at one of the most congested streets of Attica) 
between the 1988-1990 and 1995-1997 levels (83±4 μg m-3 and 40±4 μg m-3 respectively), attributed to the application 
of abatement measures over the period 1991-1994. The mean annual roadside levels of SO2 were further decreased to 
about 14 μg m-3 in 2009 (Henschel et al. 2013) and 8 μg m-3 in 2019 (annual report of the Greek national network for 
monitoring air pollution, Ministry of Environment, 2019). The mean level of 3±5 μg m-3 observed at Thissio on 2015 
fall within the range of the mean annual levels of 4-11 μg m-3 reported for the stations of the network in Attica for the 
respective time period. The overall reduction of SO2 levels over the years is attributed to the deindustrialization of 
Athens, application of abatement measures and the reduction of emissions after 2008 due to the financial recession 
(Vrekoussis et al. 2013). 
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Fig. 1. Mean seasonal variability of HNO3, HCl and SO2 in Athens, Greece over the period 2014-2016.

A pronounced seasonal pattern results for HNO3 (Figure 1), with high concentrations during summer and lower during 
the remaining months as reported in previous works for Greece (Danalatos and Glavas 1999). The average summer 
concentration was 70% higher than the winter one. The seasonal pattern for HNO3 can be attributed to the reaction 
of NO2 with OH radicals, with the later been enhanced during summer, as well as the absence of precipitation given 
its high solubility in water. The high levels during the warm period could also be attributed to the increased volatility 
of the particulate NH4NO3 under high temperatures that favors the presence of the gaseous HNO3. The HCl seasonal 
profile follows that of HNO3 depicting thus a summer-time peak, which could be linked with its production by the reac-
tion of HNO3 with sea salt the absence of precipitation and the volatilization of NH4Cl. SO2 demonstrated higher mean 
levels in winter relative to summer by almost 30%, whereas an average background of about 2 μg m-3 was maintained 
at the city. In general terms, the regional character of SO2 was reported since the 1970s (e.g. OECD 1977; Eliassen and 
Saltbones 1983), establishing thus the trans-boundary transport as key process determining its atmospheric concentra-
tion. The increased SO2 levels in summer are attributed to absence of rain and enhanced transport from the N and NE 
sector which is typical for this period of the year. The winter maximum could be related to the increase of emissions 
by heating in combination with the lower mixing layer (Alexiou et al. 2018) relative to the summer. 

Fig. 2. Mean diurnal variability of HNO3, HCl and SO2 in Athens, Greece over the period 2014-2016.

In daily level, the mean annual cycles depict a bimodal distribution with a major morning-noon and a secondary late 
evening to night maximum, with significant differences for each species (Figure 2). The average ratio of the daytime 
to nighttime peak concentrations measured for HNO3 was above unit (~1.3), highlighting thus its photochemical pro-
duction and the volatilization of NH4NO3 during the warm hours of the day, in accordance with the observations of 
the seasonal trend. The diurnal variability of HCl is driven by the presence of HNO3, depicting thus similar pattern, 
characterized though by less late afternoon variability. Concerning SO2 and taking into account its regional origin, 
the late morning maximum (~1.5 relative to the night one) is linked with the development of the boundary layer and 
the intrusion of the long range transported air masses. During winter enhancement is expected on the nigh-time levels 
of SO2 due to the shallow boundary layer. On the other hand the photochemically produced HNO3 as well as HCl are 
expected to present higher noon maxima during summer. Furthermore, SO2 is not expected to present important differ-
ence on the diurnal pattern between weekdays and weekends due to its regional character. The same trend is expected 
for HCl, whereas HNO3 levels should be decreased during the weekends at noon due to limited precursors availability 
namely NOx from vehicular emissions. 
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Table 1. Mean levels of the acidic gases on winter night-time depending on the presence of smog events. 
Acidic gases Total SP nSP
HNO3 (μg m-3) 0.6 0.7 0.4
HCl (μg m-3) 0.5 0.3 0.7
SO2 (μg m-3) 4.1 6.0 2.1

To assess the possible impact of heating and especially of wood burning that has an impact on Athens atmosphere 
during night over the last years (Liakakou et al. 2020), Table 1 presents the levels of the acidic compounds during 
night-time (22:00 – 2:00) in winter. Additionally, the night-time data of HNO3, HCl and SO2 obtained on winter 2014-
2015, were classified in smog and non-smog periods (SP and nSP, respectively), taking into account the combination 
of low wind speed and the absence of precipitation (Fourtziou et al. 2017) conditions that enhance the accumulation 
of all pollutants. The selected time frame corresponds to the peak time of BCbb. The role of the combustion processes 
during the enhancement of biomass burning is obvious on the SO2 levels with an increase by almost 3 times relative 
to the non smog periods. Less significant is the impact on the HNO3 night time concentrations by almost 50%, but still 
important. HCl present an opposite trend with higher levels during the non smog periods, supporting production by 
heterogeneous reactions of gaseous HNO3 with sodium chloride (NaCl) of transported sea salt particles (Mihalopoulos 
et al. 1997) under favoring conditions, i.e. dominance of marine originated air masses and wind speed > 3msec-1. The 
stagnant conditions of the smog periods are poor in precursors, leading thus in lower concentrations for the HCl. 

4 Conclusions
The current work reports the levels of HNO3, HCl and SO2 in Athens, Greece over the period 2014-2016, using high 
resolution data obtained at the urban background station of the National Observatory of Athens at Thissio. Reduction 
on the mean levels of HNO3 and SO2 was observed compared to past works, whereas HCl is maintained at approxi-
mately the same levels, considering also the limited monitoring of the later. Furthermore, the proximity of the mean 
annual value of 3±5 μg m-3 SO2 observed at Thissio on 2015 relative to the levels reported for the Attica by the national 
network for monitoring of air pollution, reflects the regional profile of the pollutant. The photoxidation reactions of 
NO2 with OH radicals and the volatilization of the particulate NH4NO3, seem to drive the production of HNO3 on both 
diurnal and seasonal basis, leading to maximum values during the warm period of the day and the year by almost 30% 
and 70% respectively. Similar variability was observed for the HCL, driven by the reaction of HNO3 with sea salt. 
The absence of sea salt under the stagnant conditions that favors the smog events during winter nights in the urban 
environment of Athens can be considered as the regulating factor of the limited impact of the heating activities on the 
nocturnal levels of HNO3. On the contrary, SO2 was linked to combustion processes during winter, whereas the sum-
mer time enhancement was attributed to absence of rainfall and regional transport as well.
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Abstract In this work an assessment of biomass burning (BB) aerosol optical properties over the broader Mediter-
ranean basin for the period 2002-2016 was carried out. Wildfire events (WFE), i.e. ignition date and geographical 
location, were identified based on MODIS (MODerate resolution Imaging Spectroradiometer) data. From the statisti-
cal analysis of the identified WFE 58 extreme wildfire events (EWFE) emerged with burned areas of thousands hect-
ares. For these EWFEs, aerosol optical properties were investigated, namely spectral Aerosol Optical Depth (AOD), 
Ångström Exponent (AE), Fine Fraction (FF) and Aerosol Index (AI), describing the atmospheric load and size of 
BB aerosols and their change due to the occurrence of wildfires. The analyzed data were derived from Collection 
006 MODIS-Terra database, except for AI, which was taken from TOMS (Total Ozone Mapping Spectrometer) and 
OMI-Aura (Ozone Monitoring Instrument) databases. The AI values were greater than 2.50 with maxima attaining 
5.90. Ångström Exponent had a mean value around 1.80 with maxima exceeding 3.10, whereas the mean value of FF 
was 0.89. AOD (at 550nm) can reach values up to 2.70. For these EWFEs the spread of smoke plume was estimated 
through forward-trajectories computed via the HYSPLIT model.

1 Introduction
Biomass burning is one of the largest sources of many trace gases (including the major greenhouse gases and some 
ozone precursors) and aerosols to the global atmosphere. For some important atmospheric pollutants, like black carbon 
(BC) and primary organic aerosol (POA), biomass burning in the form of open vegetation fires, is the dominant global 
source (Bond et al., 2013). Perturbations of atmospheric trace gases and aerosol loads due to biomass burning, may 
have important consequences for climate, biogeochemical cycles, and human health. BB aerosols in particular, affect 
the regional radiation balance, atmospheric temperature lapse rates and dynamics, influencing thus cloud properties 
and precipitation (Boucher et al., 2013). Despite the important impact of biomass burning emissions on climate, eco-
system function, and human wellbeing, large uncertainties regarding the emitted amounts of BB and their spatial and 
temporal distribution, still exist. These uncertainties are due to emissions dependence on the fuel (vegetation) type, 
combustion phase, environmental conditions (e.g. humidity, injection height, wind) and their atmospheric aging stage.
The Mediterranean region, owing to its climatological and meteorological conditions, is highly susceptible to wildfires 
during the warm period of the year (San-Miguel-Ayanz et al. 2013) which emit great amounts of particulate matter, 
increasing the load and modifying the physicochemical and optical properties of aerosols over the basin. The aerosol, 
BB included, impact on the regional or/and local radiative budget is intensified during the summer cloud-free period, 
because of the intense solar radiation. While anthropogenic and dust aerosols properties over the broader Mediter-
ranean region have been extensively assessed and investigated, studies on BB aerosols are fewer and limited to case 
studies of great wildfire events.
In this work, a systematic assessment of BB aerosol properties, namely spectral Aerosol Optical Depth (AOD), Ång-
ström Exponent (AE), Fine Fraction (FF) and Aerosol Index (AI), is carried outover the Mediterranean basin, based on 
satellite data for the period 2002-2016.

2 Data and Methodology
2.1 Data
The GeoTIFF – MCD64Monthly (Collection 006 MODIS) database was used for the identification of 3125 wildfires 
with a burned area of more than 500 ha, in a region enclosed by 33°N and 50°N parallels and 11°W �α� 35°E merid-�α� 35°E merid- 35°E merid-
ians, for the period 2002 - 2016. For investigating the biomass burning aerosol burden in the atmosphere, several 
aerosol optical properties were assessed. Namely, Aerosol Optical Depth (AOD) at 470, 550 and 660 nm over land, 
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and at 470, 550, 660, 870, 1240, 1640 and 2130 nm over ocean (taken from C006 MODIS-Terra). Also, Aerosol Index 
(AI) values for the period 2002 – 2004 at 1°×1.25° spatial resolution were acquired from the Total Ozone Mapping 
Spectrometer Earth-Probe (TOMS-EP) database, and for the period 2005 – 2016 at 1°×1° spatial resolution from 
the Ozone Monitoring Instrument (OMI-Aura) database. Based on the aforementioned aerosol optical properties, 
Ångström exponent, α470-660nm over land, α550-870nm over ocean and Fine Fraction (FF) at 550 nm over ocean were finally 
calculated. In order to examine the horizontal transport of the smoke plumes from the wildfires sources, the Hybrid 
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Model was fed with 2.5°×2.5° NCEP/NCAR reanalysis 
data to compute 24-hours forward trajectories at three altitude levels.

2.2Methodology
The circumference values, from the MCD64monthly wildfire database, were processed for the calculation of each 
wildfire’s burned area. Then, 3125 wildfires, with a burned area of more than 500 ha, were selected. A wildfires’ 
episode (WFE) was defined as a group of wildfires that ignited in the same (1o×1o) pixel or its neighboring ones on 
the same date or during a sequence of consecutive dates. According to this definition, 1151 such WFEs were identi-
fied. Next, 58 extreme wildfires episodes (EWFEs) with a burned area of at least 10032 ha, corresponding to the 95th 
percentile of the WFEs’ burned area distribution, were further utilized and their spatio-temporal characteristics, inter- 
and intra-annual variability were examined. For these 58 EWFEs, 24-hour forward trajectories at three altitude levels 
(1000, 500 and 100 m) were computed by the HYSPLIT model, with initialization time at 12:00UTC of the first day 
of each EWFE. Finally, descriptive statistics of the EWFEs AOD, AI and Ångström exponent values of the first day (D 
day) of each EWFE and the previous one (D-1 day), were calculated.

3Results

3.1 Extreme wildfires’ episodes descriptive statistics
The spatial distribution of the EWFEs (Fig. 1a), shows that during the study period from 2002 to 2016, EWFEs oc-
curred mainly in southern Europe, with the Iberian Peninsula and especially Portugal undergoing not only the greater 
number of EWFEs, but also the largest total burned area.
The inter-annual variability of the number of the EWFEs (Fig. 1b) shows that in 2003, 2007 and 2012, almost half 
(48%) of the EWFEs occurred, mainly in the Iberian Peninsula (2003 and 2012), and in the Balkan Peninsula during 
2007. Indeed, in August of 2007 multiple wildfires ignited in Greece, 9 times more than the number of wildfires during 
the previous 7 years (Koutsias et al., 2012). It is notable that although in 2003 and 2012 the number of EWFEs was the 
same, the total burned area in 2003 (~240000 ha) was greater than that of 2012 (~150000 ha), meaning that the 2012 
EWFEs were less destructive. The intra-annual variability of the number of EWFEs and the mean monthly burned 
area presents a maximum (32 EWFEs) in August, which accounts for almost 55% of the total number of the EWFEs.
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(b) (c)
Fig. 1. (a) The spatial distribution of the 58 extreme wildfire episodes (EWFEs) recorded in the period 2002 -2016, (b) the inter-
annual variability of the number of EWFEs (blue columns) and the total burned area (red line), (c) the intra-annual variability of 
the number of EWFEs (blue columns) and the mean monthly burned area (red line).

3.2 Forward Trajectories
The 24-hour foreword trajectories from the initial ignition 1o×1o pixel for each EWFE, computed by HYSPLIT, are 
shown in Figure 2. In general, smoke plumes can travel shorter distances at low altitudes (Fig. 2c), than in higher al-
titudes (Fig. 2a), since wind speed increases with height. For most of the EWFEs that occurred in Portugal, it is seen 
that smoke traveled from a north-northeast to south-southwest direction at the lower altitudes (Fig. 2c) shifting to the 
west at higher altitudes (Fig. 2a), towards the Atlantic Ocean. These trajectories (Fig. 2c) imply the presence of anti-
cyclonic circulation in the lower troposphere, centered in the north or in the west of the Iberian Peninsula (Manthos et 
al., 2019), which induces strong northeasterly winds over Portugal. For the EWFEs that occurred in the Balkan Penin-
sula, the 24-hour trajectories, show that the smoke plumes traveled from north to south at the lower altitudes (Fig. 2c) 
and from northeast to southwest at higher altitudes (Fig. 2a), under the influence of northerly winds near the surface 
(Manthos et al., 2019), the so-called Etesian winds (Metaxas and Bartzokas 1994). In Figure 2d boxplot statistics of 
the latitudinal and longitudinal expansion of the 58 24-hour trajectories at the three altitudes are shown. For half of the 
trajectories, the latitudinal expansion at 100 m is between 1.2 and 4.0o (25th and 75th percentiles respectively), while 
their longitudinal spread is between 1.0 and 2.9o, meaning that the meridional component of wind was stronger than 
the zonal one, at least during the first day of the EWFEs. This is almost inversed at the altitude of 1000 m, where the 
longitudinal expansion of half of the trajectories is between 1.9 and 5.4o and the latitudinal varies from 1.8 to 4.7o 
degrees. The results of Fig. 2, especially taking into account that they refer to one day, show that the effects of BB 
aerosols are not limited in the vicinity of the ignition point of wildfires, but they can be detected far away, over almost 
the entire greater Mediterranean basin.

Fig.2. The 24-hour forward trajectories for the 58 EWFEs at a) 1000 m, b) 500 m and c) 100 m. d) Boxplots of the latitudinal (blue 
color) and longitudinal (orange color) expansion of trajectories at 100, 500 and 1000 m.
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3.3 Aerosol Optical Properties
Descriptive statistics of aerosol optical properties over the EWFE sites for the ignition D day and the day before, D-1 
day, are presented in Table 1, while the differences between the values of the two days are also shown in order to assess 
the effect of biomass burning.Values of all aerosol parameters increased from D-1 to D day. For instance, on days with 
EWFEs, values of Aerosol Index are systematically higher than 1.00 with a mean value equal to 2.51 and a median  ~ 
2.00, while values as high as 6.00 can be reached. The increase from D-1 to D day surpasses 100%. The mean AOD550 
value over land during EWFEs is equal to 0.78 (106% increase) whereas the maximum recorded value is as high as 
2.62 (216% increase). The corresponding D-day AOD550 values above ocean are 0.69 and 2.70, increased by 128% and 
315%, respectively. Generally, AOD values over land are higher than over ocean, as expected, because of the prox-
imity to the emission source. However, the percentage increase over ocean, especially the one of maximum values, 
appears greater, due to the stronger contrast between BB and marine aerosols than that between BB and continental 
ones. Additionally, the increase of AOD during biomass burning seams to present a spectral dependence, as it becomes 
smaller with increasing wavelengths, which is due to the fine size of BB aerosols. The Ångström exponent also pres-Ångström exponent also pres- exponent also pres-
ents high values during the wildfires days, with means 1.83 (55% increase) and 1.82 (93% increase) over ocean and 
land respectively. Extreme values (higher than 99th percentile) exceed 3.00 above land and vary between 2.50 and 3.00 
over ocean (not shown here), whereas the maximum recorded values are as high as 6.13 and 3.14 over land and ocean, 
respectively, corresponding to increases equal to 161% and 64%. Such high values for Ångström exponent and AOD 
have been reported in various experimental studies dealing with extreme biomass burning events. For instance, Eck et 
al. (2003) reported a440-870 values ranging between 1.10 and 2.10 and AOD at 500 nm about 2.00 for BB events in both 
tropical and boreal forests. The combined increase of Ångström exponent and AOD in visible than near-infrared wave-Ångström exponent and AOD in visible than near-infrared wave-exponent and AOD in visible than near-infrared wave-
lengths implies a rise and dominance of fine particles in the aerosol load, which is also supported by the high values 
of FF on D day. Indeed, for EWFEs days the mean value of FF is about 0.90, presenting a 32% increase compared to 
the previous day.

Table 1.Descriptive statistics of the aerosol optical properties for D-1 and D days
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4 Conclusions
According to the results of this study, in the Mediterranean basin, extreme wildfire events with extensive burned areas 
have been mostly observed in Iberian and Balkan peninsulas. Years 2003, 2007 and 2012 were the most fire prone 
during the study period. Smoke plumes have been transported to great distances from the source areas, due to the 
prevailing atmospheric circulation, indicating the existence of significant effects of the biomass burning aerosols not 
only in the vicinity of the WFEs, but over the entire greater Mediterranean basin. The values of aerosol properties were 
found to substantially increase during extreme wildfire events. Increases equal up to 129% for AI, 93% for Ångström 
exponent, 32% for FF, and 137% for AOD at visible wavelengths were estimated during EWFEs, indicating the pre-
dominance of fine BB aerosols in the atmospheric column. Such alteration in the aerosol load creates a potential for 
strong radiative and thermodynamic effects.
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Abstract: The column-averaged dry-air mole fractions of carbon dioxide (XCO2), methane (XCH4) and carbon mon-
oxide (XCO) were measured for the first time in Thessaloniki, Greece, using the Bruker EM27/SUN ground-based 
low-resolution Fourier Transform spectrometer, a reliable, mobile supplement to high-resolution Bruker IFS125 spec-
trometer used in Total Carbon Column Observing Network (TCCON). The EM27/SUN instruments constitute the 
Collaborative Carbon Column Observing Network (COCCON), with stations worldwide for the quantification of local 
sinks and sources, working as an important supplement of TCCON to increase the density of column-averaged green-
house gas observations. Two years of XCO2, XCH4 and XCO measurements are presented and analyzed for diurnal 
and seasonal cycles. The observed XCO2 shows expected seasonal cycle (spring maximum, late summer minimum). 
XCH4 values increase in the second half of the year. XCO, following anthropogenic sources, shows high winter and 
low summer values, exhibiting a rise again in August and September. Diurnal cycles do not show a distinct pattern, 
except for XCO which decreases in the course of the day.

1 Introduction
The continuing increase of atmospheric greenhouse gas (GHG) abundances is the major driver of anthropogenic global 
warming. Accurate measurements of the variable atmospheric concentrations are required for the quantification of 
sinks and sources of these gases (Olsen and Randerson, 2004). A better understanding of GHG emissions used in glob-
al climate models, can help policy makers conclude to the appropriate courses of action for climate change mitigation.
Great efforts have been undertaken to measure column-averaged dry air mole fractions of greenhouse gases with 
global coverage (Frankenberg et al. 2006). Currently, both satellite and ground-based observations are used to monitor 
GHG column-averaged abundances. (Tu et al., 2020). Such ground-based column-averaged measurements from solar 
viewing near-infrared spectrometers are comprehensively used (Lambert et al., 2019). 
The Total Carbon Column Observing Network (TCCON) is a global network of ground-based Fourier transform in-
frared (FTIR) high resolution spectrometers, measuring solar absorption spectra in the near infrared region to retrieve 
column-averaged dry-air mole fractions of carbon dioxide (XCO2), methane (XCH4) and carbon monoxide (XCO) 
among other gases (Wunch et al., 2011), while the Collaborative Carbon Column Observing Network (COCCON), 
using low resolution EM27 FTIR spectrometers provides necessary global coverage of GHG abundances observations.
 
2 Data and Methodology
Column-averaged dry air mole fractions of XCO2, XCH4 and XCO are presented for a period of 2 years, at Thessa-
loniki, Greece in the Laboratory of Atmospheric Physics of Aristotle University of Thessaloniki – in the centre of a 
rather polluted urban site- since January 15th, 2019. Measurements were made using the Bruker EM27/SUN portable, 
ground-based, solar-viewing low resolution Fourier Transform spectrometer (FTS) provided by Karlsruhe Institute 
of Technology (KIT). The EM27/SUN spectrometer (Gisi et al., 2011; Frey et al., 2015; Hedelius et al., 2016) allows 
precise measurements of total columns of greenhouses gases such as CO2, CO, CH4, H2O, contributing to the COl-
laborative Carbon Column Observing Network (COCCON), aiming to increase the global density of greenhouse gas 
observations. The COCCON network, constituted by 60 EM27/SUN spectrometers, with stations around the globe, 
produces greenhouse gas observations based on common instrumental standards and data analysis procedures, work-
ing as an important supplement of TCCON for the quantification of local sinks and sources, to increase the global 
density of column-averaged greenhouse gas observations (Frey et al., 2019).
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2.1 Data
The EM27/SUN spectrometer is situated on the roof top of the School of Physics of Aristotle University of Thessa-
loniki, in the center of the city (40.5No, 22.9E, 60 m a.s.l). It is a Fourier Transform spectrometer (FTS), equipped with 
a solar tracker. It measures in the NIR region of the solar spectrum where the absorption bands of the gases of interest 
(O2, CO2, CH4, CO, N2O) lie. Aiming at the sun, it receives information for all spectral frequencies simultaneously, 
using a Michelson interferometer and produces interferograms that correspond to the solar spectra. Special software 
corrects raw interferograms for solar intensity variations and phase errors and then, using a fast Fourier transform algo-
rithm, computes spectra of 0.5 cm−1 resolution. Using a nonlinear least-squares fitting algorithm, column abundances 
of the gases of interest are calculated from the solar absorption spectra (Wunch et al. 2011), incorporating a priori 
profiles for pressure and temperature of the atmosphere, vertical profiles for the gases of interest as well as the instru-
ment’s ILS function. Finally, at the data’s post processing stage, airmass dependent and airmass independent factors 
are applied, accounting for solar zenith angle effects and calibration onto the World Meteorological Organization’s 
(WMO) gas scale (Wunch et al. 2011, Wunch et al., 2015). Ancillary measurements include accurate surface pressure 
and temperature measurements. 
The column abundances of gases G are converted into column-averaged dry air mole fractions (DMFs) by dividing 
them by the total column of dry air. Since O2’s mixing ratio in the atmosphere can be considered stable, the column-
averaged dry-air mole fractions (DMF), denoted XG for gas G, are computed using the retrieved O2 columns as a mea-
sure of the dry air column (Wunch et al., 2011).

The column abundances of gas G are then converted to column-averaged DMFs by dividing them by the total column 
of dry air:

This division eliminates instrumental or measurement errors (tracker problems leading to miss-pointing and zero-level 
offsets) variations due to surface pressure changes, making results from different days or sites more directly compa-
rable.

2.2 Methodology
Hourly means of DMFs for all three gases are calculated, together with daily means and are presented, establishing 
their seasonal variability. Mean values and peak-to-peak variability is shown for each gas for their annual course.
Hourly means are also used to calculate an average day for each of the two seasons, summer (June, July, August) and 
winter (January, February, March), to examine any diurnal pattern of the three species. 
 
3 Results

Carbon dioxide

XCO2 shows expected seasonal variability for Northern Hemisphere site with a maximum in winter and a minimum 
in summer, dominated by the biospheric cycle of CO2 (photosynthesis) and anthropogenic emissions in winter. Peak-
to-peak variability is less than 10 ppm in the course of each year, approximately ± 1.2% of the annual mean value of 
around 409ppm for 2019 and ~ 412ppm for 2020. No profound diurnal pattern is observed other than a slight decrease 
towards evening hours for winter months, possibly associated to anthropogenic emissions. Summer values show sta-
bility and a slight increase towards the evening; however, this could be attributed to the limited  number of measure-
ments for these hours of the day. More measurements until late afternoon  are needed for a better understanding of the 
diurnal pattern.
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Figure 3.1: XCO2 data series of hourly means with daily means super imposed (left) and average day for winter and 
summer months from hourly means (right)

Carbon monoxide
The seasonal variation of XCO shows higher values in winter and lower in summer. This variation is largely governed 
by anthropogenic emissions such as heating and transport, as well as the strength of the OH sink. The peak-to-peak 
value range less than ~ 0.04 ppm, around ~±22% of the annual mean of around 0.09 ppm (0.088 ppm for 2019, 0.092 
ppm for 2020) significantly larger than the other two species. Finally, a clearer diurnal pattern is observed, compared 
to the other two gases, with XCO values decreasing in the course of the day for both summer and winter, most likely 
corresponding to transport emissions.

Figure 3.2: XCO data series of hourly means with daily means super imposed (left) and average day for winter and 
summer months from hourly means (right)

Methane

Mean annual cycle of CH4 shows a plateau of lower values in the beginning of the year up to spring, rising during the 
summer (higher temperatures) with the maxima appearing in autumn. The overall picture is caused by the variability 
of methane sources and sinks -especially rice fields located near the city- and the strength of the OH sink. Peak-to-peak 
value range is about ~ 0.05 ppm which corresponds to ~±1.3%. of the annual mean of 1.86 to 1.87 ppm for 2019-2020. 
Diurnal patterns are not observed.
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Figure 3.3: XCH4 data series of hourly means with daily means super-imposed (left) and average day for winter and 
summer months from hourly means (right)

Conclusions
•	 XCO2, XCH4 and XCO values all show expected annual variability, attributed to changes in their emissions, 

natural or anthropogenic, for a mid-northern hemisphere urban site.
•	 XCO2 shows maximum in winter and minimum in summer due to the natural CO2 cycle (photosynthesis, res-

piration), XCH4 exhibits a clear rise the second semester of the year mainly due to temperature rise and emis-
sions from rice fields while XCO exhibits expected higher values in winter and lower in the summer associated 
with anthropogenic emissions (transport, heating etc).

•	 Interannual variability (peak to peak) lies within expected range, near ±1.2-1.3% of the annual mean values 
for XCO2 and XCH4 and around ±22% of annual mean for XCO.

•	 Hourly means are studied throughout the day. Data are, however, limited to a period between 6am (UTC) and 
14:00 (UTC). Diurnal patterns are hardly observed for XCH4 while for XCO and CO2 there is a decrease dur-
ing the course of the day, especially for XCO.
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Abstract: The purpose of this study is to investigate the regime of particulate matter (PM) in the city center of Io-
annina, NW Greece. The new environmental monitoring station of the Region of Epirus and University of Ioannina 
started its operation in February 2019. Being located downtown in the city, it provides additional and complementary 
information to that from the suburban Kiafa station. Here, the one-year (1 February 2019 through 31 January 2020) 
aerosol measurements of PM10 (coarse), PM2,5 and PM1 (fine, PM1 measured for the first time in the city) are analyzed. 
The annual, monthly and daily patterns of PM were determined in order to reveal the sources of particulate matter and 
the local exceedances of PM concentrations. Most of the exceedances of the EU daily mean PM10 limit are noticed 
during autumn and especially in winter months, reaching highest levels usually around 10 p.m. The PM2,5/PM10 ratio 
values exceed 90% in the cold months of the year and range from about 40% to 70% in the warm months. The PM1/
PM2,5 ratio fluctuates between 85% and 100% during winter and between 50% and 90% in summer, indicating a strong 
presence of ultrafine aerosols. Residential heating (during winter) and traffic (throughout the year) are the main con-
tributors for PM in the region. 

1 Introduction
During the last century, air pollution has been a major problem worldwide due to the increased pollutant emissions 
mainly from factories and transport. These emissions, which include a variety of gases (such as sulfur dioxide, nitrogen 
dioxide, ozone) and particulate matter (PM, sulfate, nitrates, ammonia, sodium chloride, black carbon, mineral dust), 
can harm human health and thus they are being monitored by global organizations) and governments. According to 
2016 WHO assessment (WHO, 2016), ambient air pollution alone kills around 3 million people each year worldwide, 
as only one person in ten lives in a city complies with the WHO air quality guidelines. The air pollution problem is 
exacerbated in urban areas, and especially city centers, which are highly populated, but also hotspots for emissions, 
in particular those originating from traffic. In Europe, 82–85% of the urban population was exposed to ambient air 
pollution concentrations of PM2.5 (particulate matter with an aerodynamic diameter of 2.5 μm or less) that exceed the 
World Health Organization (WHO) guidelines from 2013 to 2015 (EEA, 2017). According to the International Agency 
for Research on Cancer (IARC), outdoor air pollutants, in particular PM10 (particulate matter with an aerodynamic 
diameter of 10 μm or less) and PM2.5, which are able to penetrate in the bronchioles, causing serious respiratory and 
cardiovascular (Song et al. 2014; Requia et al. 2018) problems, belong to group 1 of human carcinogens (IARC 
2016). Therefore, longtime ago, the European Union (EU) has implemented guideline limits aiming to achieve safe 
PM levels for population. Specifically, according to these limits, PM10 should not exceed 40 µg/m3 on an annual 
mean basis and 50 µg/m3 on a daily mean basis. Respectively, PM2.5 should not exceed the threshold of 25 µg/m3 on 
an annual basis. The Greek government, in accordance to the European policy, has implemented legislation aimed at 
keeping PM concentrations below the EU limits. To this aim, the Greek Regions, Epirus included, were financed to 
install environmental monitoring stations. Thus, the Epirus Region, in collaboration with the University of Ioannina 
(Laboratory of Meteorology and Climatology), has installed a new monitoring station downtown, which started its 
operation in February 2019. In the present study, a first analysis of this new station PM (PM10, PM2.5, and PM1) 
measurements for one-year period 01/02/2019-31/1/2020 are analyzed.

2 Data and Methodology
In the present study, hourly PM10, PM2.5, and PM1 data from the Ioannina city center environmental monitoring station 
(located in the Vilara street) during the period 1/2/2019-31/1/2020, are utilized. These data are measured with an 
APDA-372 dust monitor system. The APDA-372 dust monitor is specifically designed for indoor and outdoor air 
quality measurements and provides continuous and simultaneous measurements of PM1, PM2.5, respirable fractions 
(PM4), thoracic fractions (PM10), and inhalable fractions (TSP, total suspended particulates). The APDA-372 uses the 
recognized measurement technology of optical light scattering.
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From the hourly PM10, PM2.5, and PM1 data, the corresponding daily, monthly, seasonal and annual mean PM concen-, the corresponding daily, monthly, seasonal and annual mean PM concen-
trations were calculated. The daily mean values were compared with the EU threshold values and the number of sur-
passes per month during the study period was calculated. The monthly and seasonal cycles of PMs were analyzed and 
interpreted with regard to the prevailing atmospheric conditions and human activities. The correlation between PM10, 
PM2.5 and PM1 was assessed and the ratios between PM2.5 and PM10 and between PM1 and PM2.5, were also calculated. 
It should be noted that this is the first analysis considering PM1 in Ioannina, since PM1 measurements for the city were 
not available before the operation of the new Vilara environmental station, as the suburban Kiafa station, operating 
since 2008, only provided PM2.5 and PM10 measurements (Sindosi et al., 2021).

3 Results
Figure 1 displays the time series (01/02/2019-31/1/2020) of the daily mean PM10 concentrations. Maximum concentra-
tions of PM10 are observed in winter and especially in January (up to 160 μg/m3). The values are maximum during the 
cold period of the year, i.e. from November to February, when the average PM10 concentration plus/minus one standard 
deviation is equal to 53.5 ± 31.0 μg/m3.  The annual peak is in January 2020, when the monthly mean value is equal 
to 86.6 ± 45.4μg/m3. It should be noted that this value is higher than 70.4 μg/m3 (Sindosi et al., 2021), which is the 
7-year maximum monthly value plus one standard deviation (denoting the year-to-year variability), as well from the 
7-year overall maximum monthly value of 89.2 μg/m3 (Sindosi et al., 2019) measured at the Ioannina suburban station 
of Kiafa. The high winter PM10 values are due to enhanced emissions from residential heating, mainly biomass burning 
(fireplaces, stoves, etc.), and traffic. On the other hand, the lowest concentrations are observed in summer (June, July, 
August), when the seasonal mean value is equal to 23.5 ± 5.5 μg/m3, a value comparable to 21.4 μg/m3, which is the 
7-year overall minimum summer monthly value measured at the Kiafa station. The minimum summer PM10 values can 
be attributed to the prevailing almost arid conditions, which favor the accumulation of particulate matter originating 
from traffic and the resuspension of dust in the air. The red line in Figure 1 indicates the daily EU PM10 threshold (50 
μg/m3). During the study period, 61 days with exceedances of the EU level have been recorded in Ioannina downtown, 
from which 54 days occurred during the cold period (November 2019 to February 2020) and 42 in December and Janu-
ary. It was also found that in Ioannina, the limit number of 35 days/year with PM10 exceedances was clearly surpassed 
(by a factor of two). Yet, the average annual concentration of PM10, 34 ± 15 μg/m3, is lower than the corresponding EU 
limit value of 40 μg/m3. Although the 1-year results presented here must be complemented and verified by additional 
measurements, they corroborate the corresponding results from the suburban Kiafa station, showing that Ioannina is 
an unhealthy city in winter, systematically exceeding the EU PM10 limit, when unfavorable meteorological conditions 
prevail (Sindosi et al., 2021).
The lowest and highest monthly mean PM10 concentrations (not shown here) are equal to 13.9 μg/m3 and 86.6 μg/
m3, and were recorded in May and January, respectively. The corresponding lowest and highest monthly PM10 values 
recorded at suburban Kiafa station during the period 2010-2012 and 2014-2017 are equal to 18.8 μg/m3 and 89.2 μg/
m3, respectively (Sindosi et al. 2019). Both minimum and maximum monthly mean PM10 values are comparable to 
the measurements taken downtown and the suburban locations. Although more downtown measurements should be 
expected before concluding on this comparison, it is found that no large difference exist, because of the relatively close 
distance (about 2 km) between the two stations, considering the small to medium size of the Ioannina city.

Fig. 8. Daily mean PM10 concentrations (blue curve) in Ioannina downtown during the period February 2019 – January 2020 and 
the EU’s daily mean PM10 threshold value (red line).
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The intra-annual variation of the daily mean values of PM2.5 and PM1 concentrations during the study period is shown 
in Figure 2. The PM2.5 values range from about 10 μg/m3 to 40 μg/m3, except for December and January, when they 
very often reach values up to 140 μg/m3. These values are clearly higher than the 7-year average daily PM2.5 values 
measured at the suburban Kiafa station (Sindosi et al., 2019), ranging from about 10 μg/m3 to 45 μg/m3. The winter 
mean value is equal to 50.8 μg/m3, and it is higher than the 7-year mean and maximum winter values of 17.1 μg/m3 
and 44.1 μg/m3, respectively, measured at Kiafa (Sindosi et al., 2019). The daily mean PM2.5 values are much lower 
in spring, summer, and autumn (15.6 μg/m3, 12.5 μg/m3 and 18.9 μg/m3), which are smaller than the 7-year summer 
maximum PM2.5 values from Kiafa (22.5 μg/m3, 26.3 μg/m3and 27.8 μg/m3). It appears that the seasonal variations of 
PM10 and PM2.5 are similar, showing that they have same emission sources and removal mechanisms. The strong PM2.5 
winter to summer ratio indicates the major role of residential heating for PM2.5 levels at Ioannina, which underlines the 
anthropogenic source of fine particles in Ioannina downtown.
It should be noted that the information on PM1 for Ioannina is very useful, since it is presented for the first time, as 
PM1 measurements were not made at the suburban Kiafa station. In Figure 2 it is observed that PM1 values follow a 
seasonal cycle that is almost identical with that of PM2.5. The obvious very strong correlation between their concentra-
tions indicates the common origin and driving processes of PM1 and PM2.5. Although EU has not yet set limit values 
for neither PM1 nor PM2.5, they are both a matter of great concern, because these fine particles are very harmful, as they 
are smaller in diameter than PM10 and thus penetrate deeper into the human respiratory system, being retained there 
longer  and causing  pulmonary inflammation (Schraufnagel, 2020).

Fig. 2. Daily mean concentrations of PM2.5 and PM1 in Ioannina downtown during the period February 2019-January 2020.

The scatterplot comparison between PM10, PM2.5 and PM1 values in Ioannina downtown is shown in Figure 3. A strong 
correlation is observed between PM10 and PM2.5 concentrations (r≃0.96) and an even stronger correlation between 
PM2.5 and PM1 (r ≃ 0.99), indicating that coarse and fine particles come from similar sources and are driven by similar 
removal processes. This is corroborated by the very close to one values of the slope of the applied linear regressions 
in the two scatterplots (1.03 and 1.02 for PM10 and PM2.5, and for PM2.5 and PM1, respectively). The results of Fig. 3 
also show a very strong presence of ultrafine particles in Ioannina. This is a new, yet not encouraging, knowledge for 
the city. It should be noted that the points that deviate from the linear regressions, are associated with African dust 
transport events, which according to our analysis took place from 24 to 27 April 2019, and from 13 to 15 May 2019.

Fig. 3. Scatterplot comparison between daily mean: (a) PM10 and PM2.5 values, and (b) PM2.5 and PM1 values in Ioannina 
downtown during the 1-year period from February 2019 to January 2020. 
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Fig. 4. Time series of the computed daily: (a) PM2.5 to PM10, and (b) PM1 to PM2.5 ratios during the 1-year study period from 
February 2019 to January 2020.

The intra-annual variation of the daily ratios of PM2.5 and PM10 concentrations is shown in Fig. 4a. The ratio values 
range from 0.44 and 1.0, following a seasonal cycle consisting of lower values (0.4-0.7) in the warm period of the 
year and higher values (0.7-1.0) in the cold period. These results, along with the computed annual mean ratio of 0.67, 
indicate that the particulate matter in Ioannina has a strong contribution from fine particles, especially during winter. 
On the other hand, the PM1 to PM2.5 ratio values range from 0.5 to 1.0. The computed annual PM1/PM2.5 ratio is equal 
to 0.87, corroborating the very strong correlation found (Fig. 3) between PM1 and PM2.5. This finding, combined with 
the high ratio of PM2.5 /PM10, highlights the fact that the particulate matter in Ioannina is highly consisted of fine and 
ultrafine particles.

4 Conclusions
In this study, one-year (February 2019-January 2020) measurements of PM10, PM2.5 and PM1, taken in the new envi-
ronmental monitoring downtown station in Ioannina city were presented. This is the first time that information on PM 
is given for the city center, as well as for PM1 for the whole city. The main findings are:
•  The PM10 levels in Ioannina downtown are comparable to the corresponding ones measured at the suburban envi-

ronmental station of Kiafa (annual values 33.9 μg/m3 versus 32.6 μg/m3, respectively). On the other hand, the PM2.5 
levels in Ioannina downtown are slightly higher than the corresponding ones at Kiafa (annual values 24.4 μg/m3 

versus 16.85 μg/m3, respectively).
•  Both PM10 and PM2.5 follow similar seasonal cycles, with higher values in winter and lower in summer, which are 

also similar to those reported for the suburban Kiafa location.
•  The PM1 values in Ioannina downtown are extremely similar to the PM2.5 ones (annual PM1 value equal to 21.9 

μg/m3). This together with the computed correlation coefficient of 0.996, and the annual PM1/PM2.5 ratio of 0.87, 
indicate that fine particulate matter in Ioannina may have a strong contribution from ultrafine particles.

•  A high number (61) of exceedances of the mean daily EU PM10 limit value of 50 μg/m3 is recorded in Ioannina 
downtown, which occurs especially in winter (54 days). This number is double than the relevant EU limit number 
of daily exceedances (35). These findings, together with the high winter PM values and the strong presence of fine 
and ultrafine particles alarm for unhealthy conditions in Ioannina, especially during winter.

The Ioannina downtown monitoring environmental station started its operation in February 2019. The one-year results 
presented in this study should be complemented by further data continuously obtained during the ongoing operation 
of the station.
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Abstract: The aim of this paper is the development and comparison of different prognostic models using artificial neu-
ral networks and machine learning techniques in order to predict ground level ozone concentration. More specifically, 
Multilayer Perceptron (MLP), Generalized Feed Forward (GFF) and Time-Lag Recurrent Network (TLRN) artificial 
neural networks were trained with the same ozone concentration data at the same time using machine learning models, 
such as Support Vector Machine (SVM), Regression Random Forests (RRF) and Boosted Regression Tree (BRT). Af-
ter the training phase, the aforementioned models were compared and  combined thereafter in order to develop a hybrid 
forecasting model to predict the maximum hourly ozone concentration 24 hours ahead. The dataused in the analysis 
concern hourly ozone concentration, air temperature and total daily rainfall from Agia Paraskevi, Elefsina, Maroussi 
and Nea Smyrni, within the greater Athens area. The ozone concentrations data have been recorded by the air pollution 
monitoring network which is under the auspices of the Hellenic Ministry of Environment and Energy (HMEE), while 
the meteorological data have been acquired from the National Observatory of Athens (NOA) meteorological stations 
network.

1 Introduction
Tropospheric ozone and especially ground level ozone is an important air pollutant presenting detrimental impacts 
both on climate change and human health (Wang et al., 2020). During last decades, great efforts have been made in 
order to reduce ground level ozone concentrations by implementing stringent emission control measures of ozone 
precursors (NOx and VOCs) (Cheng et al. 2019), which is also closely associated with the reduction budget of carbon 
emissions around the world (Ye et al. 2019, Fasihi et al. 2019, Yusuf et al. 2019). Short-term as well as long-term ex-
posure to moderate and high concentrations of tropospheric ozone (O3) has been associated with increased mortality 
in previous epidemiological studies (Bae et al. 2020).
Due to the great importance of ozone ground level concentrations many researchers all over the world have developed 
numerous and different forecasting techniques based on artificial intelligence and more specifically based on machine 
learning techniques. Bae et al. (2020) developed a prediction model based on hourly O3 concentrations, supported by 
vector regression, estimating the daily variations of mean O3 concentrations taking into consideration the sun irradia-
tion, wind speed and wind direction, controlling temperature, barometric pressure and temporal trend for Seoul city, 
Korea. Mo et al. (2020), proposed hybrid models in order to improve the ozone concentration forecasting accuracy 
for the city of Beijing, China. More concretely, they developed hybrid forecasting models based on combinations of 
empirical mode decomposition (EMD), Echo State Networks (ESN), multiple linear regression (MLR), recurrent arti-
ficial neural networks (RNN) with long short-term memory (LSTM), and support vector machine (SVM). Tanaskuli et 
al. (2020) in their study, investigated the implementation of Support Vector Machine (SVM) to predict ozone concen-
trations in three different locations in Malaysia. According to their results, SVM is capable in predicting ozone con-
centrations with acceptable level of accuracy. Pernak et al. (2019), developed and evaluated three types of statistical 
forecasting models (quantitative, probabilistic, and classification) for predicting the maximum daily 8-hour average 
concentration of ozone based on meteorological and ozone monitoring data for six Texas urban areas from 2009 to 
2015. The quantitative and probabilistic forecasting models were Generalized Additive Models (GAMs), whereas the 
classification forecast used the random forest machine learning method. Watson et al. (2019) compared machine learn-
ing prediction models for ground level ozone during wildfires, evaluating the predictive accuracy of ten algorithms on 
the daily 8-hour maximum average ozone during a 2008 wildfire event in northern California, USA. Feng et al. (2019) 
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combined the traditional atmospheric model, Weather Research and Forecasting, coupled with Community Multi-scale 
Air Quality (WRF-CMAQ), and machine learning models, Extreme Learning Machine (ELM), Multi-layer Perceptron 
(MLP), Random Forest (RF) and Recurrent Neural Network (RNN) to analyze and predict the ozone in the surface 
air in Hangzhou, China, using meteorological and air pollution data as inputs. The main objective of their study is to 
develop the state-of-the-art ensemble bagging approach to model the summer time ground level ozone in an industrial 
area comprising a hazardous waste management facility. Mohan and Saranya (2019) developed ensemble forecasting 
models with seven meteorological parameters as input variables in order to predict the ground level ozone concentra-
tion in Gummidipoondi town, India. Multilayer perceptron (MLP) artificial neural networks, tree data structures, such 
as RTree and REPTree and Random forest were employed as the base learners. 
The aim of this study is the development and comparison between artificial neural networks and other machine learn-
ing techniques for the prediction of ground level ozone concentrations at four different locations within the greater 
Athens area (GAA), Greece. More specifically, Multilayer Perceptron (MLP), Generalized Feed Forward (GFF) and 
Time-Lag Recurrent Network (TLRN) artificial neural networks were trained with the same ozone concentration data 
and meteorological data simultaneously with machine learning models such as Support Vector Machine (SVM), Re-
gression Random Forests (RRF) and Boosted Regression Tree (BRT) to predict ozone concentrations, 24 hours ahead. 

2 Data and Methodology

2.1 Data 
For the construction and training of the developed forecasting models, air pollution data as well as meteorological 
data were used; namely, hourly ozone concentrations, as well as mean, maximum, minimum daily air temperature 
and total daily rainfall for the four examined monitoring stations at Agia Paraskevi (AGP), Elefsina (ELE), Maroussi 
(MAR) and Nea Smyrni (NSM), within GAA and. The ozone concentrations data have been recorded by the air pol-
lution monitoring network which is under the auspices of the Hellenic Ministry of Environment and Energy (HMEE), 
while the meteorological data have been acquired from the National Observatory of Athens (NOA) meteorological 
stations network. Table 1 presents the geographical coordinates, the type of each one of the four examined air pollution 
monitoring stations, as well as the data time period. Figure 1, depicts the locations of the four air pollution monitoring 
stations (HMEE) and the four corresponding meteorological stations (NOA).

The choice of the four locations within the GAA was based on some principal rules:
1. The data availability (at least a minimum of three years period).
2. The different type of each monitoring site (Table 1).
3. The air pollution monitoring station has to be very close to the corresponding meteorological station.
4. To  cover and represent most of the GAA.
5. 

Table 1. Geographical coordinates, type and data time period of the selected monitorng sites
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Fig. 1. Map of the GAA with the four air pollution monitoring stations (HMEE) and the corresponding meteorological 
stations (NOA).

2.2 Methodology
Although there is not a clear distinction between the terms “artificial intelligence” and “machine learning”, in this 
work, artificial neural networks (ANNs) are considered as “artificial intelligence” and Support Vector Machine (SVM), 
Regression Random Forests (RRF) and Boosted Regression Trees (BRT) are considered as “mechanical learning” 
techniques. 
ANNs are computing systems vaguely inspired by the human brain and the biological neural networks (Chen et al., 
2019). In this work, three different types of ANNs were developed: the Multilayer Perceptron (MLP), the Generalized 
Feed Forward (GFF) and the Time-Lag Recurrent Networks (TLRNs) (Nastos et al. 2011, Tahmasebi and Hezarkhani 
2011, Schmidhuber 2015).
SVM is a classification or regression method based on the maximum margin hyperplane. SVM is also considered as 
supervised learning model with associated learning algorithms that analyze data used for classification and regression 
analysis (Cortes and Vapnik 1995). RRF models belong to an ensemble learning method for regression and operate by 
constructing a multitude of decision trees at training time and outputting the mean regression of the individual trees 
(Ho 1995). BRT models are a combination of two techniques, the decision tree algorithms and the boosting methods. 
Like RRF, BRT repeatedly fit many decision trees to improve the accuracy of the model. One of the differences be-
tween these two methods is the way in which the data to build the trees are selected. Both techniques take a random 
subset of all data for each new tree that is built (De’Ath 2007, Elith et al. 2008).
Initially, appropriate data files were constructed in order to train the model each time. In any case and in any of the 
examined monitoring sites, the training and the testing data subset was exactly the same for both artificial intelligence 
and machine learning models. Table 2, presents the input and output data used for the training phase of the developed 
models.

Table 2. Input and output data used for the training phase of the developed models.
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After the training phase of the developed models, in each case, appropriate statistical evaluation indices were applied 
in order to evaluate the forecasting ability of the models. Specifically, the Mean bias Error (MBE), the Root Mean 
Square Error (RMSE), the Mean Absolute Percentage Error (MAPE), the Index of Agreement (IA) and the coefficient 
of determination (R2) were used (Moustris et al. 2020).

3 Results
Table 3 depicts the values of the statistical evaluation indices for AGP and ELE monitoring stations, while Table 4 
depicts the values of the statistical evaluation indices for MAR and NSM monitoring stations. The best values for each 
one of the indices appear in bold. 

Table 3. Statistical evaluation indices for AGP and ELE monitoring stations.

 

Table 4. Statistical evaluation indices for MAR and NSM monitoring stations.

According to Table 3, it seems that the best model for AGP station is the RRF model (best score for the three of the 
five statistical evaluation indices), whilen for the case of ELE monitoring station, RRF and BRT models present a 
slight forecasting superiority against the other models (best score for the two of the five statistical evaluation indices). 
Concerning the MAR monitoring station MLP model (Table 4) shows that performs better than the other developed 
forecasting models (best score for the three of the five statistical evaluation indices). The same conclusion derives from 
the values of Table 4 for the case of NSM monitoring station. The MLP model presents a better forecasting ability in 
comparison with the other models (best score for the three of the five statistical evaluation indices). 
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4 Conclusions
In this study, different forecasting models were developed to predict ground ozone levels in four different locations 
within the GAA. The developed models were based on artificial intelligence as well as on machine learning techniques. 
According to the results, all of the developed models have a remarkable forecasting ability and there are not significant 
differences between them.  In the case of AGP and ELE monitoring stations the “machine learning” models present 
a relative superiority against the ANNs models. Regarding the other two monitoring stations, MAR and NSM, it is 
obvious that ANNs perform better than the machine learning models. Ατ this point, it should be highlighted that the 
superiority of each model in each case depends mostly to the different characteristics of  the monitoring sites, as well 
as the availability of data (Table 1). Further investigation is required in order to develop a hybrid forecasting model, 
which will be a combination of the aforementioned forecasting models.
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Abstract: The aim of this paper is to provide quantitative data on the long-term impact of air pollution on the health of 
people living in the Greater Athens Area (GAA). More specifically, the incidence of chronic bronchitis in adults due 
to particulate matter known as PM10, is estimated by applying the AirQ+ model, a program developed by the World 
Health Organization (WHO). In order to process the results, daily average concentrations of PM10 from five different 
locations within the GAA, covering the period 2001-2018, are used. The aforementioned data have been recorded by 
the air pollution monitoring network, which is under the auspices of the Hellenic Ministry of Environment and Energy 
(HMEE). The results are remarkable, indicating a direct correlation between high concentrations of PM10 and the ef-
fects of chronic bronchitis in adults, according to the AirQ+ model. Moreover, there is a decrease in both PM10 con-
centrations and the effects of chronic bronchitis across the GAA through the examined 19 years, which is significantly 
higher over the 2010-2018 period.

1. Introduction
Air pollution exposure has a negative impact on human health, since it could affect 100% of the population. Research 
has shown an increase in doctor visits and hospital admissions for respiratory and heart disease during days with 
higher levels of pollution. Studies in the U.S.A. have revealed that among non-smokers, PM10 exposure was associated 
with chronic bronchitis and component symptoms. (Hooper et al. 2018). Furthermore, research in Europe emphasizes 
the need to consider PM10 from traffic-related air pollution as a widespread cause for respiratory and cardiovascular 
ailments such as incidence of chronic bronchitis among adults and elderly people, bronchitis in children and asthma 
attacks in adults and children alike. (Künzli 2000, Bentayeb 2010). Recent epidemiological studies have demonstrated 
a significant and synergistic effect of PM10 concentration and ambient temperature on elderly mortality. (Kim et al. 
2019).
Assessing the impacts of exposure to air pollution due to PM10 in the realm of public health has become a major issue 
of discussion among the environmentalists. For this reason, WHO (World Health Organization) created the software 
tool AirQ+, which performs calculations that render the environmentalists able to recognize the magnitude of the 
health effects due to exposure to air pollution. Moreover, with the use of the AirQ+ software, human health impact 
in Rome was estimated by long-term exposure to ambient PM2.5. According to this study, if the annual mean PM2.5 
concentrations is reduced, the incidents of ischemic heart diseases (IHD), chronic obstructive pulmonary diseases 
(COPD), lung cancer (LC), stroke and the number of working days lost (WDL) will be reduced. (Amoatey et al. 2019)
Rovira et al researched the air pollution (PM10, PM2.5, NO2 and O3) of the camp De Tarragona County (Catalonia, 
Spain) between years 2005-2017. Specifically, they had assessed the impact of air pollutants on human health, through 
the integration of different technics: data statistics (spatial and temporal trends), population attributable fraction using 
AIRQ+ model, and burden of disease using Disability-Adjusted Life Years (DALYs). (Rovira et al. 2019)
Ultimately, according to other three researches, the implementation of AirQ software revealed that PM10 engender 
HARD cases in the area of Athens city, Greece (Moustris et al. 2017), Hamadan city, Iran (Kamarehie et al. 2018) and 
Mazzano et Rezzano city, Northen Italy (Fattore et al. 2011).
The main objective of this study was the investigation of adverse health effects due to long-term PM10 exposure, espe-
cially the chronic bronchitis adult’s incidents (CBI), in Athens, Greece, by applying the Air Q + model.
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2. Data and Methodology
The GAA is located in the middle of the country, at the eastern end of Central Greece. It is the most densely populated 
region of Greece, accounting for 1/3 of the country’s population (3.09 million). (Census 2011). There are many reasons 
that exacerbate GAA’s air pollution problem. Firstly, Mediterranean sunshine is the key factor enhancing levels of pho-
tochemical pollution. (Lionello 2012). In addition, the increased road traffic in the center of Athens contributes to the 
emission of air pollutants. It is assumed that at least 2 million vehicles circulate every day within the GAA (Moustris 
et al. 2018). In turn, transboundary air pollution is another cause of PM10 pollution and occurs mainly in GAA due to 
transportation of dust particles from neighboring African countries. (Amoatey et al. 2019). It should be also empha-
sized that the air pollution problem is aggravated further by topographical factors such as the surrounding/encircling 
by mountains, the narrow street canyons, the temperature inversion effects, the low wind speed and the high levels of 
the air’s temperature. (Larissi et al. 2010).

In order to estimate the incidence of chronic bronchitis in adults due to particulate matter, it was necessary to use data 
related to the pollutant concentration. In particular, PM10 mean daily concentrations (for the period 2001-2018) were 
taken from five different air pollution monitoring stations (Figure 1), located in the GAA. These stations belong to 
the air pollution monitoring network, which operates under the authority of the Hellenic Ministry of Environment and 
Energy (HMEE). The data completeness was more than 75.0%. Health effects due to long-term PM10 exposure were 
quantified using the AirQ+ model (version 1.3) developed by the WHO Regional Office for Europe (World Health 
Organization 2018). AirQ+ model requires the following data: 

1. Details of the area: location and total population.
2. Annual pollution concentration: PM10
3. Type of the health impact: adult chronic bronchitis long-term incidence in adults (CBI), measured as CBI cases per     
    100,000 inhabitants.
4. The Relative Risk (RR): a statistical parameter used in epidemiological studies, given by the exponential formula:
                                                                              RR=exp[B(X-Xo )] (1)

5. where B is a constant, X is the annual mean concentration and Xo is the lowest annual concentration.
    Baseline Incidence (BI) (a total number of expected incidents per 100,000 inhabitants per year): 1,260, a default value   
    by the WHO for European Union (EU) cities like Athens. (WHO 2004, Ntourou 2016, Moustris 2018, WHO 2018).

The map below (Figure 1) shows the locations of the PM10 measuring stations used in this paper. Monitoring stations 
are classified as center city (CC) or suburban (S) ones, by their location, and as traffic (T) or background (BG) ones, 
by their categorization. Furthermore, the total population of each location is provided. The specific map was produced 
with the use of Quantum G.I.S.

Figure 1. Spatial distribution of PM10 monitoring stations within the GAA. (Satellite imagine by ESRI)
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3. Results
Figure 2 depicts the cumulative annual number of CBI in adults per 100,000 inhabitants during 2001-2018 attribut-

able to PM10 as the sum of the five examined monitoring stations. A significant downward trend of CBI within the GAA 
is observed. By implementing the least squares method, a very strong linear correlation with a coefficient of determina-
tion bout of R2 = 0.951 is presented. It is also shown that the annual reduction of CBI is about of 7.6 cases.

Figure 2. Annual variation of cumulative number of chronic bronchitis incidents due to PM10 exposure. Greater Athens area. 
Period 2001-2018.

Then, the annual number of PM10 concentration threshold exceedances (mean daily concentration: [PM10] ≥50μg/m3) 
was calculated for each one of the five examined monitoring locations within the GAA. Figure 3 depicts the annual 
number of PM10 exceedance for the entire GAA, namely the five stations’ maximum number of PM10 concentration 
threshold exceedances for each year. 

Figure 3. Maximum annual number of PM10 exceedances variation. Greater Athens area. Period 2001-2018

According to Figure 3, 86.9% of the variance (R2=0.869) of the maximum annual number of PM10 exceedances can be 
explained by a linear correlation with a strong annual decreasing trend. As it seems, the number of PM10 exceedances 
is decreasing every year by 11.5 days. 
Moreover, in Figure 4 presents the total annual number of adult CBI versus the total number of days exceeding the 
PM10 threshold concentration ([PM10] ≥50μg/m3) for each year (2001-2018) for all examined stations.
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It is obvious that there is a strong linear correlation between the annual number of CBI and the PM10 exceedances 
within the GAA. This linear correlation is able to explain the 85.7% (R2=0.857) of data variance. In addition, the in-
crease of CBI for every 10 extra PM10 exceedances is of the order of 2 cases.

Figure 4. Annual number of chronic bronchitis incidents vs annual number of exceedances. Greater Athens area. Pe-
riod 2001-2018.

4. Conclusions
In this study, the long-term adverse health effects due to particulate matters exposure have been evaluated according to 
the guidelines of the WHO. The main objective of the specific study was the estimation of chronic bronchitis incidents 
in adults, attributed to PM10 exposure in the Greater Athens Area during the years 2001-2018, performed with the use 
of the new AirQ+ software. 
The results showed a strong correlation between the CBI and the PM10 threshold concentration exceedances. Further-
more, a strong decreasing annual trend of CBI through the years 2001-2018 was observed for the whole GAA. It was 
also noted that the most polluted areas are the center of Athens (ARI), Lykovrissi (LYK) and Maroussi (MAR), where 
people suffer from chronic bronchitis disproportionately comparing to the rest areas.
Finally, a steady reduction in both the PM10 concentrations and the effects of chronic bronchitis across the region 
through the examined years 2001-2018 was identified, with a significantly higher decrease over the 2010-2018 period. 
This fact may be explained due to underground/metro and Attiki Odos Highway growing use, which both discharge a 
lot of the center’s traffic jam. In addition, the Greek economic crisis (2009 to date) has brought a significant reduction 
in construction and energy consumption, resulting in the diminution of excessive use or even the cessation of the use 
of cars and oil heating systems. 
Further research should consider how the PM10 concentration reduction and subsequent adult chronic bronchitis cases 
impacts the Greek National Health System.
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Abstract: Exposure to particulate matter less than 2.5μm in diameter (PM2.5) can result in multiple health endpoints 
among humans, including excess mortality from lung cancer, cardiovascular, respiratory and other non-communicable 
diseases. About 8.9 million excess deaths may be attributed to exposure to ambient PM2.5 globally. This estimate does 
not account for the potential differential toxicity of PM2.5 components (like black and organic carbon). Here, we use 
the numerical Weather Research and Forecasting with Chemistry (WRF-Chem) system and a recently developed ex-
posure response function (Global Exposure Mortality Model – GEMM) to estimate excess mortality associated with 
long-term exposure to ambient PM2.5 for the year 2015 in European countries. We further attribute the estimated ex-
cess mortality to the fractions of black and organic carbon (BC+OC) in PM2.5, based on the assumption that BC+OC 
are twice more toxic than other PM2.5 components, being supported by toxicological and epidemiological studies. We 
estimate that an annual total of 392,000 (Uncertainty Interval: 353,000-431,000) excess deaths were associated with 
exposure to ambient PM2.5, of which 65,000 (58,700-71,200) deaths (~17%) were associated with BC+OC exposure 
(with BC+OC being twice more toxic than other PM components). This fraction corresponds to 564 deaths/year per 
100,000 population. Under the equal toxicity assumption, the BC+OC attributable mortality is reduced to 31,000 
deaths (28,000-34,000) per year (~8%), which corresponds to 267 deaths/year per 100,000 population. Overall, the 
results differ between countries due to factors such as, the emission sources, the baseline mortality rates, populations 
aging, populations distribution and socioeconomic factors. The higher toxicity of BC+OC compared to other inorganic 
PM components gives more weight to sources such as road transport and residential combustion, which is important 
for air pollution mitigation strategies.

1 Introduction
Exposure to PM2.5 is associated with various adverse health endpoints including morbidity and excess mortality from 
lung cancer, cardiovascular, respiratory and other non-communicable diseases (Giannadaki et al., 2017)country-level 
health statistics and pollution exposure response functions to investigate the link between premature mortality and 
several emission source categories, combining all aerosol types that contribute to PM 2.5. We estimate the global pre-
mature mortality by PM 2.5 at 3.15 million/year in 2010. We find that high emissions levels mainly from residential 
energy use have the largest impact on premature mortality in Eastern and Southeastern Asia (almost 70 % of the global. 
These fine and ultrafine particulates can penetrate into the cardiovascular system and via the lungs to other organs 
and cause oxidative stress and inflammation (Park et al., 2018)it is unlikely that all fine particles are equally toxic in 
view of their different sizes and chemical components. Toxicity of fine particles produced from various combustion 
sources (diesel engine, gasoline engine, biomass burning (rice straw and pine stem burning.  The Global Burden of 
Disease (GBD) has adopted a framework to estimate the excess mortality burden attributable to ambient air pollution 
on a comparative scale with other major health risk factors (Stanaway et al 2018, Balakrishnan et al 2019, Cohen et al 
2017), with the help of disease-specific integrated exposure-response (IER) functions that were developed by cumu-
lating information about the hazard ratio from ambient air pollution, household air pollution, active and second-hand 
smoking (Burnett et al 2014). Recently, Burnett et al. (2018) built the Global Exposure Mortality Model (GEMM) by 
using information only from studies involving ambient air pollution exposure yielding a comparatively higher (of 8.9 
(95% CI: 7.5–10.3) million) global excess mortality burden from non-communicable diseases (NCDs) and lower re-
spiratory infections (LRI) attributable to ambient PM2.5 exposure than Lelieveld et al. (2015) and Murray and Collabo-
rators (2016). However, both these models (IER and GEMM) do not account for the potential differential toxicity of 
PM2.5 components. Different emission sources and formation pathways result in particulates of different sizes, shapes, 
surface charges, chemistry and thus different toxicity (Park et al. 2018). There is growing evidence from toxicological 
and epidemiological studies indicating higher toxicity of combustion derived particles, especially from traffic and bio-
mass burning (HEI, 2010, Johnston et al., 2019). Given the design of the exposure-response functions, it is difficult to 
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assess the health impacts of each PM2.5 component separately (Burnett et al., 2014)adequate direct evidence to identify 
the shape of the mortality RR functions at the high ambient concentrations observed in many places in the world is 
lacking. Objective: We developed RR functions over the entire global exposure range for causes of mortality in adults: 
ischemic heart disease (IHD, therefore estimating the impacts of source-specific PM2.5 may be an alternative approach. 
Previous studies have estimated the contribution of PM2.5 emission sources to excess mortality, such as Lelieveld et 
al. (2015) which also assumed that organic PM2.5 may be up to five times more toxic than inorganic particles. In the 
current study, we use the updated GEMM risk model and the numerical Weather Research and Forecasting-Chemistry 
(WRF-Chem) system to estimate excess mortality by PM2.5 in 2015 in European countries and the fractions attributed 
to black and organic carbon (BC+OC), assuming that BC+OC is twice more toxic than other components of PM2.5.

2 Data and Methodology

2.1 Data
Gridded population data for the year 2015 from SEDAC, GPW-v4 (https://sedac.ciesin.columbia.edu), were combined 
with country-level age information from the Global Burden of Disease (GBD, 2017) to obtain age specific gridded 
population estimates for the following age classes: above 25 years and at 5 year intervals: 25-29, 30-34, 35-39, 40-44, 
45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79 and 80 plus. Baseline mortality rates (BMR) for NCD and LRI were 
obtained from the Global Burden of Disease Results Tool (http://ghdx.healthdata.org/gbd-results-tool). The WRF-
Chem model (version 3.9.1.1) was used with the EDGAR-HTAP v.2 global emission inventory available at 0.1°×0.1° 
resolution to obtain gridded exposure (60×60km) to ambient PM2.5, BC and OC. Meteorological initial and boundary 
conditions for WRF-Chem simulations were obtained from the Global Forecast System (GFS) at a horizontal grid 
resolution of 0.5°×0.5°, while chemical boundary conditions were obtained from the global Model for Ozone and 
Related chemical Tracers (Emmons et al., 2010). WRF-Chem tends to slightly underestimate the PM2.5 compared to 
station observations (mean bias=-15%).

2.2 Methodology
We use the GEMM to derive age-depended Hazard Ratios (HR) for NCD and LRI in adults (>25 years) (Chowdhury 
et al., 2020) at grid level. The HR for exposure to PM2.5 are calculated by equation 1. 

where, z is the annual mean PM2.5 concentration for the year 2015 and 2.4μg/m3 is the counterfactual concentration 
below which no health risk is assumed (Burnett et al., 2018)requiring assumptions about equivalent exposure and 
toxicity. We relax these contentious assumptions by constructing a PM2.5-mortality hazard ratio function based only 
on cohort studies of outdoor air pollution that covers the global exposure range. We modeled the shape of the associa-
tion between PM2.5 and nonaccidental mortality using data from 41 cohorts from 16 countries-the Global Exposure 
Mortality Model (GEMM. θ, a, μ, ν are the parameters of the fit for the model obtained from Burnet et al. 2018 supple-
mentary information. The HR were used to calculate the attributable fraction (in equations 2 and 3), which equals to 
HR-1/HR. 
We estimate excess mortality by firstly using total PM2.5 concentration in equation 2. Based on the same equation, we 
also calculate the excess mortality by using PM2.5 concentration which does not include the two times the BC+OC con-
centration, thus we remove the 2×(BC+OC) concentration from the PM2.5 exposure. The modified version of the initial 
equation is referred here as equation 3. The difference between the two resulting mortalities (equation 2 – equation 3) 
provides the excess mortality due to BC+OC only (equation 4). The mortality estimates were initially calculated at a 
grid level at 0.042°×0.042° resolution and then represented at the country level. 
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The uncertainty interval was calculated by estimating the upper and lower values of the HR functions by using the 
standard error of parameter θ in GEMM, obtained from Burnet et al. 2018, supplementary information. The lower and 
upper values of the baseline mortality rates were also included in the mortality calculations (equation 2 and equation 
3) accordingly.

3 Results
The highest exposure to PM2.5 was estimated in Belgium and the Netherlands (~15 μg/m3, annual average), whereas 
Finland and Portugal were estimated to have the lowest exposure with 4.3 μg/m3 and 5.5 μg/m3, respectively. Slovakia 
was estimated to have the highest population weighted exposure to BC+OC (1.5 μg/m3) while Ireland was found to 
have the lowest exposure to BC+OC (0.3 μg/m3, annual average). Population-weighted exposures for all the Euro-
pean countries considered in this study are tabulated in Table 1. We find that countries like Malta (12.9%), Slovakia 
(12.4%), Portugal (12.6%), Estonia (12.4%) and Italy (12.1%) have a relatively larger fraction of BC+OC in PM2.5 
compared to the other.  

Fig. 1. Excess mortality due to total PM2.5 per country for the year 2015 (left panel), and fraction of mortality attributed to black 
carbon and organic carbon (BC+OC) relative to total PM2.5 mortality (right panel).

Based on our calculations, we estimate 392,000 (Uncertainty Interval: 353,000-431,000) excess deaths/year due to 
exposure to ambient PM2.5 in 27 European countries, of which 65,000 (58,700-71,200) deaths/year (~17%) are at-
tributed to BC+OC by assuming BC+OC to be twice more toxic than other components of PM2.5. By considering all 
PM2.5 components to be equally toxic, 31,000 (28,000-34,000) excess deaths/year (~8%) are attributed to exposure to 
BC+OC. The results for the 27 European countries are tabulated in Table 1. Though exposure to PM2.5 was associated 
with 98,600 (89,100-108,100) excess mortality/year in Germany, only 9% is attributed to BC+OC. Whereas for Italy, 
among the 49,700 (44,900-54,600) excess deaths/year associated with PM2.5 exposure, ~23% could be attributed to 
BC+OC.  On the other hand, in Finland, 59% of total excess mortality due to exposure to ambient PM2.5 could be at-
tributed to BC+OC exposure. Overall, we find lower mortality from PM2.5 exposure in the northern EU countries e.g. 
Finland, Sweden, Lithuania, Estonia (Fig.1 left panel) but for some of the northern countries e.g. Finland, we obtain a 
high attribution to BC+OC (Fig.1 right panel). 
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Table 1. Excess mortality in EU countries and the fraction attributed to black carbon and organic carbon. The num-
bers in parenthesis indicate the uncertainty intervals.

Different emission sources and the contribution of particular sectors to these emissions affect the mortality estimates 
at the national level. High ambient BC concentrations in Northern countries usually result from residential combustion 
for heating, whereas in central Europe road transport sector and especially diesel exhausts are considered important 
sources (IASS, 2017). According to previous studies, a major source of PM2.5 in Europe that contributes significantly 
to excess mortality is agriculture (Giannakis et al., 2019)ammonia (NH3. However, since agricultural activities add 
inorganic components to PM2.5 (ammonium nitrate), the contribution of this sector diminishes under the assumption of 
differential toxicity (Lelieveld et al., 2015). Though the quantitative contribution of each source or sector was not esti-
mated by this study, previous studies determine road transport and residential combustion to be the dominant sources 
of BC+OC in Europe (EEA, 2020; Raga et al. 2018; IASS, 2017). We expect these two sectors to contribute largely to 
the BC+OC rich PM2.5 load in the atmosphere over Europe and should be of priority in policy making, especially due 
to their higher toxicity. Furthermore, our results are sensitive to factors such as the baseline mortality rate by age, the 
population size and the age distribution in each country (Chowdhury et al., 2020). We also acknowledge that health 
impacts due to exposure to  air pollution strongly depend on the susceptibility of people, which is often governed by 
socioeconomic factors among the exposed population (Johnston et al., 2019). These factors can affect the country-
specific estimates and should be well thought-out. Furthermore, the uncertainty from the WRF-Chem model has been 
shown to contribute little to the overall uncertainty, being dominated by the assumptions related to exposure risk fac-
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tors (Kushta et al., 2018, Giannakis et al., 2019). The model captures well the variation of PM2.5 over Europe with more 
than 95% of the mean annual modelled and observed PM2.5 data pairs within a factor of two for both coarse (100km) 
and fine (20 km) configurations (Kushta et al., 2021).   

4 Conclusions
We find that the estimates of excess mortality due to PM2.5 exposure vary strongly among EU countries. The fraction 
of excess mortality that can be attributed to BC+OC increased to 17% after the differential toxicity (BC+OC twice as 
toxic compared to other components) assumption was applied. This adds more weight to the health impacts of BC+OC 
and equals to 65,000 (58,700-71,200) excess deaths/year in the EU region. This means that based on the year 2015, the 
overall contribution of BC+OC exposure to the annual excess mortality was 564 per 100,000 population. We expect 
that 5 times or 10 times higher toxicity assumption will dramatically increase the mortality estimates from BC+OC. 
It underscores the need for more reliable information on the magnitude of their toxicity. Furthermore, we suggest that 
countries with relatively low concentrations of PM2.5 but large contributions of BC+OC to PM2.5 could gain much in 
terms of health benefits from BC+OC reduction measures compared to unspecific PM2.5 reductions. 
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Abstract: Volatile Organic Compounds (VOC) with 10-16 carbon atoms are important constituents of the atmosphere 
contributing to the formation Secondary Organic Aerosols (SOA), which in turn affect climate and human health. 
However, there is a lack of information on the concentrations of these VOCs in urban areas and even more for Medi-
terranean cities. In this context, VOC measurements took place at the Thissio Monitoring Station of the National Ob-
servatory of Athens (NOA) from January 2016 to February 2017 with continuous online monitoring of α-pinene and 
limonene along with other C2–C12 NMHCs (Non-Methane Hydrocarbons). Additionally, two Intensive Observation 
Campaigns (IOPs) were conducted on February and September 2016 by means of off-line sampling and posteriori 
analysis for the determination of additional C10–C16 VOC. Significant variability was observed for the measured 
compounds depicting the strength of the emission sources. Specifically, decane and limonene were enhanced in win-
ter relative to summer, presenting diurnal cycles with maxima mainly during nighttime. A similar diurnal trend was 
observed for α-pinene and C11-C13 alkanes. On the other hand, C14-C16 alkanes exhibited similar mean levels, with 
their diurnal variability being dependent also on meteorological parameters. Furthermore, the SOA formation potential 
of α-pinene, limonene and C10–C15 alkanes was calculated.

1 Introduction
Volatile Organic Compounds (VOC) are gaseous pollutants that participate in many atmospheric chemical processes 
including the formation of Secondary Organic Aerosol (SOA). The latter contribute to the atmospheric particulates in 
urban areas, in addition to the adverse impacts on climate, cloud formation, visibility, ecosystems and human health 
(i.e. Ji et al. 2019, Tsigaridis and Kanakidou 2007). Furthermore, among the various groups of VOC, monoterpenes 
and VOC of intermediate volatility (or IVOC) are considered important precursors of SOA (i.e. Camredon et al. 2007, 
Robinson et al. 2007). Particularly, C12–C16 alkanes are considered intermediate VOC (IVOC) due to their saturation 
concentration C* that lies between 103 and 106 μg m-3 (Donahue et al. 2006), thus they are mainly found (>90%) in the 
gas phase (Epstein, Riipinen, and Donahue 2010; Magoulas and Tassios 1990)one must know the appropriate heats 
of vaporization. Current treatments typically assume a constant value of the heat of vaporization or else use specific 
values from a small set of surrogate compounds. With published experimental vapor-pressure data from over 800 or-
ganic compounds, we have developed a semiempirical correlation between the saturation concentration (C*, μg m−3. 
Focusing on urban areas in the Mediterranean basin that is a “hotspot” of air pollution, IVOC and monoterpenes’ levels 
are reported only in a few works. For example, IVOC levels during a winter and summer campaign in Beirut (Salameh 
et al. 2015), were linked with cooking, combustion, vehicles’ emissions and power generation emission sources. Ad-
ditionally, monoterpenes measured as a sum by PTRMS and reported by Seco et al (2013) in Barcelona (winter 2009) 
and Kaltsonoudis et al (2016) in Athens (summer 2012 and winter 2013), indicated that the winter-time levels were 
probably related to anthropogenic emissions. Moreover, similar observations were reported in the recent work by 
Panopoulou et al (2020) for Athens. Considering the importance of SOA in urban environments (Ji et al., 2019), the 
need to monitor their precursors is highlighted. In this context, the current work focuses on VOC measurements, in the 
frame of the two short-term VOC campaigns in Athens, Greece, on 2016. The analysis aims to (a) provide the ambi-
ent levels of C10–C16 VOC in Athens; (b) examine their temporal variability; and (c) calculate their SOA formation 
potential. 
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2 Data and Methodology
VOC measurements took place at the Thissio urban background monitoring station of the National Observatory of 
Athens (NOA, 37.97° N, 23.72° E, 105 m a.s.l), which is located on top of a hill close to the historical center of Athens 
and is surrounded by a limited residential area and a pedestrian zone. The location is impacted by air masses that cross 
the Greater Athens Area, reflecting thus the pollution profile of the city, whereas local influence is limited (i.e. Grivas 
et al., 2019).
C10-C16 alkanes were monitored on 3 hours basis during two Intensive Observation Periods (IOPs) in Winter 2016 
(28 January to 10 February) and Summer 2016 (02 to 23 September 2016) by means of an auto-sampler (ACROSS 
from TERA Environnement, France) equipped with charcoal tubes. The sampling inlet was connected to a MnO2 
ozone scrubber to prevent ozonolysis of the unsaturated compounds and a stable and accurate sampling flow of ~200 
ml min-1 was assured thanks to an internal mass flow regulator. Almost 200 samples were obtained in total and the 
cartridges were analyzed at the Laboratory of Volatile Organic Compounds in IMT Lille Douai in France. A gas chro-
matograph with flame ionization detector (GC – FID Clarus 680, Perkin – Elmer, USA) coupled with an automatic 
thermo-desorption system (ATD TurboMatrix 650 “Automatic Thermal Desorption”, Perkin – Elmer, USA) was used, 
acquiring VOC results with a limit of detection (LoD) of 0.01 μg m-3. 
A-pinene and limonene were monitored quasi-continuously (30-min cycles) from February 2016 to February 2017 by 
means of an automatic GC – FID, averaged on 3 hours basis to match the resolution of C10-C16 alkanes. Details for 
the performance of the analyzer and the calibration procedure can be found in Panopoulou et al (2020). The detection 
limits (LoD) were found to be 0.11 μg m-3 and 0.14 μg m-3 for α-pinene and limonene respectively. In addition, CO lev-
els and meteorological parameters were also acquired from Thissio station for the study period, averaged accordingly. 

3 Results
The results of C10-C16 alkanes, α-pinene and limonene during the two (IOPs), as well as the model-derived Second-
ary Organic Aerosol - Potential (SOAP) required for the calculation of the SOA Formation Potential (SOAFP) in the 
area are presented in Table 1, along with published results from Paris (France, Europe; Ait-Helal et al. 2014) and Beirut 
(Lebanon, East Mediterranean; Salameh et al. 2015). Decane and limonene present higher mean concentrations in the 
winter by a factor of 2 compared to the summer, whereas for the rest of the compounds the mean levels are similar for 
both periods. Higher levels were measured at Thissio for all species during winter, whereas the warm period results lie 
within the reported levels for Paris. The comparison with the Beirut results indicates a range of levels depending on 
the compound of interest and the season as well.

Table 1. Mean levels of C10–C16 alkanes, α-pinene and limonene levels (in μg m-3) in Thissio, Athens and comparison with al-
ready published data. The standard deviation is given in the brackets. Information regarding the type of sampling station is also 
included. SOAP is a non-dimensional model-derived SOA formation potential (Derwent et al., 2010) obtained from Dominutti et 
al (2019).
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Figure 1 presents the temporal variability and diel cycles of decane, tetradecane and α-pinene used as representative 
species of C10–C13 alkanes, C14–C15 alkanes and monoterpenes respectively, based on the Pearson’s correlation 
coefficient (R2 >0.5) for both seasons. Hexadecane (C16) didn’t present any correlation with the studied compounds; 
thus, it was excluded from the analysis. Temperature is also displayed in Figure 1, since it could be linked to the physi-
cochemical properties of IVOC and also triggers the biogenic emissions of monoterpenes. Starting from decane and 
α-pinene, a distinct day-to-day variability is observed for both the cold and warm period (Fig. 1 a,b), while their diel 
cycle is characterized by late night-time enhancement that persists until morning and it is more intense during winter 
(Fig. 1c). Moreover, their cycle could be explained from common anthropogenic sources like wood burning and traf-
fic (Dominutti et al., 2019; Panopoulou et al., 2020). On the other hand, tetradecane’s variability seems to follow the 
variation of temperature in winter (Fig. 1a), with higher concentrations at noon when ambient temperature reaches its 
higher values (Fig. 1c). However, this not the case for summer, when tetradecane’s levels are higher after midnight 
until the early morning hours, opposite to the temperature profile (Fig. 1 b,c). Thus, for tetradecane, increased tem-
perature during the cold season seems to enhance its levels indicating additional emissions from sources different than 
the other studied compounds. On the other hand, this tendency is not observed in summer when ambient temperature 
is already high.
Furthermore, the relationship of the studied VOC to wind speed (graphs not shown here) showed that C10-C13 alkanes 
and monoterpenes are anti-correlated to wind velocity in both IOPs (Pearson’s r between -0.24 to -0.57 for the IOPs), 
with higher levels for low velocities (< 3 m s-1) indicating impact from local sources. On the contrary, C14-C15 alkanes 
become less dependent to wind speed, i.e. no clear enhancement threshold, with increasing number of carbon atoms 
in winter IOP (r close to zero), but not during summer (r between -0.26 and -0.45), indicating more regional character. 

Fig. 1. (a,b) Temporal variability and (c) Diel cycles of decane (nC10), tetradecane (nC14), α-pinene and temperature for the win-α-pinene and temperature for the win--pinene and temperature for the win-
ter and summer period (temperature: grey line for winter and grey dashed line for summer).

Due to the different behavior of C14-C15 alkanes compared to the one of C10-C13 alkanes and monoterpenes, their 
relationship to decane, color-coded to temperature, is examined in Figure 2, taking undecane and tetradecane as 
references, respectively. Although undecane correlates to decane regardless the season indicating common sources, 
tetradecane and decane correlate only in summer. Thus, this observation further supports the previous assumption 
regarding the additional sources of tetradecane in winter.

Fig. 2. Relationship of a) undecane (nC11) and b) tetradecane (nC14) to decane (nC10) for the two IOPs. The color-coding cor-
responds to ambient temperature.

Finally, the SOA formation potential (SOAFP) of IVOC and monoterpenes can be estimated from the following equa-
tion derived from Gilman et al (2015) and Dominutti et al (2019): 
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SOAFP = EnhRCO * SOAP

where EnhRCO is the enhancement ratio (ppb/ppm) of the compounds to CO (instead of the emission ratios that are not 
available but at least in winter due to the vicinity of the sources and absence of intense photochemistry is considered 
similar) and SOAP is a model-derived SOA-Potential (Derwent et al., 2010). Precisely, the enhancement ratio is equal 
to the slope of the linear regression (R2>0.6) between the VOC (in ppb) and CO (in ppm) for the time frame of 20:30 
– 02:30 LT when the reaction to the OH radical is insignificant (Panopoulou et al., 2020), whereas CO was chosen as 
an inert tracer of primary anthropogenic sources as in other works (i.e. Dominutti et al., 2019; Gilman et al., 2015). 
Furthermore, the concept of the SOAP calculation by Derwent et al (2010) reflects the tendency of organic compounds 
to form SOA which is expressed relatively to the one of toluene (which serves as base compound due to its demon-
strated strong SOA formation potential), so they are presented as indexes to toluene=100 (Table 1). Thus, this method 
is qualitative, meaning that the SOAFP is used for the comparison of the potential of the available VOC, and it cannot 
be compared to measured SOA, considering only the SOA formation potential of primary emissions. Correlation coef-
ficients of the examined compounds to CO (R2) varied between 0.64 (tetradecane) to 0.88 (α-pinene) in winter, and 
from 0.73 (α-pinene) to 0.87 (decane) in summer, indicating strong relationships of the studied VOC to CO, probably 
indicating their common origin. Pentadecane is excluded in winter, since it is not correlated to CO (R2: 0.46).  In win-
ter, the estimated SOAFP values ranged from 0.3 SOAP ppm CO-1 for tetradecane to 5.8 SOAP ppm CO-1 for limonene. 
In summer, SOAFP ranged from 0.7 SOAP ppm CO-1 for pentadecane and 7.0 SOAP ppm CO-1 for α-pinene. Thus, 
monoterpenes presented the highest SOAFP for both seasons (9.4 SOAP ppm CO-1 in winter and 12.7 SOAP ppm CO-1 
in summer), whereas the SOAFP of C10-C15 alkanes was almost tripled in summer (12.0 SOAP ppm CO-1) relative 
to winter (4.4 SOAP ppm CO-1). Consequently, all group of VOCs studied in this work, if combined, could potentially 
contribute to SOA formation in the area and further studies are needed to assess their impact on local air quality.

4 Conclusions
In this study, the variability of C10–C16 alkanes and of the monoterpenes α-pinene and limonene in Athens (Greece) 
was studied, during two Intensive Observation Periods (IOP) in February and September 2016 (winter and summer 
respectively). The analysis showed elevated levels in winter only for decane (0.65 μg m-3) and limonene (0.84 μg m-3), 
whereas the mean levels for the remaining compounds were similar for the two periods. Furthermore, the diurnal vari-
ability was characterized by a night-time enhancement period persisting until morning, with the exception of C14-C15 
alkanes in winter, when their levels were enhanced during day. In addition, the latter present an absence of significant 
dependence to the wind speed, which is opposite to the trend observed for the other compounds that increased under 
the impact of air masses with wind speed < 3 m s-1. Moreover, the non-significant relationship of C14-C15 alkanes 
to decane in winter, which contrasts with the observations in summer, further highlights their different behavior and 
indicates a possible link to ambient temperature and to additional sources. Finally, an estimation of the SOA Forma-
tion Potential (SOAFP) showed a significant increase of the potential of C10–C15 alkanes from winter to summer, 
with total SOAFP value similar to the one of monoterpenes (~ 12 SOAP ppm CO-1), highlighting the significance of 
the studied compounds as SOA precursors and the need for more studies to assess their contribution to form aerosols.   
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Abstract: The increased industrialization coupled with population growth of metropolitan areas is strongly related to 
environmental problems. There is great consensus among the scientific community that suspended particulate matter 
is considered as one of the most harmful pollutants, particularly the inhalable particulate matter with aerodynamic di-
ameter less than 10 mm (PM10) causing respiratory health problems and heart disorders. Average daily concentrations 
exceeding established standard values appear, among other cases, to be the main cause of such episodes, especially 
during Saharan dust episodes, a natural phenomenon that degrades air quality in the urban area of Volos. In this study 
the AirQ+ model developed by the World Health Organization (WHO) was used to evaluate adverse health effects by 
PM10 pollution in the city of Volos during an 18-year period (2001-2018). Volos is a coastal medium size city in the 
Thessaly region, Central Greece. Air pollution data were obtained by a fully automated monitoring station, which 
was established by the Hellenic Ministry of Environment and Energy, in the Greater Area of Volos, located in the cen-
ter of the city. The results have shown that there is a strong correlation between high concentrations of PM10 and the 
effects of chronic bronchitis in adults. 

1 Introduction
Air pollution is an important characteristic in cities and urban areas for at least two centuries now, due to population 
density and industrialization. Air pollution is characterized by a number of primary (sulphur oxides, nitrogen oxides, 
CO, volatile organic compounds) and secondary pollutants (ozone, non-sea-salt sulphate, and secondary organic aero-
sols) which contribute each to the observed atmospheric quality (Karadinos-Riga et al. 2005, Papanastasiou et al. 
2009, Papaioannou et al. 2010, Pateraki et al. 2013). Particulate air pollution plays a significant role on human health. 
Epidemiological studies have shown the various effects related to both short-term and long-term exposure to particu-
late pollution (Seaton et al. 1995, Schwartz et al. 1996, Harrison et al. 2000, Pope III 2000, Bartzokas et al. 2004, 
Nastos et al. 2010, Samoli et al. 2011). Particulate matter (PM) is a significant air pollutant and comprises a complex 
mixture of natural and anthropogenic particles. Suspended particulate matter, among other environmental factors, is 
considered as one of the most harmful forms of air pollution, especially the inhalable particulate matter (PM10), which 
appears to cause respiratory health effects and heart diseases (Dockery et al. 1994, Pope III et al. 2004). 
It was estimated that air pollution is responsible for 0.8 million deaths annually worldwide (1.2% of total deaths), 
including 5% of deaths from respiratory cancer, 3% from cardiovascular disease and 1% from acute respiratory infec-
tions (Cohen et al. 2005). Studies on adult populations revealed previously that increased levels of PM10, NO2 and CO 
may be positively associated with exacerbation of chronic obstructive pulmonary disease (COPD) (Peel et al., 2005) 
and cardiovascular episodes such as acute coronary episodes (Peters et al. 2001, Yang et al. 2004). 
A 29 concerning European cities study, showed that in the case of Athens, an increase indicates an increase in daily 
PM10 levels by 10μg/m3 increased the mortality rate by approximately 1.5% (Katsouyanni et al. 2001). According to 
other researches, where the AirQ software was used, PM10 were found to engender HARD cases in the area of Athens 
city, Greece (Moustris et al. 2018), Hamadan city, Iran (Kamarehie et al. 2018). 
The main aim of this paper is to investigate the health impacts of PM10 in the greater Volos area, using the AirQ+ 
model, developed by the WHO (Shakour et al. 2011, Habeebullah 2013, Jeong 2013). The European Union, took into 
consideration these results in the Directive 2008/50/EC ‘on ambient air quality and cleaner air for Europe’. According 
to the Directive, there is a mean daily PM10 threshold value of 50 μg/m3 and a mean annual PM10 threshold value of 
40 μg/m3.
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2. Data and Methodology
On the eastern seaboard of Central Greece is located the city of Volos. It is placed in the peninsula of Thessaly and ex-
tends along the northern part of the Pagassitikos Gulf. The city of Volos is an example of medium size Mediterranean 
city with increased air pollution, population density and industrialization, so it has issued an air quality reduction in 
the area. Volos has a population of about 125,000 inhabitants (census 2011). The city is a commercial and tourist cen-
ter, mainly the port of Thessaly with a great number of ships, industrial and commercial activities, traffic congestion, 
different building heating systems, and urban heat island effects, among others. Volos is located in an area of complex 
topography. Pelion Mountain (1,550 m) extends along the Magnesia Peninsula in the eastern seaboard at a distance 
of approximately 3km far from the city center. To the northwest, the city is surrounded by hills of about 500 m height 
(Papanastasiou et al. 2009, Papaioannou et al. 2010, Proias et al. 2012).  
The city of Volos has a typical Mediterranean climate with wet, mild winters and hot, dry summers. The Mediterranean 
climate is characterized by a lack of rainfalls during the warm period of the year. The average daily relative humidity 
varies between 60 % and 80 % during the year. The prevailing winds blow from north in early spring, autumn and 
winter and from south in late spring, summer and early autumn (Papaioannou et al. 2010, Proias et al. 2012). 
The data employed for the estimation of the potential health impacts due to particulate matter is the daily 24-hour 
average concentration of PM10 collected from an air quality monitoring station within the conurbation of Volos city, 
covering the eighteen year time period 2001-2018. The fully automated air quality monitoring station was established 
by the Hellenic Ministry of the Environment, Physical Planning and Public. Air quality data obtained by the Volos air 
pollution-monitoring station (longitude: 22o 57΄E, latitude: 39o 22΄N, altitude: 2.6 m a.m.s.l.). 
In order to estimate the incidence of chronic bronchitis (CBI) in adults due to particulate matter, it was inevitable to use 
data related to the pollutant concentration. The data completeness was more than 80.0 %. Health effects due to long-
term PM10 exposure were quantified using the AirQ+ model (version 1.3) developed by the WHO Regional Office for 
Europe (WHO 2018). The AirQ+ model is a specialized software that enables the user to assess the potential impact on 
human health of exposure to a given air pollutant in a defined urban area during a certain time period.

3. Results and Discussion
Figure 1 depicts the cumulative annual number of CBI in adults per 100,000 inhabitants attributable to PM10 of the 
examined monitoring station in Volos city during 2001-2018. It is observed a significant downward trend of CBI. The 
application of least squares method presents a very strong linear correlation with a coefficient of determination bout of 
R2 = 0.765. Furthermore, it seems that the annual reduction of CBI is about of 1.2 cases.

Fig. 1. Annual variation of cumulative number of chronic bronchitis incidents due to PM10 exposure. Volos area. Pe-
riod 2001-2018.
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In the process, the annual number of days where the mean daily PM10 concentration exceeded the mean daily threshold 
according to the EU directive (mean daily concentration threshold: [PM10] ≥ 50 μg/m3) was calculated for the examined 
monitoring station in Volos. Figure 2 depicts the annual number of CBI vs the annual number of PM10 exceedances.
It is obvious that there is a strong linear correlation between the annual number of CBI and the PM10 exceedances. This 
linear correlation is able to explain the 89.4 % (R2=0.894) of data variance. It seems therefore, that for every increase 
of 10 days of exceedances per year there is an increase of CBI by 1.3 cases.

Fig. 2. Annual number of chronic bronchitis incidents vs annual number of exceedances. Volos area. Period 2001-
2018.

4.Conclusions
The main objective of this study was the estimation of chronic bronchitis incidents in adults’ that attributed to PM10 
exposure in the city of Volos Area during the 18-year period 2001-2018 using the AirQ+ model. The results showed a 
strong correlation between CBI with the PM10 threshold concentration exceedances. It is observed a significant down-
ward trend of CBI. Through the cumulative annual number of CBI in adults per 100,000 inhabitants during 2001-2018 
attributable to PM10 of the examined monitoring station. 
The annual number of PM10 concentration threshold exceedances (mean daily concentration: [PM10] ≥ 50 μg/m3) calcu-
lated for the examined monitoring station in Volos showed a decreasing trend. The 73.3 % of the variance (R2=0.733) 
of the PM10 exceedances per year can be described by a linear correlation with a strong annual decreasing trend. 
Moreover, the total annual number of CBI in adults versus the total number of days exceeding the PM10 threshold 
concentration ([PM10] ≥ 50μg/m3) for each year (2001-2018) from the examined monitoring station, is presented. It 
is obvious that there is a strong linear correlation between the annual number of CBI and the PM10 exceedances. This 
linear correlation is able to explain the 89.4 % (R2=0.894) of data variance. 
In a previous study (Moustris et al. 2016), concerning the health effects of PM10 in the city of Volos during the five-
year period 2007-2011 was found that 90% of the number of Hospital Admissions Respiratory Disease (HARD) cases 
takes place during the days where the mean daily PM10 concentration is up to 60 μg/m3 on average. Finally, an increase 
to the number of HARD excess cases was observed. This excess was about 40 people on average, in comparison to 
the annual number of HARD cases, according to the WHO baseline incidence which is 1,575 people in total for the 
125,000 inhabitants of Volos. This corresponds to an increase of 2.5 % in relation to the general annual number of 
HARD cases in Volos. 
A future research is required in order to be investigated how the PM10 concentration impacts the human morbidity and 
mortality in general.
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Abstract The present study investigates the regime of particulate air pollution (PM10) at Ioannina, NW Greece, with 
emphasis on their relationship with prevailing meteorological conditions. The study period covers the years 2010-
2012 and 2014-2017, which coincides with a deep financial crisis that, among others, caused a shift of the types of 
fuel used for residential heating. The annual and daily patterns of PM10 reveal that residential heating (during winter) 
and traffic are the main contributors for PM10 in Ioannina, leading to extremely high levels, usually at 10 p.m., during 
winter. The meteorological conditions play an important role, affecting both the emissions and deposition/dispersion of 
PM10. The financial crisis led to a shift from heating oil, which was routinely used for residential heating, to alternative 
cheaper solutions, such as biomass burning (wood/pellets). As a result, PM10 levels significantly increased, and in 
many cases surpassed the limit (mean daily PM10 concentration > 50 μg/m3) set by the European Union. It is evident 
that the air quality in Ioannina, especially during the cold period, significantly depends on both the type of fuels used 
for residential heating and the prevailing meteorological conditions.

1 Introduction
It is well known that outdoor air pollution affects human health. According to the 2016 WHO assessment (WHO, 2016), 
ambient air pollution alone kills around 3 million people each year worldwide. This pollution is partly associated with 
Particulate Matter, PM10 and PM2.5, which includes inhalable particles that are able to penetrate the thoracic region of 
respiratory system, causing serious respiratory and cardiovascular (Requia et al. 2018) problems. 
Recent researches claim that during the economic recession of the second decade of 21st century the concentration of 
some pollutants was reduced as a result of less energy demand, transportation and industrial activities (Vrekoussis et 
al. 2013). On the other hand, there is also evidence that in some cases, air pollution, and specifically PM, increased 
during the financial recession, mainly because of a shift in the fuel used for domestic heating in the cold months of the 
year, as many people burn less expensive materials (Theodosi et al. 2018). 
In Greece, the economic crisis that started in 2010 was accompanied by a significant increase in the price of conventional 
fuels used for residential heating (i.e. oil, electricity) and this fact, in conjunction with the reduced financial capacity 
of many households, led to an excessive use of biomass materials (primarily wood or pellet) for heating purposes 
(Sarigiannis et al. 2014, Fourtziou et al. 2017). 
The aim of this study is to investigate the air quality, more specifically PM10, in Ioannina, NW Greece, a city of 
112.000 habitants, focusing on the period of economic crisis. The main local sources of emitted pollutants at Ioannina 
are vehicles and residential heating, the latter playing an important role during winter. Since 2011, many episodes 
of “smog” have been observed during the cold period of year, with PM10 concentrations exceeding the limit levels 
of European Union (Sindosi et al. 2019). Indeed, field measurements that took place at Ioannina during the Thalis 
experiment in winters of 2013 and 2014 (January and February) provided evidence of exceedances of PM and total 
suspended particles (TSP) limit values (Kaskaoutis et al. 2020).

2 Data and Methodology
PM10 concentrations in Ioannina are recorded on an hourly basis by the urban background environmental station 
(39.65°N, 20.85°E, 485m) located south of the city center. The measurements used in this study cover the 7 years 
period, from 2010 to 2012 and from 2014 to 2017. The year 2013 was excluded because the monitoring station went 
through a major maintenance procedure, and remained out of operation over a few months, so that only a small part 
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of data is available for this year. The PM10 measurements are taken with a Series 1400a TEOM Ambient Particulate 
Monitor, consisting of a TEOM mass sensor and a control unit in a network ready configuration, which takes direct 
mass measurements on an hourly basis. 
The meteorological parameters used in the study are daily temperature, the total daily precipitation and the average 
daily wind speed. These parameters were chosen to be studied in relation with PM10 since they are known to be 
strongly related with air pollution and quality (Sindosi et al. 2003, Hatzianastassiou et al. 2007). The meteorological 
data are recorded by the University of Ioannina meteorological station, which is located in the University Campus of 
the town (39.62°N, 20.84°E, 485m) almost 3Km far from the pollutant’s environmental station.
The daily and annual cycles of PM10 are investigated in order to reveal the main contributors of PM10 in the local 
atmosphere. Thus, hourly as well as monthly PM10 values are used, and they are analyzed separately for the warm (June-
August) and the cold (November-February) periods of the year, as well as for weekends and weekdays. The separate 
seasonal analysis is reasoned by the distinct seasonal patterns of both the atmospheric circulation/meteorological 
conditions and human activities that affect PM10. Scatter plot comparisons and Correlation Analysis are also performed 
in order to shed light into the relationship between the daily PM10 concentrations and wind speed or temperature.
The present study also examines the annual consumption of heating oil in the greater area of Ioannina (data from the 
Hellenic Statistical Authority) during the study period, aiming to reveal the relation between PM10 concentrations and 
the kind of materials used for residential heating. Finally, the inter-annual variability of the frequency of PM10 episodes 
(mean daily concentration exceeds the European Union standard, i.e. 50μg/m3) taking place in the cold period of the 
year at Ioannina is also examined. This specific part of the research is restricted in two months of the cold period of 
year i.e. January and February, given that during these months PM10 values are high and there is complete availability 
of PM10 data allowing reliable comparisons.

3 Results
The annual pattern of PM10 in Ioannina is presented in Figure 1. The highest concentrations are observed during the 
cold period of the year, because of the enhanced emissions from household heating and traffic. The annual maximum 
is recorded in December (52.7 ± 17.7μg/m3) while a second maximum is observed in summer, especially in August 
(38.4 ± 6.0μg/m3) which can be attributed to the accumulation of particulate matter in the air due to the lack of rain. 
The lower PM10 concentrations are found in spring and autumn (minimum in April: 24.5 ± 3.0μg/m3) because of the 
reduced emissions from residential heating and the frequent rainfall (78mm in April), which removes pollutants from 
the air. The mean annual PM10 concentration in Ioannina for the study period is equal to 32.6μg/m3. 

Fig. 1. Mean monthly concentration of PM10 (μg/m3) for the period 2010-2012 and 2014-2017. The associated standard deviations, 
indicated by thin lines on the top of the bars, correspond to the day-to-day variability within each month.

Figure 2 presents the daily pattern of PM10 concentrations for the cold (November – February) and the warm (June – 
August) period of the year. The graph is produced using mean hourly values averaged for the seven-year study period 
excluding the rainy days (cases with total daily rain >0.2mm) because during these days the daily pattern of PM10 
is strongly affected by the timing of rainfall. During the cold period (blue line), the minimum PM10 concentration is 
observed at 7 a.m., and then it continuously rises until 10 a.m. when it reaches a local maximum (47.0μg/m3). This 
morning peak is due to the traffic, which is increasing during this time interval of the day, as well as to the activation 
of heating in houses, schools, stores and authorities.  The second and strongest daily maximum for PM10 is observed 
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towards 10 p.m. (81.8μg/m3) and it is attributed to residential heating taking place during the cold winter conditions 
in Ioannina (mean daily minimum temperature equal to 1°C). In summer, the morning peak of the day is observed at 
approximately 8 to 9 a.m. (wintertime), which corresponds to 9-10 a.m. local time (due to one-hour daylight saving 
time shift for summertime). Although the particulate emissions (e.g. traffic, house heating) are less intense during 
summer, the morning summertime maximum of PM10 is comparable to the corresponding one for winter and this can 
be attributed to the drier conditions of the warm period, which favor the accumulation of pollutants (e.g. re-suspended 
dust) in the air. However, the evening/night summer maximum of the day is much lower than the winter’s one, as 
expected, since residential heating is absent in summer. It is noted that in summer a third maximum is observed at 
about 10 p.m., which is probably related to the night out, which is a common habit of greek people, especially in 
summer.

Fig. 2. Mean daily variation for PM10 during the cold (November-February, blue line) and warm (June-August, red line) periods 
of the year, averaged over the period 2010-2012 and 2014-2017.

The rest of the analysis is focused on the cold period of the year (November – February) as this period has the highest 
concentrations of PM10. 
In order to reveal the relation between wind speed and PM10 concentration, the relative scatter plot between their 
daily mean values was created and is shown in Figure 3a. The negative correlation (correlation coefficient R=-0.64) 
between local wind speed and PM10 concentration, revealed in Figure 3a, is expected since low wind speed is related 
to poor dispersion due to stationary conditions and shallower boundary layer.  It is worth to be underlined that for calm 
conditions (mean daily wind speed<1Km/h ≈ 0 Beaufort) the mean daily PM10 concentration is equal to 62.7μg/m3, 
while the corresponding value for the rest days are 45.6μg/m3, which also shows the effect of wind on PM levels. The 
relation between the daily minimum temperatures and the associated PM10 concentrations is revealed by the scatter 
plot of Figure 3b. Again, an anti-correlation is found between Tmin and PM10 levels (R=-0.44), showing that lower 
temperatures are associated with higher PM10 values arising from enhanced needs for residential heating.

 Fig. 3. Scatter plots between daily mean PM10 concentration and: (a) wind speed, (b) daily minimum temperature, for the cold 
period of the years 2010-2012 and 2014-2017.
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The examination of the inter-annual variation of meteorological parameters (not shown here) at Ioannina for the 
months January and February1 has shown that they cannot alone fully explain the year-to-year variation of PM10, which 
is also affected by other factors, namely economic ones. Figure 4 presents the mean monthly PM10 concentrations for 
each year of the study period (for January and February), along with the corresponding annual consumption of oil for 
residential heating (data taken from the Hellenic Statistical Authority). It is obvious that there is an inverse relationship 
between PM10 and heating oil consumption, i.e. high oil consumption is related to low PM10 concentrations and vice 
versa (correlation coefficient = -0.71). 

Fig. 4. Inter annual variation of mean PM10 concentrations (red for January, blue for February, left y-axis) and annual consumption 
of heating oil (green, right y-axis) in Ioannina, Greece (source: Hellenic Statistical Authority).

It is also apparent from Figure 4 that the economic recession, which started in Greece in 2010, resulted in a dramatic 
reduction of the consumption of heating oil in Ioannina during the following three years (2010-2013). Although data 
on the use of alternative heating means are not available, it is generally known that many households turned to use 
woods or pellets for heating purposes.  In fact, the decrease of heating oil consumption caused an increase of biomass 
burning, which in turn obviously resulted in increasing particulate emissions and hence PM values. According to 
Figure 4, the consumption of heating oil in Ioannina in 2013 and 2014 was reduced with respect to 2010 by about 61%, 
while at the same time the corresponding mean monthly mean concentration of PM10 increased by about 54%. 

Fig. 5. Number of January-February days with particulate matter pollution episodes (PM10 exceedances of the EU limit) in Ioannina 
during the period 2010-2012 and 2014-2017.

Figure 5 depicts the year-to-year variation of PM10 episodes (exceedances of the daily EU limit of 50μg/m3) in January 
and February of each year of the study period. Most of the episodes are observed in January (59). In almost half of 
January days of 2014 and in one third of January days of years 2012, 2015 and 2017 the EU’s PM10 limit levels were 
exceeded. An increasing tendency is evident from 2010 to 2017 caused by the financial crisis, as already discussed.
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4 Conclusions
In this study, the PM10 concentration levels at Ioannina, NW Greece, were examined for the period 2010-2012 and 
2014-2017. The highest PM10 concentrations are observed during the cold period of the year, because of the enhanced 
emissions from residential heating and traffic. The daily pattern of PM10 concentrations during winter showed two 
maxima, with the primary one (81.8μg/m3) being observed towards 10 p.m. and the secondary one (47.0μg/m3) 
observed in the morning, around 10 a.m.. The nighttime maximum is attributed to the enhanced residential heating 
during cold and long nights, indicating the important role of burning materials for the air quality of the town. 
The meteorological conditions affect PM10 either directly or indirectly. Indeed, the direct role of wind speed is shown 
by the fact that for calm conditions (mean daily wind speed < 1 Km/h ≈ 0 Beaufort) the dispersion of particulates is 
weak, yielding mean daily PM10 concentration equal to 62.7μg/m3, i.e. exceeding the European Union’s limit value of 
50 μg/m3. In addition, surface air temperature in winter indirectly affects PM10, as it is related to more or less strong 
needs for heating. Thus, an inverse relationship (anticorrelation) between the minimum temperature of the day and 
PM10 concentrations was revealed (correlation coefficient equal to -0.64). 
The research showed that apart from meteorological conditions, socio-economic factors also influence PM levels. The 
interannual variability of the annual consumption of heating oil and PM10 levels showed that during the years of deep 
financial crisis (2013-2014), when the consumption of heating oil dramatically decreased (by 61%), the PM10 levels at 
Ioannina significantly increased (by 54%) as many citizens used to burn the less expensive wood/biomass.  At the same 
time, the recorded number of exceedances of the EU PM10 limit during the cold period of the year has almost doubled.
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Abstract: Ambient mineral dust particles have extensively been associated with increased morbidity and adverse 
health effects in urban environments. As a major component of PM10, dust particles affect the Earth’s radiation bal-
ance due to their absorbance and scattering properties. In this study, we investigate the real-time concentration and 
light absorption of dust particles in central Los Angeles using absorption photometers. As dust particles are typically 
mixed with black carbon which has significantly higher light absorption cross-section, we follow a novel technique by 
employing a coarse particle virtual impactor (with a cut-point of 2.5 µm) that concentrates coarse particles by 20-fold. 
Absorption of the concentrated dust particles was calculated by subtracting the absorption of PM2.5 samples collected 
in parallel from light absorption of the aerosol in the virtual impactor line. The light absorption coefficient of the dust 
particles in central Los Angeles was calculated to be, on average, 2.62 1/Mm at 370 nm, while the corresponding value 
at 880 nm was 0.43 1/Mm. Lastly, we determine the absorption Angstrom exponent (AAE) of dust particles in the 
area to be around 2.0. Our findings confirm that this method can be efficiently used to investigate the dust properties 
in different urban environments.

1 Introduction
Ambient dust particles have been identified as an important component of particulate matter (PM) with adverse health 
effects such as respiratory and cardiovascular diseases (Hochgatterer et al., 2013; Middleton et al., 2008). Recent stud-
ies have also investigated light absorption characteristics of mineral dust, which can lead to a positive radiative forc-
ing and affect regional and global climate as well as the precipitation regimes (Wu et al., 2018). In this regard, similar 
to greenhouse gases, dust particles can effectively absorb radiation in the infrared wavelength, trapping the outgoing 
radiation and thus resulting in a warming effect. Notwithstanding the importance of mineral dust in terms of health 
effects and climate impacts, few near-real-time techniques can discriminate dust aerosol in PM10 size range (Ealo et 
al., 2016; Pan et al., 2017). Examples include Streaker sampler, Davis Rotating-drum Unit for Monitoring sample, and 
the Semi-continues Elements in aerosol sampler (Bukowiecki et al., 2005; Chen et al., 2016). On the other hand, the 
on-line measurement of mineral dust levels using aerosol absorption photometers offers an interesting and competi-
tive alternative (Collaud Coen et al., 2004). However, the concentration of mineral dust measured by optical methods 
might be challenging and associated with uncertainties given that dust is usually mixed with black carbon (BC) with 
significantly higher mass absorption cross-section (Ramanathan et al., 2001). In other words, BC is the strongest 
light-absorbing component of PM2.5 (PM with aerodynamic diameter < 2.5 µm) dominating the radiation absorption 
measured by the on-line monitors, which makes it difficult to solely focus on the dust light absorption. As an alterna-
tive approach, Drinovec et al. (2020) suggested the enhancement of coarse PM (particles with aerodynamic diameter > 
2.5 µm, as the typical size range of mineral dust particles) to limit the impact of light absorption by PM2.5-bound BC, 
resulting in a more efficient method for measurement of mineral dust.
The goal of this study is to measure the ambient concentration of mineral dust in central Los Angeles following the 
approach suggested by Drinovec et al. (2020). To this end, a high-volume coarse PM virtual impactor (VI) was com-
bined with two online aerosol light absorption monitors (Aethalometer model AE51) measuring aerosol absorption at 
370 nm and 880 nm wavelengths. Simultaneously, enriched coarse particles were collected on filters and analyzed for 
their metals and crustal elements. Time-resolved measurements of mineral dust concentration will be valuable in Los 
Angeles where the diurnal and seasonal meteorological conditions’ variations are more pronounced and impactful on 
coarse PM apparent density and composition (Cheung et al., 2011).
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2 Data and Methodology
2.1 Sample collection
The experimental campaign has been conducted at the Particle Instrumentation Unit (PIU) of the University of South-
ern California during summer 2020. Our sampling site is located approximately 3 km southwest of Los Angeles down-
town, and can be considered as an urban site impacted by a mixture of primary and secondary pollutions.

Fig. 1 indicates the schematic of sampling setup for measuring PM light absorption and collecting coarse PM samples. 
According to the figure, in the first line, ambient air was introduced into the system after passing through a coarse 
VI (with the major and minor flow rates of 100 l/m and 5 l/m, respectively) to enrich the ambient concentration of 
coarse PM; followed by the collection of concentrated coarse particles on a Teflon filter (37-mm, Pall Life Sciences, 
2-μm pore, Ann Arbor, MI). Meanwhile, two single-wavelength Aethalometers (Model AE51, AethLabs, USA) were 
employed simultaneously to measure the light absorption of concentrated coarse particles at 880 nm and 370 nm. In 
the second line, ambient PM passed through a PM2.5 impactor (a 90-degree elbow made of an aluminum tube with a 
diameter of 0.5 cm) and the aerosol light absorption was measured using the aforementioned Aethalometers. It should 
be noted that the Aethalometers were set to work at a time resolution of 300s, and a flowrate of 100 ml/min to ensure 
that the recorded data are not associated with high uncertainty and noise levels (Targino et al., 2017). Finally, the col-
lected filter samples have been analyzed for their metals and trace elements following the inductively coupled plasma 
mass spectroscopy (ICP-MS) method. 

Fig. 1. Schematic of the sampling setup.

2.2 Calculation of mineral dust concentration
The mineral dust light absorption at both 370 nm and 880 nm wavelengths was determined using the following equa-
tion (Drinovec et al., 2020):

where babs,VI and babs,PM2.5 refer to the measured light absorption of concentrated coarse PM and PM2.5, respectively. EF 
is the enrichment factor of coarse VI (20 in our case). Then, the absorption angstrom exponent (AAE) for mineral dust 
was determined based on the following approach using light absorption values in two distinct wavelengths (i.e., 370 
nm and 880 nm) (Ångström,1929)

where λ, Absλ and K denote wavelength, the light absorption value, and a wavelength-independent constant, respec-
tively. The mass absorption cross-section (MAC) of dust particles can be obtained from following equation (Yuan et 
al., 2021):

where Cm indicates the mineral dust mass concentration. An initial estimation Cm of  can be determined from the cal-
cium content of collected coarse PM on filters, assuming 12% Ca in mineral dust (Sciare et al., 2005). Finally, the 
corrected mass concentration of mineral dust was determined using the following equation (Drinovec et al., 2020):
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3 Results
Fig. 2 shows the time series of absorption coefficient for PM2.5 (dominated by BC) and concentrated coarse PM (main-
ly mineral dust). Using eq. (1), the mineral dust light absorption was estimated as 2.62±1.80 1/Mm at 370 nm which is 
in good agreement with the reported value of ~2 1/Mm in Drinovec et al. (2020). The mineral dust light absorption was 
0.43±035 1/Mm at 880 nm. Additionally, based on the measured absorption coefficients at each wavelength, the AAE 
value for mineral dust particles (defined as the slope of regression between  and ) was ~2.00, representing wavelength 
dependency of dust particles light absorption.

Fig. 2. Absorption coefficient of ambient PM2.5 and concentrated coarse PM at (a) 370 nm; and (b) 880 nm.

To determine the MAC of mineral dust particles in central Los Angeles, we implemented linear regression analysis 
between the coarse PM absorption coefficient at 370 nm and the estimated mineral dust mass concentration (by as-
suming Ca to mineral dust ratio of 0.12 in the collected filter samples). As shown in Fig. 3, the mineral dust MAC was 
estimated as ~0.21 m2/g which is in agreement with the reported value of 0.24 m2/g in Drinovec et al. (2020). 

Fig. 3. Linear regression between babs,mineral dust,370 nm and the estimated mineral dust mass concentration.

Finally, the mass concentration of mineral dust was determined using eq. (4), the result of which is shown in Fig. 
4. According to the figure, the average mass concentration of mineral dust in central Los Angeles was calculated as 
12.47±8.56 µg/m3 during the sampling campaign.

 Fig. 4. Real-time mass concentration of mineral dust.



148 | Air quality / Atmospheric chemistry

4 Conclusions
In this study, we used a novel optical-based technique to determine the real-time mass concentration of mineral dust 
particles for the first time in central Los Angeles. Light absorption of PM2.5 and concentrated coarse PM has been 
measured and attributed to BC and mineral dust, respectively. Our measurements revealed that the light absorption 
coefficient of the mineral dust was approximately 2.62 1/Mm at 370 nm, and 0.43 1/Mm at 880 nm. Mineral dust light 
absorption was dependent on wavelength with the corresponding AAE of ~2.00. Lastly, the real-time mass concentra-
tion of mineral dust was estimated in central Los Angeles, with an average of ~12.5 µg/m3 during the sampling period. 
The findings of this study revealed the efficiency of novel techniques for high-resolution measurement of mineral dust 
levels in urban environments.
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Abstract: Air pollution levels in Ioannina are monitored in the frame of the PANhellenic infrastructure for Atmo-
spheric Composition and climatE change (PANACEA) with a combination of remote sensing (lidar, MAX-DOAS) 
and in situ techniques (NOA and NTUA air quality station). In this work we examine the spatio-temporal distribution 
of pollutants from domestic wood burning activities, that remains an issue in many Greek cities after the economic 
crisis. The analysis is based on FLEXPART- WRF simulations assuming daily emissions representative of wood 
burning (i.e. fireplaces, woodstoves). The simulated PM2.5 concentrations and elevated aerosol layers are discussed 
in accordance with the local atmospheric boundary layer properties and PANACEA observations in order to deter-
mine the possible conditions that lead to adverse air quality at Ioannina.

1 Introduction
Emissions of smoke from open biomass burning are an important source of gases and particulates both at regional and 
global scales, having significant radiative effects and associate with climate change (Amiridis et al., 2012, Solomos 
et al. 2015, 2019). Biomass has been traditionally used as a fuel for residential heating in several regions with cold 
climates, such as the Alpine mountain range and Scandinavia (Herich et al., 2014). The European incentives to use 
biomass fuels, under the assumption of biomass carbon neutrality, have caused a further increase in wood burning for 
heating purposes in several European cities (Bari et al., 2011). The economic recession in Greece has led to a shift in 
the fuel used for residential heating from fossil fuel towards biofuels, primarily wood (Athanasopoulou et al., 2017) 
as a result to have a serious impact on air quality in many Greek cities. Since 2012, wood burning was massively 
increased for heating purposes after an abrupt increase of heating oil price. For the triggering of severe smog events 
in the atmosphere of Greek cities, the role of meteorology is crucial, in addition to the emissions coming from wood 
burning (Gerasopoulos et al., 2017, Liakakou et al., 2017). Several studies have focused on the impacts of residential 
wood burning emissions on air quality. Gerasopoulos et al. (2017) examined the role of meteorology on smog events 
and the increase with time contribution of smog in further deterioration of air quality in Athens. Saffari et al. (2013) 
showed the connection between wood burning and increased levels of PM during the winter in Thessaloniki, while 
Athanasopoulou et al. (2017) simulated the fate of the residential wood burning aerosol plume (RWB smog) and the 
implications on atmospheric chemistry and radiation, with the support of detailed aerosol characterization from mea-
surements during the winter of 2013–2014 in Athens.
In this study we examine the spatio-temporal distribution of pollutants from domestic wood-burning activities in 
Ioannina. Air pollution levels are monitored in the frame of the PANhellenic infrastructure for Atmospheric Com-
position and climatE change (PANACEA), with a combination of remote sensing (lidar, MAX-DOAS) and in situ 
techniques (NOA and NTUA air quality station). The dispersion of PM2.5 particles is described with FLEXPART 
simulations driven by high resolution (1km ×1 km) WRF fields.

2 Data and Methodology
Five dates (10,13,20,31 January and 1st of February 2020) are analyzed based on the detection of elevated aerosol 
concentration by the PANACEA network in Ioannina. The dispersion of domestic wood burning is described with 
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the use of the Lagrangian particle dispersion model FLEXPART coupled with the Weather Research and Forecasting 
model (WRF-ARW).

2.1 FLEXPART-WRF
For the description of the event, we use the dispersion model FLEXPART-WRF (Stohl et al. 2005, Brioude et al., 
2013) in forward mode. The aerosol fluxes from domestic wood burning are defined for 9 custom polygons in the 
greater Ioannina area. A constant emission rate of 2777,78 kg/s·m2 was assumed for all areas based on previous 
studies (Solomos et al., 2015;2019). For the computation of the total fluxes, the emission rate is multiplied by the 
geographical area of the defined polygons and the 6- hour duration of the releases (16:00-22:00 UTC). The initial 
injection height in the model is set near to the surface (5 to 10 m a.g.l.) and a total of 9000 particles are released in 
each model run. The WRF- ARW (Skamarock et al., 2008; Powers et al., 2017) is set up in a 3-grid structure (25 × 25 
km, 5 × 5 km, 1 × 1 km grid space) and 31 vertical levels (Figure 1) and provides hourly outputs to drive the FLEX-× 5 km, 1 × 1 km grid space) and 31 vertical levels (Figure 1) and provides hourly outputs to drive the FLEX- 5 km, 1 × 1 km grid space) and 31 vertical levels (Figure 1) and provides hourly outputs to drive the FLEX-
PART dispersion simulations. Initial and boundary fields are from the National Centers for Environmental Prediction 
(NCEP) final analysis dataset (FNL) at 1° × 1° resolution. Daily updated Sea Surface Temperature (SST) is taken 
from the NCEP 1° × 1° analysis.

Fig 1. WRF_ARW model configuration.

2.2 PANACEA observations
The PANhellenic infrastructure for Atmospheric Composition and climatE chAnge (PANACEA; https://panacea-ri.
gr) is envisioned to become the high-class, integrated Research Infrastructure (RI) for atmospheric composition and 
climate change not only for Greece, but also for southern Europe and eastern Mediterranean, an area that is acknowl-
edged as a hot spot for climate change. PANACEA addresses the need for monitoring of atmospheric composition, 
solar radiation variations, climate change and related natural hazards in Greece, and for providing tailored services 
to crucial national economy sectors that are affected by air pollution and climate change, such as public health, agri-
culture/food security, tourism, shipping and energy/ renewables. In this framework, a synergy of in situ and remote 
sensing instruments were used for simultaneous measurements of aerosols performed in several Greek stations during 
different seasons of the year.
The mobile depolarization Aerosol lIdAr System (AIAS; Papayannis et al., 2020; Mylonaki et al., 2021) was located 
in Ioannina city (39.65oN, 20.85oE, 500 m a.s.l) during the PANACEA winter campaign (2020). AIAS is an elastic de-
polarization lidar system, operated by the National and Technical University of Athens (NTUA) in cooperation with 
the Biomedical Research Foundation Academy of Athens (BRFAA), and emits a linearly polarized laser beam at 532 
nm. It provides the vertical profiles of the aerosol backscatter coefficient (βaer) and the particle linear depolarization 
ratio (δ), both at 532 nm. It has a spatial vertical resolution equal to 7.5 m and temporal resolution at 1.5 min. The full 
overlap height of AIAS is 250 m above ground level (a.g.l.).

3 Results
As seen by the vertical distribution of βaer in Figure 2, the under-study cases present low altitude aerosol layers (from 
near ground up to 2.5 km a.s.l) that are sharply decaying above 1km a.s.l. During these days the mean βaer values 
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inside these near surface layers ranged from 2.03±0.74 to 6.05± 0.91 Mm-1sr-1 indicating high aerosol load inside the 
PBL.

Fig 2. Particle backscatter coefficient at 532 nm detected by NTUA lidar at 39.65°N; 20.85°E on 10,13,20,31 January 
and 1st of February 2020.

The experimental area is characterized by a very complex landscape since the city of Ioannina is located at the 
banks of lake Pamvotis, surrounded by high topographic barriers. Temperature inversions are very often in the city 
of Ioannina during the night hours. For example, as seen in Figure 3a, a layer of warmer air at 1-1.5 km a.s.l. aloft 
on 10 January 2020 results in trapping of the emissions close to the surface. The inversion is probably stronger than 
predicted by the model because the lake was partially frozen on that date and this process is not currently described 
in the simulation. The horizontal dispersion ofbiomass emissions results in increased aerosol concentrations near the 
surface (0-100 m) over the city of Ioannina. As seen in Figure 3b the maximum simulated concentrations of PM in 
this area exceed 250 μg/m3. The accumulation of emitted particles close to their sources is favored by the relatively 
stagnant conditions that are evident in Figure 3c, with wind speeds remaining below 2 m/s over the entire area. 
Furthermore, the simulated vertical dispersion in Figure 3d suggests typical capping conditions and as a result, the 
particles remain trapped in both horizontal and vertical directions leading to accumulation of near-surface smog.

Fig. 3. a) Vertical cross-section of the modeled temperature (°C) over Ioannina; b) horizontal dispersion of particles from do-
mestic wood burning; c) wind speed at 10m (m/s) and d) vertical cross-section of particle dispersion, on 10 January 2020, 20:00 
UTC. The location of the vertical cross-sections is indicated by the dashed line in Fig.3b
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4 Conclusions
Monitoring and modeling of pollutants dispersion from domestic wood burning at Ioannina in the frame of PANA-
CEA, identified the complex atmospheric patterns at the area and their contribution to sever pollution episodes. Tem-
perature inversions accompanied by stagnant wind conditions can lead to accumulation of the domestic emissions 
over the limited area of the city. Furthermore, the proximity of Lake Pamvotis results in an even more complicated 
boundary layer structure, especially in cases when the lake surface freezes. These results suggest the need of a more 
detailed description for the local air pollution conditions. Towards this direction, a detailed estimation of high-res-
olution residential heating emissions is needed. Such high resolution calculations can be performed by the coupling 
of WRF model with the Eulerian Chemical Transport Model EPISODE-CityChem (Karl et al., 2019), towards the 
identification of population exposure to wood burning for space heating in the intra-urban level (100 m
× 100 m) of Ioannina city. To this end, high resolution domestic wood burning emissions of PM2.5 (and PM10) are 
already prepared (Fig. 4), based on an optimized spatial allocation of coarse-gridded distributions of European an-
thropogenic emissions provided by CAMS/Copernicus (Urbem approach). The annual-to-hourly emission rate trans-
formation takes into account the ambient temperature fields along with the month, day and hour of simulation. Such 
developments will provide a more efficient way to address local-scale pollution events of high PM concentrations that 
have important implications for human health and wellbeing.

Fig. 4. Annual PM2.5 emission rates from residential heating for the city of Ioannina (input data from CAMS/Copernicus, down-
scaled by the Urbem approach).
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Abstract: In every city, air pollution is the foremost concern because of its impact in human health and economy. 
This strong connection appears gaining a lot of concern, driven by new installed air quality monitoring systems. 
Environmental and air quality data, highly accuracy, real-time monitoring, daily and yearly statistics, data access from 
experts or simple users, low-cost equipment and forecasting needs, enforce the market to develop new air quality 
monitoring systems using advanced technologies and protocols: internet of things (IoT) and wireless sensor networks 
(WSN). This work examines in a specific area (historical center of Athens city) the data quality of a portable low-
cost sensor device, proper interpretation of the data measurements and the spatiotemporal mapping of air pollution. 
Therefore, the real mobile measurements are being examined and discussed in detail. A new web application for 
retrieving the data, combined with a data measurement processing software, both developed by the authors, are 
describing in the methodology. Finally, the outcomes show the limits of such equipment and summaries the steps for 
the proper development of a monitoring network consists of low-cost electrochemical sensors along with the necessary 
precision and accuracy. 

1 Introduction
According to World Health Organization (WHO 2020) in global level, air pollution is responsible for 4.2 million 
deaths each year and contributes to 9% of deaths globally – this varies from 2% to 15% by country (GBD 2017). 
In some western countries, the number of victims caused by transport emissions is twice as high as the number of 
victims of road accidents (Kunzli et al. 2000). Among all pollutants the outdoor and indoor particulate matters in 
combination with ozone, are the major responsible pollutants for leading human strangling with death. Therefore, 
heart disease, stroke, lower respiratory infections, lung cancer, diabetes and chronic obstructive pulmonary disease 
(COPD) are among most frequent cause of deaths (Nastos and Matzarakis 2006, Pope et al. 1995). Vulnerable groups, 
i.e. the elderly, children or infants, women during pregnancy, people already suffering from respiratory diseases, are 
the people most at risk, while in Europe, air pollution causes more than 1000 premature deaths on average every day 
(Wojciechowski 2018). In addition, cyclists and runners are at considerable risk within cities, as they are frequently 
exposed to long-term outdoor conditions (Grange et al. 2014). Moreover, urbanization and creation of different mi-
croclimates in combination with high concentrations of pollutants, results in negative effects not only in immediate 
health but also extend to the quality of life of citizens. The existence of conditions of thermal discomfort, especially 
during the summer months, is a highly known problem faced by the residents of urban centers (Moustris et al. 2012).
It is well known that in recent decades the combination of urbanization, fleet growth with high traffic density and 
the simultaneous development of industrial activity, have greatly degraded air quality throughout Greece. While, the 
absence of free green spaces as well as the special topographic characteristics (tall buildings and narrow streets) of 
the wider basin of Athens that create a microclimate, made the problem of air pollution quite acute (Kaldellis 2005, 
Chatzinikolaou et al. 2018). Therefore, in recent years there has been a crucial need to monitor air pollution and inform 
citizens, because the impact of pollutants on human health and quality of life is immediate.
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2 Spatial and Temporal Variability of Pollutants in Urban Centers
According to many and relatively recent studies (Van Poppel et al. 2013, Shaibal et al. 2015, Kalogridis et al. 2018), 
gaseous pollutants related to vehicle traffic are major concern in urban centers. Fixed gaseous pollution monitoring 
stations have several limitations in assessing the actual exposure of residents to air pollutants. This occurs because the 
concentration of pollutants in urban environments shows great spatial and temporal variability.
In addition, every resident in a city is exposed to air pollution in various ways, with the result that some are more at 
risk than others. For example, a cyclist who inhales more liters of air is in a worse position than someone who drives a 
car in the city (Grange et al., 2014). It is also worth noting that citizens working near high-traffic roads or other sources 
of pollution are more vulnerable to air pollution-related diseases. Within urban centers the morphology is complex 
and with particular points that affect the dispersion and distribution of pollutants, such as tall buildings that form road 
“gorges” and green spaces (parks, groves). In addition, the mountains and the sea-soaked parts of the cities, such as 
Athens and other Mediterranean cities, contribute to the diffusion of pollutants. Other factors fulfilling the variation 
of air pollution are the meteorological parameters, such as direction and velocity of the wind, solar radiation, tem-are the meteorological parameters, such as direction and velocity of the wind, solar radiation, tem- the meteorological parameters, such as direction and velocity of the wind, solar radiation, tem-
perature, humidity etc. Therefore, assimilating the seasonality of pollutants and recording their daily patterns is very 
important for understanding and evaluating air quality.

3 Data and Methodology
The low-cost sensor device used in this work was selected in collaboration with Optocore Ltd, an Athens (GR)-based 
company, the Laboratory of Climatology and Atmospheric Environment of the National and Kapodistrian University 
of Athens and the Air Pollution Laboratory of the University of West Attica, after evaluating the current market. The 
specific aforementioned device for urban air quality monitoring, is called “Libelium” (Fig. 1a). 

Fig.1 Libelium low-cost sensor device (a) and the selected spots for measurements in the field area (b).
The selected low-cost sensor device had the criteria to be light, easy to transport, reliable according to its technical 
characteristics and to be able to operate portable. It consists of the main device (black box in Fig.1a) for measuring 
gaseous pollutants CO, NO2, O3, SO2, the device for measuring particulate pollutants (PM10, PM2.5, PM1) and a por-
table battery that is charged from a small photovoltaic and can easily autonomous the device for long periods of time, 
even in cases where direct sun is not available. Air temperature, relative humidity and atmospheric pressure are also 
measured.

2.1 Field Data
The historical center Athens city is a typical urban area. The intense interest of this urban area is the high population 
density, in combination with the fact that it is one of the main Mediterranean touristic areas, which hosts every year a 
huge number of foreign visitors, the number of which almost exceeds the number of inhabitants. The chosen area and 
the selected spots for measurement can be seen in the map in Figure 1b. More specifically, the spots were A: Outside 
Thissio metro station, B: Acropolis square, C: the sidewalk opposite the Hadrian’s gate, D: Syntagma square, E: the 
pedestrian crossroads of Ermou and Evangelistrias and F: Monastiraki square. The total length of the route was about 
3.84 km surrounding an area of 0.905 km2.
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According to previous similar work done by the authors (Spyropoulos et al. 2018), at first the device was validated for 
a period of time of more than 40 days, next to a certified urban background air pollution monitoring station. The proce-
dure took place in the area of the National Observatory of Athens (NOA) at Thissio (37° 58′ Ν, 23° 43′ E). The specific 
point is located next to a park (Philopappou Hill) and next to the selected route. It belongs to the NOA and its certified 
analyzers comply with the prescribed calibration intervals. More specifically, Horriba AP-360 series and the Thermo 
49i automatic analyzers were operated for monitoring of NOx (NO+NO2) and O3 respectively on 1 min resolution, 
averaged on hourly basis. A beta-radiation attenuation particulate matter measurement system (Eberline Instruments, 
type FH-62) was operated for the continuous detection of PM10 levels. For the fine fraction of particulates, PM2.5 filter 
samples integrated over 24 hours periods with a Derenda low volume sampler were used. Finally, meteorological data 
(ambient temperature and relative humidity) at the sampling site were recorder by NOA’s automatic meteorological 
station at Thissio (1min resolution).

2.2 Methodology
The first part of the methodology as already mentioned concerned the design of the route and to divide the examined 
area into different zones (Shaibal et al. 2015, Van den Bossche 2016), which included the 6 spots of interest within the 
historical center of Athens. Following similar methodologies (Alas et al. 2019), the route also includes a background 
station for reference where the certified monitoring station is located nearby. The Libelium device was carried and left 
in every spot with its sensors at 1.70 meters above ground level, in order to be as close as possible to human respira-
tory height. 
Subsequently, the interval of the measurements was determined at 10 days, in 3 time periods of each day, morning, 
noon and evening. In every spot we were staying 10 minutes in order to have adequate mean measurement values 
without being affected by any random individually incidents. The time distance from one point to another are about 
10 minutes on foot, therefore the total time needed for a complete individual route was approximately 1h and 30 min. 
In our case, 3 routes were made per day, in order to reflect the different level of pollutant measurements during the 
day, while the purpose of designing this route was to simulate various scenarios of human exposure within the urban 
environment of historic area of Athens. So, the total number performed was 30 routes in 10 random days (June and 
July 2020). At this point has to be mentioned that due to Coronavirus disease (Covid-19) lockdown restrictions that 
had been taken by the Greek government, it was almost impossible to follow a strict daily plan. It should also be em-
phasized that the instrument during transport from one point to another remained on. This is a procedure that should 
be followed, in order to ensure the best performance of the device in data quality measurements and for experimental 
purposes if someone needs to analyze the measurements recorded during the routes. 
Data collection from Libelium device succeed through wirelessly connection by using a portable mobile device con-
nected to internet, adapting internet of things (IoT) common procedures and wireless sensor networks (WSN). Briefly 
described, the device connects directly to Wi-Fi with its integrated Wi-Fi module and post data with TCP connection 
to a storage server, where the packet is decoded and saved for post processing. Wi-Fi credential, attached sensors, mea-
surement interval and server address, are preconfigured during firmware generation on manufacturer’s web applica-
tion, therefore data were encoded with a specific format. The TCP server web application for proof of concept purposes 
is written in Python and can handle a limited amount of concurrent connections. Data packets are binary encoded and 
consists of the sensor’s values, node serial, node ID and some descriptive data for the packet. As a result, a message 
was received that is over 140 bytes long that is unreadable and unusable. The procedure begins with identifying the 
device though its serial ID by checking the packet’s header and the type of the message, as device has alerts for low 
battery and many more. If the packet is a data upload, then the application starts to decode by chopping the data fields 
in the right length and then converts them into numbers. Then by using a specific data measurement processing soft-
ware, developed also by the authors, critical comparisons, value quality, correlations, test of strength of dependence 
and relationship (Pearson, Kendall, Spearman) between all of the variables, even from different stations, is possible. 

3 Results
During this experiment and after walking over 115Km for 10 different days, important outcomes derived. Firstly, as 
was expected, while the experiment took place in just a small area as the historical center of Athens city, great variety 
of every pollutant concentrations was recorded. During validation of the device, as previously mentioned, the mea-
surements related to O3 reviled not such an adequate correlation and therefore no results will be presented for this 
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pollutant. From all the selected spots, Thisio area was the burdened area for NO2, SO2 and CO pollutants (Fig. 2), 
while the highest concentrations recorded during the morning time period. Among the other spots Hadrian Gate and 
Ermou & Evangelistrias are following. Moreover, concerning particle pollution (Fig. 3) same trend as before for PM10 
and PM2.5 is observed, while in the case of PM1.0 the spot Monastiraki Square reveals the highest concentration values. 
It is worth mentioning that outside the station of Thissio, a busy central area of Athens, hosts the long-distance bus 
network of the region of Attica (KTEL Attikis) and especially in the morning, many intercity buses pass by this point 
making stops, maneuvers and park often with the engine on for heating and cooling purposes. Then, at Hadrian gate 
there is a traffic light, the road is uphill and due to frequent and dense traffic the vehicles start and stop, especially in 
the morning and at noon (where the traffic peaks). Relatively high values among the selected spots are also recorded 
at Ermou and Evangelistrias. At this point, it should be emphasized that this is a central point on sidewalks, where 
any vehicle on the move is several tens of meters away. However, the uphill slope of the street that exists from East to 
West, the width of Ermoy Street and its “border” connection (beginning of the street with the end of the street) with 
the road axis obviously creates a “tunnel” with some relatively high concentrations of CO and SO2. Last but not least, 
at Monastiraki Square there is also an inclination of the road, a traffic light with heavy traffic same as in Hadrian Gate 
spot case and in this area near the pavement exists the opening of the Athens Metro ventilation underground pipe.

Fig. 2. Mean concentration values in every spot for NO2, SO2 and CO.

Fig. 3. Mean concentration values in every spot for PM10, PM2.5, and PM1.

4 Conclusions
Till recently, the recording of gaseous pollution was carried out only through fixed monitoring stations. Their data 
networks were managed only by research and government agencies. Stations equipped with specialized instruments 
(analysts), where reliability is ensured by often calibrating the instruments at a huge cost for their acquisition and 
maintenance. Nowadays, technology has enabled the development of a wide variety of instruments and measurement 
techniques that can be used to effectively identify a large number of pollutants and chemicals in the atmosphere. Now, 
the scientific community or even individuals are able to measure pollutants, either by sampling and later analysis in 
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laboratories, or by continuous on-site measurements, or by remote observation. This technological evolution facilitates 
three-dimensional spatio-temporal recording of the atmosphere composition that surrounds us. The given conditions 
offered by technology form a fertile ground for the continuous evaluation of the atmosphere in most places where 
humans live and active. Next steps of research include the identification of best human routes during day concerning 
thermal comfort and air pollution.
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Abstract: Polycyclic Aromatic Hydrocarbons (PAHs) are organic molecules with two to seven fused benzene rings 
characterized by well-recognized toxic and carcinogenic effects. These compounds originate mainly from incomplete 
combustion processes and despite their impact on human health, extensive measurements of PAHs are clearly missing 
in Greek urban areas. In this study, PAHs levels were measured in sixty eight (68) PM2.5 samples collected during an 
one-year period (December 2018
– December 2019) in Piraeus, the largest port in Greece and one of the largest ports in the Mediterranean. Thirty three 
PAH members were identified and their levels and seasonal variability were investigated. The concentration levels 
of PAHs were significantly higher in winter, especially during intense atmospheric pollution events. Specifically, the 
total concentration of PAHs (Σ33 PAHs) was found to be up to ten-fold higher in winter compared to summer. Further-
more, an identification of the emission sources of PAHs was performed using the multivariate statistical method of 
Principal Component Analysis. Finally, the toxic equivalent factor approach based on Benzo(a)Pyrene (B[a]P) was 
used to describe the toxicity of the collected samples and the associated lifetime excess cancer risk.

1 Introduction
Polycyclic Aromatic Hydrocarbons (PAHs) are formed during incomplete combustion processes, like domestic burn-
ing of wood and coal, fossil fuel combustion, internal combustion in vehicles and cooking (Cheruyiot et al. 2015, 
Ringuet et al. 2012). Smoke emitted during Biomass Burning (BB) events has a strong impact on both Particulate 
Matter (PM2.5) mass concentrations and atmospheric chemical composition. Biomass burning and wood smoke are 
major sources of fine PM levels in urban environments, especially during winter (Saffari et al. 2013). In addition, 
during the financial crisis in Greece, the use of fireplaces and woodstoves for domestic heating has considerably in-
creased during winter-time (Theodosi et al. 2018, Grivas et al. 2018). This is a cause of concern since wood smoke 
pollution can induce various health effects (Kocbach Bølling et al. 2009, Naeher et al. 2007).
Benzo[a]pyrene (B[a]P), is the most extensively studied PAH, due to the known carcinogenic impacts associated with 
human respiratory exposure (Guerreiro et al. 2016). In view of this, the European Union (EC, 2004) has set an annual 
mean target value of 1 ng m-3 of B[a]P. Considering the presence of B[a]P in fine particles in the urban environment of 
Athens during winter night-time intense pollution events (IPE) (Fourtziou et al. 2017, Tsiodra et al. 2021), the need to 
monitor its levels is crucial, in order to assess potential health impacts. The current work focuses on the Piraeus port, 
where residential BB pollutants are further supplemented by traffic and shipping emissions, and aims to investigate 
the winter and summer time variations and emission sources of 33 PAH members including B[a]P.

2 Materials and methods

2.1 Study site and Sampling details
Sampling was conducted at the rooftop of the terminal station of the Athens Metro in Piraeus, a few meters from the 
sea-shore, at the passenger sector of the port. The area is heavily affected by port activities whereas the role of traffic 
and residential emissions is also significant. However, due to the increased sampling height (15m), the direct vehicle 
impact is relatively reduced and the station can be considered as representative of levels on a wider spatial scale.
PM2.5 aerosols samples were collected using the low volume sampler, Comde- Derenda GmbH, (LVS 3.1/MVS6.1) 
on Quartz filters (Tissuquartz, 2500QAT-UP 47mm, PALL). The sampling period started on December 2018 and 
finished on December 2019. The sampling duration was 24h (midnight- to-midnight, local time). Sixty eight (68) 
aerosol samples were analyzed, evenly distributed within the sampling period, by representatively covering week-
ends – weekdays and alternating the weekdays.
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2.2Analytical procedure
The filter samples were spiked with a mixture of deuterated surrogate standards and solvent-extracted with an ac-
celerated solvent extraction System (Dionex ASE 300) with a mixture of n-hexane - dichloromethane. The extracted 
samples were purified on a silica column, applying a modified protocol of Parinos et al. (2013) and Gogou et al. 
(1998). PAHs were eluted with 11 mL n- hexane/ethyl acetate. The extract was further concentrated under a gentle 
nitrogen stream. Finally, an internal standard was spiked. The analysis was carried out by an Agilent 6890N Gas 
Chromatographer, equipped with a 30m × 0.25mm ID × 0.25μm film thickness fused silica column (Agilent J&W 
DB- 5MS), coupled with an Agilent Mass Selective Detector (MSD 5973, inert). The analysis was performed using 
a selected ion monitoring (SIM) acquisition program. The chromatographic and mass spectrometric conditions were 
based on the study of Iakovides et al. (2019). Additionally, chemical components, such as organic carbon (OC), el-
emental carbon (EC), water-soluble ions and trace metals were determined according to pre-established laboratory 
procedures (Theodosi et al. 2010, Paraskevopoulou et al. 2014, Bougiatioti et al. 2013).

2.3 Quality Assurance & Recoveries
Field and laboratory blanks were analyzed for quality assurance purposes. Samples were spiked with a standard mix-
ture of 16 EPA deuterated PAHs for the calculation of the recovery efficiencies. The Limit of Detection (LOD) was 
calculated using the average value of three blanks plus their standard deviation multiplied by three.

3 Results

3.1 Winter and Summer Variation
The 33 PAH members were grouped according to their molecular weight (MW). Members with MW between 128-
178 gmol-1, 202-228 gmol-1, 252-300 gmol-1, were characterised as low molecular weight (LMW), medium molecular 
weight (MMW) and high molecular weight (HMW) PAHs, respectively (Table 1.). This classification could provide 
insights in PAHs origins (Zheng et al. 2017). For the purposes of the current study, one PAH member from each cate-
gory was selected, namely Phenanthrene, Chrysene and Benzo[a]pyrene. Phenanthrene is a characteristic LMW PAH 
linked to diesel engine emissions. Chrysene is a MMW PAH, originating mainly from biomass burning processes and 
Benzo[a]Pyrene, is an HMW PAH found in all combustion emissions and as mentioned above is the principally used 
member for the estimation of health risks (Tsiodra et al. 2021).

Table 1. LMW, MMW and HMW PAH members.
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The winter-time (twenty samples) and summer-time (seventeen samples) variation of these three PAHs is presented 
in Figure 1. In winter, B[a]P accounts for 7.1% of the total concentration of 33 PAH members. On the contrary, in the 
Summer B[a]P accounts for only 0.9% of Σ33 PAHs. The average concentration of Benzo[a]Pyrene in winter was 1.14 
± 1.00 ng m-3, which is significantly higher than in the summer (0.023 ± 0.016 ng m-3) (Table 2.). Furthermore during 
winter, more than half of the samples surpassed the value of 1 ng m-3. Although the mean annual value set by the Eu-
ropean Union can’t be used for direct comparison in shorter-term period (i.e. seasons, days), the enhancement of B[a]
P levels in Piraeus indicates potentially severe health risks for the population during the winter season.

Fig. 1: Winter and Summer Variation of Benzo[a]Pyrene, Chrysene and Phenanthrene concentrations.

Moreover, in winter, Chrysene and Phenanthrene account for 6.1% and 0.7% of the total concentration of 33 PAH 
members respectively. On the contrary, in the summer, Chrysene and Phenanthrene account for 1.4% and 26.2% of 
the Σ33 PAHs. The average concentration of Chrysene in winter was 0.99 ± 0.86 ng m-3 which is higher than in sum-
mer (0.034 ± 0.021 ng m-3), due to the increased wintertime biomass burning events (Table 2.). On the other hand, 
the average concentration of Phenanthrene in summer was 0.66 ± 0.89 ng m-3 which is higher than in winter (0.11 ± 
0.05 ng m-3), as a result of more intense traffic conditions around the port and increased maritime activity during the 
summer season (Table 2.).

Table 2. Winter, Summer and whole sampling period average concentrations of three PAH members.

3.2 Investigation of PAHs emission sources
In order to assess the potential emission sources of PAHs in the atmosphere of the Piraeus port, the results were pro-
cessed by applying the multivariate statistical method of principal components analysis (PCA) with Varimax rotation 
(Iakovides et al. 2019). Specific chemical markers, arising from PM2.5 samples analysis, were used to estimate the 
sources of PAHs. The method applied to the whole dataset derived from the sixty eight aerosol samples. According 
to the results, eight factors have been retained from the PCA explaining 81% of the dataset variance. Τhe extracted 
sources include vehicular traffic, shipping, biomass burning, secondary particles, marine aerosol and dust particles. 
The HWM (5 to 7 rings) and the MMW (4 rings) PAHs are grouped with data resulting from combustion processes 
in one factor. The combustion related factor includes emissions from vehicles, ships and heating (central heating and 
biomass burning) during the winter. It accounts for 21.1% of the observed variability and along with MMW and HMW 
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PAHs contains components originating from Biomass Burning processes (OC, EC, NO -, K+ and Pb) as well as com-
ponents originating from vehicular traffic and shipping activities (OC, EC, NO -, Cu and Sb).

4 Conclusions
During the study conducted at the Piraeus port in Greece on 2018-2019, Benzo[a]Pyrene and Chrysene concentra-
tions were much higher during the cold season than during the warm season, due to the combustion processes related 
to domestic heating. On the other hand, Phenanthrene concentrations were higher during the warm season, due to the 
intense vehicular and marine traffic. According to the results of the PCA method, Middle and High Molecular Weight 
PAHs were mainly linked to biomass burning, traffic and activities related to shipping. The dominance of wood burn-
ing during winter, results in a high contribution of B[a]P to the levels of 33 PAH members determined during the cold 
period (7.1% of the total mass of PAHs in contrast to the 0.9% observed in summer). Οn the contrary, Phenanthrene 
accounts for 26.2% of the total PAHs concentrations in summer and 0.7% in winter, as a result of the increased diesel 
engine emissions during summer.
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Abstract: Atmospheric amines have a variety of natural and anthropogenic sources. They are stronger bases than 
ammonia and have been shown as an important contributor to new particle formation in the atmosphere. Amines mea-
surements are scarce and mostly covering short time-periods because they are highly reactive and therefore present 
in low concentrations. In order to determine the atmospheric levels of gaseous amines in the East Mediterranean, a 
methodology developed to sample and analyze alkylamines has been optimized, standardized and used.
Samples were collected at the Finokalia monitoring station of the University of Crete on the north east coast of Crete, 
using glass fiber filters impregnated with phosphoric acid in order to trap gas-phase amines in the form of salts. The 
filters were stored in refrigeration until analysis by a Liquid Chromatography Triple Quadrupole Mass Spectrom-
eter. Ethylamine, dimethylamine, trimethylamine, propylamine, diethylamine and triethylamine are the here studied 
amines. 

1 Introduction
About 150 amines and 30 amino acids have been identified in the atmosphere emitted by several natural and anthro-
pogenic sources. Animal husbandry, various industrial processes, combustion, composting operation and automobiles 
are the main anthropogenic sources while ocean, biomass burning, vegetation, and geologic sources consist the main 
natural ones (Ge et al. 2011). 
Amines are derivatives of ammonia and their acid-neutralizing capacity is very important even in the presence of am-
monia (Sorooshian et al. 2008). Due to their higher basicity, amines are likely to bind to sulfuric acid molecules more 
efficiently than ammonia and they may play a key to new particle formation (Kurtén et al. 2008, Kürten et al. 2016). 
However, even at such low concentrations they can affect atmospheric composition. Almeida et al. (2013) showed that 
few pptv of dimethylamine can enhance the nucleation rate by more than three orders of magnitude compared to NH3 
(Almeida et al. 2013).
Amines’ high reactivity in combination with their neutralizing capacity and their low concentrations incommode the 
detection of amine’s concentrations in the atmosphere. So, their measurements are scarce and mostly covering short 
time-periods. Moreover, the majority of the studies took place in cities, urban and suburban areas.
In the present study, the methodology of sample collection and subsequent analysis for the detection of gas-phase 
alkylamines initially developed by (Kieloaho et al., 2013) has been optimized and standardized for samples in the 
Eastern Mediterranean. Specifically, dimethylamine (DΜΑ, (CH3)2NH), ethylamine (EA, (C2H5)NH2), trimethylamine 
(TMA, (CH3)3N), propylamine (PA, (C3H7)NH2), diethylamine (DEA, (C2H5)2NH) and triethylamine (TEA, (C2H5)3N) 
have been detected in the atmospheric gas-phase at the Finokalia station. This study is therefore limited to the detec-
tion of gaseous amines in the remote coastal atmosphere at Finokalia station. The potential association of their levels 
to the observed at the site new particle formation (Kalivitis et al., 2019)”ISSN”:”16807324”,”abstract”:”© 2019. This 
work is distributed under the Creative Commons Attribution 4.0 License. Atmospheric new particle formation (NPF 
as suggested by (Almeida et al. 2013). is the topic of a separate ongoing study.

2 Data and Methodology

2.1 Measurements site 
For this study atmospheric samples have been collected at the atmospheric monitoring station of the University of 
Crete at Finokalia (35˚20΄N, 25˚40΄E, 250m a.s.l), a remote site on the north east coast of the island of Crete 50km 
away from the nearest major urban center Heraklion (http://finokalia.chemistry.uoc.gr/, Figure 1). The site that op-
erates since 1993 is well characterized (Mihalopoulos et al. 1997)nitrate (NO3? and representative for the marine 
background conditions of the Eastern Mediterranean (Lelieveld et al., 2002), with negligible influence by local anthro-
pogenic sources.
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2.2 Sample collection 
The sampling and the analytical methods were based on the procedure introduced by (Kieloaho et al., 2013) with opti-
mizations for the ambient samples at Finokalia and the analytical system used at the University of Crete for subsequent 
analysis. Overall 111 samples were collected in 2015. Every week three samples were collected, one weekly and two 
3-days samples that were operated in parallel. Here we focus on the 3-days samples.
The samples were collected in filters that were appropriately treated prior sampling. For each sample three filters were 
collected using a triple filter holder (Figure 1). The upper filter in the holder was a polytetrafluoroethylene (PTFE) 
filter (ZefluorTM 2.0μm, 47mm, Pall Corporation, Michigan, USA) that was used in order to collect the particles. The 
second filter in the holder was a glass fiber filter (GFF, 1.5 μm, 47mm Whatman, Fisher Scientific) impregnated with a 
solution of sodium carbonate / glycerole, which was used for trapping sulfuric acid (H2SO4). The third filter was a GFF 
impregnated with phosphoric acid (H3PO4), which was used for trapping gas-phase amines as salts. The treatment of 
the latest GFF filters was in accordance with Rampfl et al. 2008 (Rampfl et al., 2008). Amines reacted with H3PO4 and 
formed aminium phosphate (R3NH+H2PO4

-). H3PO4 that was used was 5% in methanol. After impregnation, the metha-
nol was removed from filters in a drying oven at 650C with air. As acid-base indicator, bromocresol green was used for 
the visualization of the sorbent saturation. Sampling was performed 3m above ground level using a pump with a flow 
rate of 16L/min. Samples were subsequently transported to the laboratory where they were stored in freezing (-180C). 

Figure 1. from left to right: The location of Finokalia station on the northeast coast of Crete, view of the station, and 
sample collector with a triple filter holder used for gas-phase amines sampling. 

2.2 Analytical method 
Before extraction of amines from the filters, an internal standard, deuterated diethyl-d10-amine (C/D/N Isotopes INC., 
Quebec, Canada) was injected on each filter. Applying the extraction procedure presented by Kieloaho et al. (2013), 
who used ultrapure water to extract amines from the H3PO4-impregnated filters, resulted in deformed peaks of the 
detectable compounds in our chromatograms.
 To improve the chromatograms many tests were performed in the laboratory; extraction was performed with differ-
ent apparatuses (for example a rotor), different materials, different temperatures. Measuring the pH of the extracts, 
we concluded that the extraction with ultra-pure water produced too acidic extracts for our analytical column (which 
operates within a pH range of 2.0 to 7.5). Controlling the pH of the extracts by using a buffer solution improved the 
chromatograms. Sensitivity tests to determine the appropriate buffer solution and the appropriate pH were performed. 
Several buffer solutions were tried, such as Potassium Phosphate buffer of several concentrations (1M, 1.2M, 1.5M), 
Pyrolidine of several concentrations (2Μ, 1M, 0.5M, 0.1M 0.005M 0.001M). They were unsuccessful, as we could not 
achieve the desirable pH. Finally, using a buffer solution of NH4OH/NH4Cl of 8.58 pH in an ultrasonic bath for 1 hour 
was found to be the optimal condition for aminium ions extraction from the H3PO4-impregnated filters.
The extracts were analyzed at the Department of Chemistry of the University of Crete by a high-performance liquid 
chromatography (HPLC) triple quadrupole mass spectrometer (TSQ Quantum Mass Spectrometer System, Thermo 
Finnigan, CA, USA). The reverse phase HPLC was equipped with a LC pump, injector and autosampler (Surveyor 
Autosampler, CA, USA). A Discovery® HS F5 HPLC was used as analytical column (10 cm x 2.1 mm, 3 μm) and a 
Discovery® HS F5 Guard Column Kit was used as a pre-column (2 cm x 2.1 mm, 3 μm) (both Supelco Analytical, 
Bellefonte, PA, USA). As solvents acetonitrile and water, with 0.02% of formic acid as ion-exchange regent, were 
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used. The analytical method used, has been modified when compared to the proposed by Kieloaho et al. (2013). A 
shorter analytical column (10 cm instead of 15 cm) has been used and the flow rate has been reduced accordingly (from 
250 μl/min to 200 μl/min here). In addition, the time of the analysis has increased by 10 minutes to allow full elution of 
sample and thus resulting in a sufficiently clean column for the next analysis. The analysis ran for 40 minutes with flow 
rate 200 μl/min. Gradient elution was performed with an increasing content of acetonitrile from 5% the first 5 minutes 
to 25% the following 7 minutes, 50% during the next 23 minutes and finally it was decreased to 5% during 5 minutes. 
The chromatograms were divided into segments for each amine and for each segment a target compound-specific mass 
range was followed by a mass spectrometric analysis, for achieving higher analytical precision. The analytical column 
was unable to separate all the alkylamines and hence DMA and EA, eluted together were handled as pair. The precision 
of the analysis was defined as the percentage coefficient of variation (CV%) of 6 parallel analyses of standard solu-
tions. The detection limits were reported as three times the standard deviations of the field blanks. 

3 Results
Six alkylamines in the gas phase were studied in the eastern Mediterranean atmosphere, dimethylamine (DΜΑ), ethyl-ΜΑ), ethyl-), ethyl-
amine (EA), trimethylamine (TMA), propylamine (PA), diethylamine (DEA) and triethylamine (TEA), with an offline 
system: sampling on filters and subsequent extraction and analysis with a high-performance liquid chromatography 
coupled to a triple quadrupole mass spectrometer. DMA and ΕΑ, which have the same molecular masses were eluted 
together and thus could not be quantified individually. The precision of the method was found at 4 -6%. The detection 
limits were low: 1.69, 0.84, 0.22 and 0.54 pptv for DMA+EA, TMA, DEA and TEA, respectively. DMA + ΕΑ, TMA, 
DEA and TEA were detected above detection limits, while PA wasn’t found in our samples. DMA+EA, TMA, DEA 
were detected in the 83%, 86% and 41% of our samples, respectively. TEA, which concentrations were close to the 
detection limit, was detected in about the 17% of our samples. 
DMA+EA and TMA were the most abundant alkylamines throughout the whole period, with average concentrations 
10.82 ± 8.32 and 13.22 ± 9.63 pptv respectively. The average concentration of DEA was 0.73 ± 0.22 pptv and the aver-
age concentration of TEA was 0.61 ± 0.54 pptv.

4 Conclusions
In the present study, a method for the determination of the atmospheric levels of gaseous amines in the eastern Medi-
terranean, has been optimized and standardized. Alkylamines measurements at Finokalia covered the entire 2015; 111 
samples have been analyzed with different sampling duration (7 or 3-days). The sampling and analytical procedures 
were based on Kieloaho et al. (2013) but a lot of adjustments were performed for our samples and system as explained 
in section 2. These concerned mainly the control of the pH of the extracts and ii) the use of a smaller analytical column 
and a lower flow rate. The extraction of H3PO4-impregnated filters using ultrapure water produced very acidic extracts 
that were not appropriate for the used analytical column and leaded to chromatograms’ deformation. Controlling the 
pH of the extracts by using a buffer solution NH4OH/NH4Cl of 8.58 pH improved chromatograms. In addition, a 33% 
shorter analytical column and 20% lower flow rate compared to those used by Kieloaho et al. (2013) have led to 25% 
longer analysis time. 
DMA and ΕΑ, which have the same molecular masses were quantified as a pair. DMA + ΕΑ, TMA, DEA and TEA 
were detected above detection limits of 1.69, 0.84, 0.22 and 0.54 pptv, respectively, while PA was not found in our 
samples. DMA+EA and TMA were the most abundant alkylamines throughout the whole period with average concen-
trations of 10.82 ± 8.32 and 13.22 ± 9.63 pptv respectively.
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Abstract: Organics are a significant fraction of the sub-micrometer particulate matter (PM), although only a small 
fraction of them has been identified so far. Field measurements using High-Resolution Time of Flight Aerosol Mass 
Spectrometers (HR-ToF-AMS) have advanced our knowledge of organic fine PM. However, the high cost of the AMS 
and its transport difficulties make its use impractical in many cases. In this study, the HR-ToF-AMS was utilized to 
characterize off-line organic ambient particulate matter which was collected on quartz filters. The method was applied 
to 17 filter samples collected at the Institute of Chemical Engineering Sciences (ICE-HT) in Patras. The sampling was 
conducted during autumn (16 filters collected), and winter (1 filter). The winter filter sample was collected during fat 
Thursday to test the method in periods with high concentration of cooking aerosol.

1 Introduction
Aerosols or particulate matter (PM) are suspended particles in the Earth’s atmosphere. They are formed by either direct 
emission or by conversion of gases in the atmosphere and are characterized by their size and chemical composition. 
Aerosols play an important role in the physical and chemical processes occurring throughout the atmosphere. Atmo-
spheric PM can cause health problems and low visibility at high concentrations. The health effects of PM are caused 
by both short- and long-term exposure to high aerosol concentrations. Many components of PM are characterized 
as carcinogens, such as polycyclic aromatic hydrocarbons (PAHs), other compounds that come from diesel engines, 
metal oxides etc.
Organic compounds are one of the most important components of atmospheric PM, representing 20- 90% of the total 
aerosol mass concentration. Organic acids, paraffins, olefins, aldehydes, etc. are some of the organic compounds. Al-
though there are thousands of different chemical species, only a small fraction of them have been identified and quanti-
fied. 
HR-ToF-AMS has been used so far for the characterization of the aerosols in both laboratory and field studies. Its con-
tribution is of major importance in the better understanding of the aerosols. AMS is one of the few instruments which 
can provide information for both the size distribution of the particles, their concentration and their chemical composi-
tion at the same time. It can provide quantitative mass spectra of the non-refractory components, which in combination 
with advanced factor-based receptor models such as positive matrix factorization, can lead to the understanding of 
the sources of the emitted aerosols. However, it is very expensive with its cost approaching half a million euros. As a 
result, there is only one such instrument in Greece, making it impossible for conducting on-line measurements in more 
than one location at the same time.
Even though the use of the AMS has significantly enhanced our knowledge in atmospheric aerosols, in some circum-
stances it can be considered as impractical. The HR-TOF-AMS in its current version is mounted in a single mobile 
rack with the vacuum system, the mass spectrometer and the electronics. The rack dimensions are 104×61×124 cm. 
The HR-ToF-AMS weighs about 200 kg and under sampling conditions has a power consumption of approximately 
600 W (Drewnick et al., 2007). Obviously, its transport to the field is demanding and sometimes impossible, especially 
in places inaccessible by trucks.
The main purpose of this work was to develop and test an effective and economic way to characterize organic aerosol 
by AMS off-line. The main idea was to collect the particles onto filters and then analyze them with the use of the AMS 
in the laboratory. Therefore, instead of moving the instrument to the field, we collect ambient samples on filters and 
transport them to the laboratory. As a second goal, we tried to characterize the sources of the ambient aerosols, using 
positive matrix factorization analysis of the AMS measurements.
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2 Data and Methodology

2.1 Data
The atmospheric measurement station is located at the Institute of Chemical Engineering Sciences (ICEHT) in Platani 
Rio (38° 17 ‘52’’ N, 21° 48’ 31’’ E), an eastern suburb of Patras about 8 kilometers from the city center. The area is 
surrounded by low vegetation and olive trees with small settlements within 1 km and the University of Patras 2 km 
away. The most important anthropogenic activities beyond the city include an industrial area, about 16 km southwest 
of the city center and the port of Patras, about 2.5 km southwest of the city.
The ambient measurements were conducted at ICEHT/ FORTH for nine days (October 26 to November 3). Each sam-
pling started at 12:00 and lasted 24 h. Two quartz filters (PALL, 47 mm O.D) were collected per day. A sample using 
a high-volume sampler for 24 h also collected on February 28, using a quartz filter (101.6 mm O.D.).

2.2 Methodology
In this study a HR-ToF-AMS (Aerodyne) was utilized in order to characterize on and off-line the organic PM in a sub-
urban area. The off-line method was based on the work of Daellenbach et al. (2016) and Bozzetti et al. (2017), but with 
a number of differences in the extraction and atomization steps. The PM was collected in quartz filters (47 mm O.D.) 
by a Speciation Air Sampler system (Met One Instruments) and a fraction of the filter (40% of the filter) was extracted 
in 15-25 mL of ultrapure water, with the help of an ultrasonic sonicator. The different quantities of water (Vw=15, 20 
and 25 mL) were used for each sample in order to find the optimum volume of water. Also the effect of filtration of the 
extract was investigated. Samples were then steered, to ensure their homogeneity (Daellenbach et al., 2016; Bozzetti et 
al., 2017). The extracts are subsequently placed in a syringe pump working at a flow rate of 15 L min1, and filtered with 
a PTFE filter (Pall Corporation, IC Acrodisc 13mm with Supor (PES) Membrane, effective filtration area (EFA) 1 cm2), 
in order to remove filter debris (Riipinen et al., 2015; Saarikoski et al., 2007). The extract was then atomized using a 
TSI atomizer and the produced droplets were dried using a silica gel dryer. The resulting aerosol was characterized by 
the HR-ToF-AMS. The data were analysed using high-resolution analysis fitting procedures, Squirrel v1.52L, and Pika 
v1.10C, in the IGOR Pro software package.  Before and after each measurement, a blank experiment was conducted. 
Ultrapure water was atomized and then the produced droplets were dried and measured by the AMS, similarly with 
the sample. 
The amount of water used for the extraction should be chosen carefully. If less water is used than what is needed, 
the extraction will be poor. This means that some of the particles will not dissolve in the aqueous phase. This will af-
fect both the concentration and the mass spectrum of the atomized OA. On the other hand, if more water is used than 
necessary, the extract will be more diluted, and as a result the concentration of the produced OA will drop, while the 
concentration of the impurities will increase. The amount of water used for the extraction was selected so it can give 
an acceptable value of P parameter. The P parameter (cm3 m-3) proposed by Psichoudaki and Pandis (2013), describes 
the quantity of the solvent (water in this work) per volume of air sampled. It is proportional to the water volume used 
for the extraction (Vw in cm3) and inversely proportional to the sample volumetric flow rate (Q in m3 min-1), the fraction 
of the filter’s surface used for the analysis (f) and the sampling time (𝛥𝑡 in min ): 

                                                                                                                                

The typical values of the P parameter range from 0.01 cm3 m-3 to 1 cm3 m-3 and the higher is the P value, the more com-
pounds can dissolve to the water. In this work the P parameter was around 1 cm3 m-3.

3 Results
Table 3.1 shows a list of all the measurements performed. In most cases two experiments were taken place, with dif-
ferent amount of water used in each one. All the other parameters such as, the fraction of the filter, the flow rates etc., 
were constant and the same in all cases.
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Table 5. List of all the measurements performed. 

The atomic oxygen to carbon ratios for all the samples are compared in Fig. 1. Low O:C ratios are characteristic of 
fresh emissions, while high ratios show that organic aerosol has remained for considerable time in the atmosphere and 
has been oxidized (Caragaratna et al., 2015). For all 10 samples the O:C of the off-line analysis is within 0.1 units of 
the O:C measured on-line. In almost all cases the off-line value is lower than the on-line value (sample 10 collected 
during fat Thursday) and increases with increasing water volume. These results suggest that as far as the O:C is con-
cerned the Vw =25 mL provides the best agreement with the ambient measurements for this quite oxidized OA in Patras.

Figure 9: Comparison between ambient and offline O:C. 

In an effort to examine whether the offline AMS technique maintains the OA mass spectra of the ambient aerosol, the 
online and offline spectra were compared. A typical comparison for the sample collected during October 27 for Vw = 
20 mL is shown in Fig. 2. The spectra were quite similar with their angle being 8o. Their major difference was at m/z 
44 (CO2

+) with the offline value being less than the online one. This may suggest that some of the most oxidized com-
pounds were not extracted during our analysis.
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Figure 10. Comparison of the organic mass spectra between the offline and the ambient OA for October 27.

The measured ambient organic mass spectra from the HR-ToF-AMS were deconvoluted into different factors, using 
PMF analysis (Paatero and Tapper, 1994), in order to characterize the sources of the organic aerosol. The PMF analysis 
was done separately for the period October-November, and for the February 28 sample.
For the period October 26 to November 3, two factors were found to explain the variability of all the measured mass 
spectra, one primary and one secondary. The first factor was a cooking OA/ hydrocarbon-like OA (COA/HOA) factor. 
COA corresponds to cooking-related organic aerosol, while hydrocarbon-like OA (HOA) represents the primary OA 
from fossil fuel combustion. Characteristic peaks of this first factor are the ones in m/z’s 41, 43, 55, 57, 66 and 69. The 
second factor was an oxygenated OA (OOA) factor. OOA is generally dominated by secondary organic aerosol formed 
in the atmosphere from gas-to-particle conversion processes of the oxidation products of volatile organic compounds.
A PMF analysis of the ambient organic mass was also made for February 28 measurements. In this day high cooking 
emissions exist all over the area. In this case three factors were needed to reproduce the measurements, two primary, 
and one secondary. The first is a cooking OA (COA) factor, as expected. The second is a biomass burning OA (BBOA) 
factor. Characteristic peaks for the BBOA are the m/z’s 60, 73 and 91. The third factor is an oxygenated one (OOA). 
The fractional time series of the three factors are depicted in Fig. 3. The concentration of the COA factor started in-
creasing at 11:00, peaked at 14:00 remained high for 14:00 to 19:00 and peaked again at 20:00. By midnight it had 
dropped to very low levels. This is quite consistent with the cooking patterns in the Rio area and in Patras in genes. 
The OOA had a more even pattern increasing from 2 to 3 μg∙m-3 at 20:00. The BBOA peaked in the evening reaching 
3 μg∙m-3, once more a pattern consistent with the expected activity. 

Figure 11 Fractional contribution time series for the three factors for Feb. 28, 2019.

4 Conclusions
Filter samples were collected in FORTH-ICEHT for 9 days, in order to characterize the organic particulate matter. Co-
located ambient measurements were also performed by the Aerosol Mass Spectrometer. The extraction of the filters 
was done with different amounts of water each time. The different quantities used, were 15, 20 and 25 mL. Compari-
sons were made between the different offline methods and the ambient, in order to find the optimum volume of water. 
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The extraction in 25 mL of water gave the closest atomic oxygen to carbon ratio, to the ambient. On the other hand, 
comparisons between the offline and the ambient organic mass spectra, showed that the 20 mL method had the best 
agreement. The 20 mL method is recommended for the aerosol characterization for daily samples with average con-
centrations around 2 μg∙m-3 of OA.
Both the offline and the ambient spectra showed that the aerosol was highly oxygenated, The PMF results showed that 
the aerosol contained 71% oxygenated OA for the autumn samples and 61% for February 28. For the autumn samples, 
the COA/ HOA factor contribution to the total organic mass was 29%. On February 28 (Fat Thursday) the COA factor 
was the dominant for the cooking period and the OOA for the rest. 
Conclusively, comparisons between the ambient and the off-line results showed very good agreement. Part of this 
agreement was due to the fact that most part of the OA was OOA and therefore quite soluble in water. However, our 
approach appears to have captured also the cooking and hydrocarbon-like OA as evidenced by the agreement of the 
spectra for m/z 55 and other m/z characteristic of these OA components.
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Abstract: Dust transportation originating from Northern Africa takes place quite frequently over the central and 
eastern Mediterranean. The presence of huge amounts of dust in the atmosphere has negative impacts on air quality, 
airport traffic, renewable energy sources and seriously affect people daily life. The present study examines the prevail-
ing atmospheric conditions during Mediterranean dust storms in the central-eastern Mediterranean, with emphasis to 
the vertical profiles of temperature and humidity. For the needs of the study, measurements from AERONET (AErosol 
RObotic NETwork) ground-based stations and nearby radiosonde stations were used. The obtained results show that 
extreme dust events (with AOD550nm values larger than 0.4) are associated with stable atmospheric conditions between 
250 and 750 m above the Earth’ surface, suppressing convection and contributing significantly to the confinement of 
polluted air masses in the lower and middle boundary layer.  

1 Introduction
Dust storms are a common phenomenon at global scale, but mainly occur over the Middle-East, North-Africa, North-
China and Australia (Tsolmon et al. 2008). These events affect the daily life, and put the living environment, economy 
and health at risk. By injecting dust into the air, dust storms cause pollution, respiratory diseases, negative impacts in 
the natural environment and agriculture production (e.g. by depositing dust on the ground, they reduce grain produc-
tion by affecting photosynthesis, and spread viral diseases by carrying virus-spores from source to many other places), 
low-visibility and interrupted transportation and aviation. On the other hand, mineral dust contains micronutrients 
such as Fe and P that have the potential to act as fertilizers, increasing primary productivity in the Amazon rain forest 
as well as the equatorial Atlantic Ocean (Bristow et al. 2010). The main sources of dust are deserts, arid or dry regions, 
and when strong surface wind uplifts fine-grained dust particles into the air, strong turbulence or convection diffuses 
this dust to a large area, and strong wind shear carries this dust over long distances away from the main sources (Shao 
2008).

The present study is an attempt to examine atmospheric lapse rates and humidity profiles during dust storm events in 
the central-eastern Mediterranean. The area selected for this study is the greater Mediterranean basin, because it hosts 
systematic and frequent dust transport and episodes (Gkikas et al. 2013, 2016), and also because it is one of the most 
climatically sensitive areas of the globe (IPCC, 2014) being characterized by frequent presence and significant loads 
of dust (Gavrouzou et al., 2021, Gkikas et al. 2021) and by large amounts of solar radiation (Hatzianastassiou et al., 
2005).

2 Data and Methodology
Two different datasets were used in the study. The first one comprises data from the AERONET (AErosol RObotic 
NETwork) ground-based network of stations. More specifically, for selected periods (Table 1) during which significant 
dust transportation affected the central and eastern parts of the Mediterranean basin, the AOD550nm (Aerosol Optical 
Depth) data at 550nm from AERONET stations located within the dust-affected areas. Also, for the selected periods 
of dust transportation, all the available radiosonde measurements from meteorological stations close to the selected 
AERONET stations were taken from NOAA/ESRL (National Oceanic and Atmospheric Administration/ Earth System 
Research Laboratory). For the needs of this study, data from 19 different AERONET stations and 16 nearby radiosonde 
balloon stations, were used (Fig. 1). The data used spanned the periods of nine different dust transport episodes that 
took place over the central and eastern Mediterranean (Table 1). The dust transport episodes were selected using the 
approach followed by Kolios and Hatzianastassiou (2019), where a dust transportation episode must have a distribution 
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of AOD550nm values for all used stations with a 95th percentile value larger than 0.5 (i.e., if at least 5% of the total num-
ber of recorded AOD550nm values from all used stations during every case study period exceeded the threshold of 0.5).

Fig. 1. (a) Locations of the 16 radiosonde balloon (pink colored circles) and 19 AERONET (open cirles) stations whose data were 
used in the present study.

Table 1. The periods (start and end dates) of the nine dust episodes over the central and eastern Mediterranean basin that are ex-
amined in the study. Data from AERONET and radiosonde stations (Fig. 1) for these periods are used in the present work.

The radiosonde data were spatially and temporally correlated with the data from the AERONET stations. The criteria 
for this correlation are the existence of: (i) up to one-hour time difference between the radiosonde and the AERONET 
measurements and (ii) up to 150 km distance between the location of a radiosonde and the location of an AERONET 
station. Any AOD550nm measurement fulfilling the two above mentioned criteria, was linked with the atmospheric 
profile measurements of the relative radiosonde. To ensure that the selected dust transport study periods (case-studies 
related to dust transportation) are appropriate, and that the associated AERONET AOD550nm data are high enough, two 
representative histogram plots providing the frequency distribution of the utilized AOD550nm data (79300 different val-
ues for the studied nine dust episodes) were produced and are shown in Fig. 2a. It can be clearly seen that 25% of the 
distribution has AOD550nm values larger than 0.38, while 5% of them has AOD550nm values larger than 0.78. Figure 2b 
shows that during all the studied cases (distributed with respect to the year and date of their occurrence) the AOD550nm 
values were high (larger than 0.5) which indicates that all the selected study cases refer to dust episodes. Afterwards, 
this large and appropriate AOD550nm dataset has been spatiotemporal correlated with the radiosonde (temperature and 
humidity) measurements. 
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Fig. 2. (a) Frequency distribution of the AOD values from the 19 AERONET stations (Fig. 1) whose AOD data during the selected 
case-study periods (Table 1) were utilized in this study, (b) the utilized AOD values with respect to the year and the julian day of 
their measurement.

The spatiotemporal correlation of the two different datasets (AOD550nm and radiosonde temperature and humidity data) 
that was conducted applying the abovementioned criteria, led to a final sample of 17563 AOD550nm values connected 
with the associated closest (spatially and temporarily) atmospheric profiles from the radiosonde measurements. It is 
noted that the final sample contains pairs of values from all the examined periods.
Subsequently, the sample of data was split in four classes, in order to examine the average atmospheric profiles under 
very low, low, high and very high AOD550nm values. These AOD550nm classes were defined with the method proposed by 
Kolios and Hatzianastassiou (2019) and are: (0.0, 0.1), (0.1, 0.35), (0.35, 0.6) and (0.6, 2.2), corresponding to “very 
low”, “low”, “high” and “very high” AOD values, respectively. 

3 Results
The mean atmospheric profiles of the air temperature and the dew point temperature, for the four examined AOD550nm 
classes, are given in Fig. 3. 

Fig. 3. Mean atmospheric air temperature and dew point temperature profiles for the four examined classes regarding the height 
AGL. Classes 1, 2, 3 and 4 correspond to “very low”, “low”, “high” and “very high” aerosol loads (AOD550nm values).
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It can be noticed that, in general, the air temperature values of the first class (Fig. 3a) are colder than those of the rest 
three classes, which are referred to significantly larger AOD550nm values. More specifically, until the height of 1000 
m above ground-level (hereafter, AGL), the temperature values of classes 2, 3 and 4 vary between 20oC and 25oC, 
i.e. values that are significantly higher than those of class 1 (8–15oC), which actually represent the absence of dust in 
the atmosphere. Moreover, a temperature inversion is depicted in all classes, at altitudes ranging from 500 to 2000 m 
above AGL. Another interest finding is that the difference between the air temperature and dew point temperature is 
larger for class 4 (Fig. 3d) than for the other classes, up to 2000 m AGL, indicating drier air, i.e. lower relative humid-
ity, in the case of high dust loads in the boundary layer. This finding, along with the fact that in case of high dust loads 
higher temperatures also exist up to this height, as well as the existence of temperature inversion up to the same height, 
indicate that the presence of significant dust loads in the lower troposphere have significant effects on the atmospheric 
lapse rates and stability. 
Another important result is the behavior of atmospheric humidity during the examined dust episodes. The altitude de-
pendent difference between air temperature and the dew point temperature is depicted in Fig. 4 for the four AOD550nm 
classes. It can clearly be seen that the atmospheric boundary layer is relatively dry, highlighting the drying of the lower 
troposphere produced by the presence of dust loads at such heights, through the warming induced by the absorption of 
solar radiation, also leading to the creation of temperature inversion in the height limits of the atmospheric boundary 
layer (Fig. 4).

Fig. 4. Difference between the air temperature and the dew point temperature in different heights AGL for the four classes (dif-
ferentiated by the different colors) of the examined dust episodes in this study. 

4 Conclusions
The present study examines the effects of dust outbreaks in the central and eastern Mediterranean basin on atmo-
spheric temperature lapse rates, humidity and stability. To this aim, ground-based AOD550nm data from 19 stations of 
the AERONET network were spatiotemporally correlated with radiosondes from nearby meteorological stations, in 
order to reproduce the atmospheric air temperature and dew point temperature profiles during nine significant dust 
episodes that occurred over the study domain. The study confirms the warming of the lower troposphere and existence 
of temperature inversion in the atmospheric boundary layer, up to 2000m AGL, due to the presence of high dust loads. 
In addition, the atmosphere is relatively dry (low relative humidity) in its lower layers (up to 2000 m) during the dust 
episodes, highlighting another important effect of high dust loads on atmospheric conditions. 
In the future, it is planned to compare the radiosonde measurements during the examined dust episodes with corre-
sponding vertical profiles computed by state-of-the-art models, in order to test the ability of such models to reproduce 
the creation of such temperature inversions during intense dust episodes over the Mediterranean basin and also to 
examine the spatial extent of such inversions. 
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Abstract:   Amid rapid urbanization and with knowledge lacking about the form and functions of current cities, the 
need for quick and precise tools and methods to acquire such information is crucial. Through this necessity the WU-
DAPT (World Urban Database Portal Tools) initiative was born, implementing the already existing Local Climate 
Zones (LCZ) classification system for describing the urban environment and land use in combination with remote 
sensing tools and methods. In this paper a WUDAPT modification is applied in Thessaloniki, Greece and is compared 
with two other coastal Mediterranean cities, namely Lisbon, Portugal and Barcelona, Spain. Results indicate similari-
ties and differences in terms of LCZ-related urban characteristics, demonstrate methodological limitations, and reveal 
dependencies between urban form and urban climate. 

1 Introduction
In order for urban scientists to acquire comparable data concerning cities in the same urban ecoregion (Demuzere et 
al. 2019) the LCZ system (Stewart and Oke, 2012) was employed as a guide for the WUDAPT program. The vision 
behind WUDAPT is the collection of information concerning the form and functions of cities around the globe, hence 
the inclusion of the LCZ system for promoting a neutral and consistent way of description for city characterization. 
WUDAPT also provides access to a database of the already classified cities. The LCZ system uses a range of urban 
canopy parameters (UCPs) that support its application worldwide. Some of these parameters reflect spatial charac-
teristics of urban structures (height, width etc.), estimate surface properties (roughness, albedo etc.) and quantify the 
percentage of surface types (impervious, pervious etc.). Different variations of UCPs modify the airflow, atmospheric 
heat transport, shortwave and longwave radiation balances, moisture availability, and heating cooling potential on the 
ground (Stewart & Oke, 2012). The system consists of 17 distinct categories, 10 describing the build-up areas and 7 
describing the natural.

To acquire the LCZ map of a city one may follow two paths, depending on the availability of the data. If the city of 
concern has already been classified and has passed the cross-validation test, one is able to use the provided data. If 
that is not the case, one has to prepare their own data. Even though Thessaloniki has already been classified (Bechtel 
et al. 2019) it failed to pass the cross-validation test. In this matter, cross-validation is performed by the creators of 
WUDAPT to evaluate the consistency and robustness of Training Areas (TAs) used as part of the methodology. Many 
authors, address the inadequacy of WUDAPT to always provide qualitative and representative maps, suggesting the 
use of additional tools and data resources for the improvement of accuracy and overall quality (Bechtel et al. 2017, 
2019); it is for these reasons that our approach is composed of more steps. Attention was given to remote sensing tools 
and methods, and auxiliary data, rather than in the addition of more samples. The cities under comparison (Lisbon, 
Portugal and Barcelona, Spain) have already been classified and therefore relevant data were used.
On a climatic scope according to Köppen–Geiger latest classification (http://koeppen-geiger.vu-wien.ac.at/present.
htm), all three cities included in this study are characterized mostly as Csa which means they have a Mediterranean 
warm temperate climate with hot summers (Table 1). Barcelona and Lisbon have a southeastern oriented seafront 
while Thessaloniki has a southwestern. Lisbon and Thessaloniki are situated in enclosed areas, the estuary of Tagus 
and the Thermaic gulf respectively, while Barcelona abuts the open Mediterranean.
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Table 1. Climatic data for the cities under comparison

1 Wind regimes refer to, years from 2004 to 2010 (Lopes et al. 2013) and NE directions on winter
2 https://www.ipma.pt/bin/file.data/climate-normal/cn_71-00_LISBOA_GEOFISICO.pdf
3 https://www.aemet.es/documentos/es/conocermas/recursos_en_linea/publicaciones_y_estudios/publicaciones/
   AtlasClimaMaritimo/AtlasClimaMaritimo.pdf
4 http://www.hnms.gr/emy/en/climatology/climatology_city?perifereia=Central%20Macedonia&poli=
   Thessaloni ki_Mikra

2 Data and Methodology
Required data and information, concerning all three cities, were either freely available online or generated in the frame 
of the conducted research (Adamopoulou 2020). The classification methodology was mostly based on the WUDAPT 
method besides some additions of statistical and remote sensing tools. To gain a better insight about the comparing 
cities, aside the maps, sampling data were also considered. In this way we could also address the alleged misclassifica-
tions and reflect on the instigating reasons. The comparison between the three coastal cities was performed by manipu-
lating extracted data and reviewing TAs of Barcelona and Lisbon with regard to the produced maps. The software and 
tools used were Google Earth (GE) platform, SAGA GIS, QGIS and MS Excel. 

2.1 Data
Thessaloniki
Part of the used data were downloaded while additional data were generated.  Sampling was performed via the GE 
platform. For the classification, the choice of a clear satellite image, with less than 10% cloud coverage, was impor-
tant. In this case the image coincided with the last available date at the time on GE, 2017-09-07. Statistical auxiliary 
data, concerning the number of floors per building per city block, were downloaded from the Risk Data Portal of the 
Municipality of Thessaloniki (http://riskdata.thessaloniki.gr/layers/geonode:buildings_data_per_block).

Barcelona-Lisbon
LCZ maps and evaluation data of Barcelona and Lisbon were downloaded through the WUDAPT portal (https://wu-
dapt.cs.purdue.edu/wudaptTools/default/user/login?_next=/wudaptTools/default/tools) via an interactive map. Sam-
pling data were collected from a Google Drive link provided under the tab “RAW TRAINING DATA DOWNLOAD” 
on WUDAPT site (http://www.wudapt.org/raw-training-area-download/). Lisbon was classified by Max Anjos on 
2017-02-27 with a “Minor” evaluation status while Barcelona was classified by Joan Gilabert Mestre on 2017-02-02 
with an “Accept” evaluation status.

2.2 Methodology
                        
The first step was the delineation of ROI (Region of Interest) and the sampling of TAs on GE. Our approach on the con-
cept of the LCZ assignment was leaning to the worst scenario in terms of local climate characteristics. This translates 
for example to assigning as LCZ1 (compact high-rise) an area where the majority of the buildings surpass the height 
threshold, regardless of the sample’s cleanness. Additionally, statistical data of the urban environment, in shapefile 
form, were used to support sampling especially for LCZ1.
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The alteration of the method focused on remote sensing tools; therefore, three false color composites were created on 
SAGA GIS. These new images contained spectral information able to enhance specific characteristics in order for the 
algorithm to better recognize urban areas, vegetation and discern water from land. With these images added, random 
forest (RF), an ensemble classification method originating from the Decision Tree family of algorithms (Breiman 
2001) was employed. A majority filter radius was selected according to the method and also an optimal multitude of 
128 decision trees according to Bechtel et. al (2015). For the evaluation of the final LCZ map of Thessaloniki –result 
of all three composites– a manual comparison was performed projecting the extracted kml map on GE. Also, for a sup-
plementary evaluation, the result was compared with the official land use classification for Europe, Corine Land Cover 
2018 (http://mapsportal.ypen.gr/layers/geonode:gr_clc2018). 

Barcelona-Lisbon
Due to the fact that these cities were already classified, the manipulation of data was limited to the creation of tables 
from LCZ histograms on SAGA GIS from which we harvested the needed information to produce a new plot. Through 
MS Excel the data were manipulated to calculate the percentages of each LCZ regarding to each area’s extent. To 
visualize the comparison a graph was created with the aforementioned data. While also three maps –with a 100 pixels 
resolution– were extracted through SAGA GIS, one for each of the cities under comparison.

3 Results
According to the manual evaluation of Thessaloniki’s LCZ map and the comparison performed with the Corine 
scheme, most areas seem to be well represented and correctly assigned. However, specific LCZs have been over or 
under estimated due to several issues. 
Considering the approach to the worst scenario we implemented, the LCZ1 class (tightly packed hi-rise buildings with 
almost no green spaces) was over estimated. Actually, most of the buildings within this LCZ are situated on the sea-
front of the city obstructing the airflow and sunlight for several blocks (Chrysomallidou et al. 2002). LCZ8 (large low-
rise) was sometimes misclassified due to the difference of the ground material. According to the LCZ scheme, LCZ8 
is mostly surrounded by impervious paved land cover, but in Thessaloniki it was mostly surrounded by low plants and 
bushes. Thus, certain LCZ8 areas were classified as LCZD (low plants) or LCZ9 (sparsely built) and vice versa. That 
explains the large percentage of the LCZ8 class (Fig.1). In addition, greenhouses were assigned as LCZ9 and LCZ 8 
which has also been encountered in Barcelona. In Lisbon, some locations which had been sampled as LCZ1 were as-
signed as LCZ2 (compact mid-rise). This occurred probably because the samples of LCZ1 were less than five and the 
sampling areas had a mixed layout.
Another observed commonality amongst the compared cities, especially Barcelona and Thessaloniki, was the inability 
of the algorithm to identify urban green spaces. This result was due to the low resolution and the small span of most 
of these areas. Low resolution has also affected the results of the classification by not distinguishing different LCZs 
surrounded by others. Such a case was the area of Ladadika in Thessaloniki, due to its adjacency with LCZ1 areas and 
its limited size, which otherwise would be assigned as LCZ3 (compact low-rise).
By only observing the LCZ maps we can see that near fresh water sources –rivers Tagus (Lisbon), Axios (Thessa-
loniki) and lake Koronia– are extended alongside in both Lisbon and Thessaloniki large areas of LCZD most likely 
arable land. The industrial zone LCZ8 viewed under the scope of wind direction, it was interesting to see that all three 
cities have situated these areas where the most prevalent winds come from. This means that pollution which otherwise 
wouldn’t charge the cities pollutant load is adding on it affecting dwellers health. Also, due to Lisbon’s expansion to 
the north, northern wind is prevented to reach the southern and more compact part of the city and eventually disperse 
pollution while simultaneously, probably intensifying the Urban Heat Island (UHI) in the south part of the city (Lopes 
et al. 2013). 
Through GE observations of Barcelona, it appears that as a result of Cerdà’s planning (Cerdà 2018) it has managed to 
maintain a well-structured geometric building environment concerning the Eixample region and its extensions rather 
than the seafront and the old city. The evolution of the seafront with high-rise settlements is creating a wind barrier and 
block sunlight, negatively affecting the dwellers.
All three cities but mostly Barcelona and Lisbon, are spreading in continuation of their center for several kilometers, 
making unclear where the cities end, unless we consider the compactness of the buildings. The most common classes 
seem to be LCZ6 (open low-rise) for Barcelona and Lisbon and LCZ9 for Thessaloniki (Fig.1). This is probably due to 
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the smaller population of Thessaloniki’s metropolitan area which is more separated, while Barcelona and Lisbon have 
a more connected plan, considering also Lisbon’s bridge interconnection.
A further common observance between the cities, is the low percentage of LCZ3 which may be accounted to the 
growth of the cities but also the events and changes that took place in the previous years that have affected their exist-
ence. Such are the earthquake in Lisbon on the 1st of November of 1755 (Mullin 1992), the fire in Thessaloniki on the 
18th of August 1917 (Papastathis and Hekimoglou, 2010) and the revolutionary extension of Barcelona beginning at 
the end of the 19th century according to Ildefons Cerdà plan (Cerdà 2018). 

4 Conclusions
Acquiring land use and climatic data knowledge about cities is of outmost importance in order to support and facili-
tate our response to phenomena of different magnitude such as climate change and UHI. The use of the WUDAPT 
method can lead to effective LCZ identification and categorization, considering relevant uncertainties that need to be 
dealt with in a homogeneous way. On this basis similarities and differences may be revealed in urban areas, which 
may also reflect the influence of urban planning. The uncertainty of the WUDAPT method in properly reflecting urban 
green spaces in the three cities studied is an interesting finding as such spaces have a direct influence on UHI and in 
perceived quality of the environment (Mahmoudi Farahani and Maller, 2018). The mis-classification of LCZ1 is also a 
finding that needs to be considered in further relevant studies. Coming to the comparison between cities, the location 
of industrial areas (LCZ8) in regions from which prevailing winds pass, should be further investigated in parallel with 
urban air quality levels. Moreover, the low percentage of LCZ3 in all three 
cities seem to reflect the urban development in each area and may be an indication of historical events that have af-
fected this development.
Fig. 1. Top: LCZ maps of the three cities, Bottom: percentage of area assigned to each LCZ2

                         2Missing values have a percentage of zero, e.g., “7. light”.
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The results obtained by the application of the WUDAPT method support the need for a harmonized approach in urban 
planning problem solving for coastal areas (Alcoforado et al. 2009, Marshall. 2000). Such urban planning may provide 
insight and helpful solutions since Barcelona, Lisbon and Thessaloniki, like most urban environments, are growing on 
population and thus require extending. 
Each urban planning study should address the mitigation of UHI, therefore methodologies that lead to LCZ mapping 
are of high importance. Moreover, the LCZ system coupled with Digital Elevation models (DEMs) and atmospheric 
environment study models may provide a clearer view on the path to be followed concerning the mitigation of UHI, 
and the effects of climate change on cities and the shifts brought by it (Verdonck et al. 2018). This may be accom-
plished by implementing mesoscale models based on the acquisition of a representative view of land use and land 
cover and reliable climatic data at an urban canopy level.
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Abstract
The transportation noise is one of the major environmental issues in the urban areas and the road traffic noise is the 
main noise contributor to the overall urban noise. The road surface characteristics have a significant influence on the 
propagation of the sound generated from the passage of the vehicles. However, the noise emission is influenced by 
environmental factors. Especially the influence of the air temperature is substantial. In general, an increase in pave-
ment temperature can lead to a reduction of the sound levels emitted by the tire-pavement interaction. The aim of this 
study is to analyze the influence of the air temperature on the tire-road interaction noise. For this purpose, we apply a 
well-established relationship between the air temperature and the A-weighed maximum sound pressure level (LAmax) 
generated by the passage of the vehicles. Moreover, we present the road traffic noise levels measured by a fixed noise 
monitoring station in Thessaloniki, Greece. 

1 Introduction 
The transportation noise is one of the major sources of environmental noise in the urban areas. In particular, the road 
traffic noise mainly depends on the traffic volume, flow composition, speed of vehicles and road pavements. The noise 
generated by vehicles can be divided into propulsion noise, aerodynamic noise, and tire-pavement interaction noise. 
Propulsion noise is mainly caused by engine combustion and gas flow; Aerodynamic noise is mainly caused by turbu-
lence around a vehicle as it passes through; Tire-pavement noise is mainly caused by a complex interaction between 
tire and pavement surface (Ling et al., 2021). Many studies pointed out that the tire-pavement noise is dominant in 
vehicle noise when the vehicle speed exceeds 50km/h or even 45 km/h (Sanberg and Ejsmont, 2002). So, the sound 
emission generated by the interaction between road surface and tires of the vehicle has gradually become one of the 
main source of road traffic noise in the urban environment. The tire-road or tire-pavement interaction noise, is defined 
as the noise emitted from a rolling tire as result of the interaction between the tire and the road surface (Sandberg and 
Ejsmont, 2002). This type of noise is investigated in several studies. Consequently, several influencing factors were 
identified, such as the vehicle speed, traffic fleet and composition and the pavement surface characteristics (Freitas et 
al., 2019). On the other hand, the levels of the road traffic noise emission are affected by environmental factors and 
the prevailing meteorological conditions (Minmin Yuan et al., 2019). The air temperature leads to different acoustic 
performance of the road. Several studies demonstrate that the air temperature and consequently the road surface 
temperature can affect the final resulting sound emission levels (Bueno et al., 2011). The pavement temperature is 
directly related to the air temperature because the pavement is heated up by the air temperature and the solar radiation. 
In general, an increase in pavement temperature can lead to a reduction of the sound levels emitted by the tire-road 
interaction. The general knowledge is that the tire-road noise emissions from the automobiles tires decrease when the 
air temperature increases, with a variation that can exceed -0.1 dB(A)/°C. According to Bendtsen et al. (2010) the 
tire-road noise is generated by several factors such as the vibrations in the tires caused by roughness of the pavement 
surface and by the air pumping effect. 
In order to measure the noise levels of the tire-pavement interaction noise, there are standardized measurement meth-
ods that can be applied. The basic methods are the Close Proximity (CPX) method and the statistical Pass-by (SPB) 
and the Controlled Pass-by (CPB) method. In general, the SPB method gives accurate results for the actual noise char-
acteristics of the pavement and especially for the entire vehicle fleet. Hence, this method is closer to the actual traffic 
noise conditions and the results could be used for a practical application. In addition, for conditions of traffic density, 
investigators have used methods of measuring time-averaged traffic noise (Bernhard et al., 2004). For time-averaged 
measurements, sound pressure is averaged and converted to the equivalent noise level (Leq). Also, to implement Leq 
measurements the background noise is at least 10 dB(A) lower than traffic noise (Bernhard et al., 2004).  
In this paper we present a practical application of the methodology proposed by Anfosso-Lédée and Pichaud (2007), 
in order to determine the effect of air temperature on tire-road interaction noise. For this purpose, we applied the well-
established relationship between the tire-road interaction noise levels and the air temperature. 
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2 Data and Methodology 
2.1 Data
The noise measurements were performed at a fixed noise monitoring station located in Eptapirgio, on the urban out-
skirts of Thessaloniki by a Noise Level Analyzer type Solo Master (01dB-Stell-ΜVI Technologies Group) with a 
microphone MCE 212 (class 1). In accordance with the European Directive (2002/49/EC) the noise level analyzer was 
positioned 4.0 ± 0.2 m above the ground and at a 2 m minimum resolution on each building façade.
The sound level meter records continuous steady noise levels during a 24-hour period and automatically calculates the 
A-weighted equivalent continuous sound pressure level (LAeq,T) by the following Equation (1):

  

(1)

where  PA(t) is the A-weighted sound pressure at running time t and P0 is equal to 20μPa.
The LAeq,T  represents the sound pressure level in decibel averaged over a certain period of the time (T) in terms of 
energy, with frequency ranges, being measured according to the sensitivity scale A of the human ear. The biophysical 
quantity A-weighting sound level, which expressed in A-weighted decibels (dB(A)), is the type of scale introduced to 
account the subjective nature of noise exposure. From the LAeq,T measurements, we calculated the Lmin and Lmax values. 

The 24-hour air temperature (Tair) data were collected by a fixed meteorological station located in the same area where 
the noise measurements were performed. The Tair data were continuously monitored by a HUMICAP® humidity and 
temperature probe HMP155 (Vaisala).

2.2 Methodology 
In order to evaluate the effect of air temperature on tire-road interaction noise, the methodology proposed by Anfosso-
Lédée and Pichaud (2007), was employed. 
The relationship between road temperature (Troad) and air temperature (Tair) is estimated by the following Equation (2):

The relationship between the tyre surface temperature (Ttyre) and the air temperature (Tair) is estimated by the following 
Equation (3):

The noise-temperature relation is essentially linear phenomenon and the temperature correction formula is described 
as follows:
 

where LAmax (20ºC) is the maximum A weighted noise level in dB(A) normalized to the reference temperature of 20°C, 
LAmax(T) is the maximum A weighted noise level recorded at a temperature of T degrees Celsius and α is called the 
‘‘temperature coefficient’’. It should be noted that there is a big range in temperature coefficients from -0.03 to -0.20 
dB/°C for different passenger car tires and for different pavement types.
In the original equation (4), proposed by Anfosso-Lédée and Pichaud (2007), the LAmax is the A-weighted maximum 
statistical pass-by (SPB) noise level in dB, while in our study we applied the maximum LAeq,T noise levels described 
in section 2.1. 

3 Results 
Figure 1 shows the variations of the air temperature (Tair), the road temperature (Troad) and the tyre surface temperature 
(Ttyre) during the time period from 1/1/2013 to 31/12/2013. The air temperature is measured continuously at the me-
teorological station and the mean daily temperature is used for the purpose of the study. In order to estimate the Troad 
and the Ttyre we applied the Equations 2 and 3, respectively. As we can see in Figure 1, the road surface temperature 
(Troad) has similar values to the air temperature (Tair) for temperature values between 0oC and 15 oC. Above the 20oC the 
road surface starts to heat up faster than the air. As for the tyre surface, the tyre temperature (Tyre) is different from 
the road surface temperature. In fact, Ttyre is much higher than Troad for low temperatures and Ttyre is similar to Troad for 
higher temperatures. It should be noted that Anfosso-Lédée and Pichaud (2007) confirm that the correlation among Tair, 
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Troad and Ttyre is well-established and only one of these three temperatures can be used for the analysis of the effect of 
temperature on tyre-road noise interaction. 

Figure 1. Tair (
oC), Troad(

oC) and Ttyre (
oC) for the period from 1/1/2013 to 31/12/2013

The equivalent sound levels (LAeq) recorded by the monitoring station in Eptapirgio, Thessaloniki are shown in Figures 
2a to 2d. The box plots in Figures 2a to 2d show the mean hourly variations of road traffic noise levels for 4 months 
of the year 2013 (July, August, October, November). The analysis shows that the hourly variations of noise levels 
coincide with the fluctuations of road traffic during the day. Obviously, the maximum road traffic noise levels were 
indicated during the rush hours of the day due to the intense and frequent vehicle movement. On the other hand, the 
levels of LAeq which recorded during the winter months were noticeably higher than the LAeq levels which recorded dur-
ing the summer period. It should be noted that the differences of noise levels among the examined months are partly 
explained by the differences in the daily transportation of the citizens in the urban cities. But there are evidence from 
the scientific research that the tyre-road noise emissions decrease when the air temperature (Tair) increases. This phe-
nomenon is evident at the Table 1 which presents the analysis of selected days from the measurement period of 2013. 

Figure 2. Box plots of equivalent sound levels (LAeq) for 4 months in 2013: (a) July, (b) August, (c) October and (d) 
November 
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Table 1 displays the air temperature (Tair), relative humidity (RH), wind speed (WS) for 4 selected days with different 
meteorological conditions. For the evaluation of the effect of air temperature (Tair) on the propagation of road traffic 
noise levels, we applied the Equation 4. In Equation 4 the ‘temperature coefficient’ α is required. In the experiment 
carried out by Anfosso-Lédée and Pichaud (2007), the noise measurements have been performed on seven different 
dense and open graded pavements including asphalt and cement concrete. So, the air temperature coefficient is -0.10 
dB/°C for the dense pavements and -0.06 dB/°C for the open graded (and porous) pavements while for cement concrete 
the coefficient is -0.03 dB/°C. In our study we used α=-0.10 dB/°C. Consequently, the measurement road traffic noise 
levels are corrected to the reference air temperature of 20oC. Thus, it can be clearly seen that when the air temperature 
(Tair) increases as the road traffic noise levels decrease. 

Table 1. Meteorological parameters (Tair, RH, WS), Troad, Ttyre  and LAmax noise levels for 4 selected days during the 
measurement period   

4 Conclusions 
Tyre-road noise levels are significantly influenced by air temperature. Understanding this effect is crucial to ensure 
repeatable and reproducible tyre/road noise measurements through application of temperature correction procedures. 
Therefore, in this study we applied the well-established equations among the air temperature (Tair), the road tempera-
ture (Troad) and the tyre surface temperature (Ttyre) in order to estimate the effect of air temperature on noise propaga-
tion. Our results conclude that the tire-pavement interaction noise slightly decreases as the air temperature increases. 
The tire road noise is generated by vibrations in the tires caused by the roughness of the pavement surface and other 
mechanisms like air pumping. If the contact between the rubber blocks of the tread pattern of the tire becomes soft or 
elastic, the noise will be reduced. Therefore, the temperature might influence this in two different ways: 
1. By a more elastic pavement surface caused by higher temperatures
2. By a softer rubber in the tread pattern of the tire caused by a higher temperature

This means the temperature affects the noise properties of the tires. It can be anticipated that when the tire gets warmer, 
the rubber becomes softer and this influences/reduces the vibration generated noise and possibly the “stick-slip” pro-
cess.
Therefore the tire temperature is a relevant parameter for estimating the temperature effect on the tire-pavement roll-
ing noise generation. In fact, the temperature of a tire must be defined by the ambient air temperature as well as by the 
heat generated in the tire when the tire is deformed while rolling over the pavement. The air presumably heats/cools 
the tire until an equilibrium tire temperature is reached. The tires only touch the pavement at a small contact area dur-
ing a short time, and therefore the pavement temperature cannot be the most significant factor for the tire temperature. 
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Abstract: As atmospheric fronts constitute a significant weather component, extensive research has been conducted 
and several identification schemes have been created for their automated identification, using either kinematic or 
thermal criteria. Even though their performance is competent over oceanic regions, they do not perform well in the 
Mediterranean region, since Mediterranean fronts exhibit smaller spatial and temporal scales, and a complicated evo-
lution regarding their kinematic and thermodynamic characteristics, especially for specific synoptic categories. The 
objective of this study is to present the structure of a cold front identification scheme that was developed for the Medi-
terranean, named MedFTS_DT and to validate its performance. The scheme was initially based on wind criteria and 
then additional thermal criteria were included to improve its performance. The obtained results are validated with the 
aid of synoptic charts. It was found that in the MedFTS_DT, the wind criteria are prerequisites for the identification 
of Mediterranean cold fronts, while the thermal criteria provide a stricter filter that serves to limit the initial number 
of identified fronts. 

1 Introduction
Cold fronts are often associated with extreme weather events (Catto and Pfahl 2013). Hence, there is interest in de-
veloping automated schemes in order to create frontal climatologies from observational data, reanalyses, and climate 
model outputs (Hope et al. 2014). Frontal identification is a demanding task, and the compilation of such climatologies 
by manual methods is not feasible. The advantage of automated front identification methods as opposed to manual is 
that they are objective, fast and reproducible. The majority of these methods employs thermal-based criteria (Hewson 
1998, Hewson 2009, Catto and Raveh-Rubin 2019) that, however, can give noisy results that require additional nu-
merical criteria or even human intervention either to filter out erroneous identifications or to convert sparse points to 
continuous frontal lines (Huber-Pock and Kress 1989). Moreover, the implementation of thermal criteria is inadequate 
for complex geographical features (Schemm et al. 2015). 
On the other side, there are schemes, such as FTS (Frontal Tracking Scheme) that employ solely wind-based criteria 
to identify fronts on a climatological basis. FTS was developed at the University of Melbourne, Australia and has been 
successfully applied to identify large-scale fronts over oceanic regions (Simmonds et al. 2012). FTS has also proved 
to work well compared to the other schemes (Hope et al. 2014, Schemm et al. 2015).
The Mediterranean region is a closed basin characterized by complex topography. Thus, thermal-based frontal iden-
tification is a difficult task, because Mediterranean fronts present small spatial and temporal scales, and exhibit rather 
complicated kinematic and thermodynamic characteristics. For this purpose, the scheme MedFTS was developed to 
objectively identify cold fronts over the Mediterranean and perform their comprehensive climatology, employing only 
wind criteria, based on the FTS (Bitsa et al. 2019). MedFTS was verified against different frontal situations and was 
found to successfully identify cold fronts in the region. However, it did show some shortcomings, e.g. cases where 
cold fronts were erroneously identified. In such cases, the wind-related criteria were satisfied but not accompanied by 
required baroclinicity. 
Therefore, thermal-based criteria are incorporated in MedFTS, in order to improve its performance. The new improved 
version of the scheme is named MedFTS_DT. The objective of this study is to explore the role of the thermal criteria 
used by the improved version MedFTS_DT additionally to the wind criteria and to validate the scheme for different 
frontal situations. 
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2 Description of the Identification Scheme
The wind-related criteria used by the initial scheme MedFTS (at 10-m level) were defined after many sensitivity tests 
leading to an optimum selection of critical values (Bitsa et al. 2019). Two new criteria, i.e., total wind direction change 
and total wind magnitude, were employed as compared to FTS to better identify the position and tilt of a Mediterra-
nean cold front. More specifically, the wind criteria are summarized as follows (Bitsa et al. 2019):

(a) the zonal component u is westerly both at t and t + Δt, 
(b) the meridional wind υ changes sign from positive to negative, 
(c) the directional shift of the wind (dφ) between t and t + Δt exceeds the threshold of dφcrit = 30°.
(d) the magnitude of vector wind |U| exceeds a specific critical threshold |U|crit = 5 m/s in at least one point of each 
cluster.

The grid points which satisfy the criteria (a)-(c) are flagged. A component labelling technique is applied (McAndrew 
2004) and each flagged pixel is related and connected to its nearest eight neighbors, giving clusters of grid points. 
For each obtained cluster the criterion (d) is checked. Each obtained cluster (frontal cluster) is assumed to be related 
to a cold-front passage which is located at the eastern edge of the cluster. The front is thus obtained in the form of 
discrete but consecutive grid points (latitude and longitude values), which are treated as simple series and smoothed 
by a resistant smooth method (Velleman and Hoaglin 1981). Then, the obtained smoothed eastern edge determines a 
“mobile front”. 
Although the wind-related criteria were tested and verified to give satisfactory results for the Mediterranean fronts, 
there was a small number of cold fronts that were erroneously identified (Bitsa et al. 2019). To correct these misiden-
tifications, the following thermal criteria are also added:
(i) Cold advection behind the cold front (M < Mthres). 
The temperature advection (M) at the 850 hPa level is calculated as M U T= − ⋅∇

 
where U is the total horizontal wind 

vector and T is the temperature. Temperature advection Μ should be negative to account for cold advection with the 
additional requirement to be less than a defined threshold value Mthres.
(ii) The frontal locating parameter TFP criterion (Q < 0 with TFP(T) > TFPthres). 
The TFP parameter, which is related to the baroclinicity, is calculated at 850 hPa, in accordance to (Renard and Clarke 
1965) as, ˆ( ) | | TTFP T T n= −∇ ∇ ⋅

  , where nT is the unit vector normal to the frontal line. In the present work, the TFP 
parameter is used as an additional criterion to discard erroneously identified frontal objects which are not accompanied 
by the proper baroclinic characteristics. To perform this filtering, we calculate the quantity ˆ( ) TQ TFP T n= −∇ ⋅

 , which 
should be negative behind a cold front. Since TFP should have a maximum at the frontal line (Huber-Pock and Kress 
1989), it should have a positive gradient behind the front (positive slope), thus Q should be negative there. This re-
quirement is applied for at least one cluster point and, in addition, the TFP value should exceed a threshold value there, 
in order to discard minor ridge lines (Q < 0 with TFP(T) > TFPthres). 
This new updated version including wind and thermal criteria will be called hereafter MedFTS_DT. The MedFTS_DT 
scheme utilizes ECMWF Re-Analysis (ERA)-Interim datasets (Dee et al. 2011) of zonal u and meridional v wind 
components at the near-surface level (10-m) for the wind-related criteria, as well as data of temperature T, zonal u and 
meridional v wind components at the level of 850 hPa. All data have a 0.5° × 0.5° resolution at 6 hour intervals. 

3 Results and Discussion
The contribution of thermal criteria either individually or combined has to be explored in order the appropriate thresh-
old values for M and TFP to be selected. For this purpose, MedFTS_DT is employed for the whole year 2016, a year 
that was extensively studied in Bitsa et al. (2019) due to the high frequency of cold fronts in the Mediterranean and 
their different synoptic patterns. The results are validated against synoptic analyses obtained from UK Met Office and 
Deutscher Wetterdienst. 
In the framework of the validation, statistical indices and statistical metrics are used (Wilks 2005). Σa counts the cor-
rectly identified cold fronts (hits), Σb represents the erroneously identified cold fronts (false alarms), Σc is the number 
of cold fronts that the scheme fails to identify (misses), and Σd is the number of correctly rejected fronts (correct 
rejection). Thus, the size of the sample n is the sum of the above indexes. With the aid of these statistical indices, we 
calculate the Frequency Bias Index (FBI) as (Σa+Σb)/(Σa+Σc), the Probability of Detection (POD) as Σa/(Σa+Σc) and 
the False Alarm Ratio (FAR) as Σb/(Σa+Σb). The area of Greece is chosen for the statistical validation and cold fronts 
passing over Greece at 00:00 UTC are considered. As Greece is a limited geographic area, the appearance of more than 
one front is a rare event, not affecting the results. 
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First, MedFTS_DT is applied employing the wind-related criteria (a) to (d), as well as combined with the thermal 
criterion of cold advection (i) (M < Mthres), for different threshold values (Mthres). The calculated statistical indices and 
metrics, as well as the corresponding results of MedFTS are given in Table 6. The optimum value obtained for each 
statistical metric is highlighted in bold. It is clear that the M criterion reduces the erroneously identified fronts during 
2016 (index Σb), for all Mthres values. The increase of Mthres reduces the erroneous identifications (Σb) but also reduces 
the correctly detected fronts (Σa), and increases the missed fronts (Σc). As a result, increasing Mthres improves the FBI 
and FAR metrics but at the expense of missing fronts (POD decreases). This is due to the excessive rejection of fronts. 
Thus, Mthres = 0 K/h seems to be the optimum value.
Secondly, the criterion M is replaced by TFP criterion (ii) (Q < 0 with TFP(T) > TFPthres), for different threshold values 
of TFPthres. The results for two threshold values are presented in 

Table 7. It can be seen that the criterion of TFP reduces the erroneously identified fronts (Σb), for all threshold values, 
but further inspection of the metrics suggests that the results are improved for TFPthres = 5x10-12 K/m2.
Finally, all criteria are employed with various combinations of the threshold values, some of which are indicatively 
shown in 

It is noticeable that the optimum threshold values Mthres and TFPthres for the combination of all criteria of MedFTS_DT 
are those found above, i.e. Mthres = 0 K/h, TFPthres = 5x10-12 K/m2. 

Table 6. Statistical indices and metrics for the combination of wind and temperature advection criteria for different 
values of Mthres for the year 2016. The optimum values are highlighted in bold.

Index/Metric Wind-only
Wind & Temp. Adv.

Mthres = 0 K/h

Wind & Temp. Adv.

Mthres = –0.1 K/h

Wind & Temp. Adv.

Mthres = –0.2 K/h

Σa 45 45 41 38
Σb 17 14 13 8
Σc 4 4 8 11
Σd 300 303 304 309

FBI 1.265 1.204 1.102 0.939
POD 0.918 0.918 0.837 0.776
FAR 0.274 0.237 0.241 0.174

Table 7. Statistical indices and metrics for the combination of wind and TFP criteria for different values of TFPthres for 
the year 2016. The optimum values are highlighted in bold.

Index/Metric Wind-only
Wind & TFP

(TFPthres = 5-10-12 K/m2)

Wind & TFP

(TFPthres = 5-10-11 K/m2)
Σa 45 45 42
Σb 17 10 7
Σc 4 4 7
Σd 300 307 310

FBI 1.265 1.122 1.000
POD 0.918 0.918 0.857
FAR 0.274 0.182 0.143
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Table 8. Statistical indices and metrics for the combination of all criteria for different threshold values for the year 
2016. The optimum values are highlighted in bold.

Index/Metric Wind-only

Combined 

Mthres = 0.0 K/h

TFPthres = 5x10-12 K/m2

Combined

Mthres = –0.1 K/h

TFPthres = 5x10-12 K/m2

Combined

Mthres = 0.0 K/h

TFPthres = 5x10-11 K/m2

Σa 45 45 40 39
Σb 17 10 8 7
Σc 4 4 9 10
Σd 300 307 309 310

FBI 1.265 1.122 0.980 0.939
POD 0.918 0.918 0.816 0.796
FAR 0.274 0.182 0.167 0.152

Fig. 12 (a) and (b) presents the synoptic map and the obtained MedFTS_DT results, respectively, for 19 June 2016. 
The color of the grid points in Σφάλμα! Το αρχείο προέλευσης της αναφοράς δεν βρέθηκε. (b) shows the criteria, 
which are satisfied in each grid point, and the red lines are the identified cold fronts. This is a typical case in which two 
erroneously identified cold fronts are filtered and discarded with the aid of the thermal-based criteria of MedFTS_DT. 
The area north of Corsica marked in cyan and blue, is a frontal area identified by the wind-based criteria and TFP, but 
thermal advection is not satisfied, and the front is discarded. On the other hand, the green colored area in the Adriatic 
Sea is not finally considered as a front, because the TFP criterion is not met. 
Fig. 13 refers to 16th January 2016, 00:00 UTC, a typical case when an identified front is counted as a false alarm. It 
can be seen that the cold fronts in the region around Greece appear on the synoptic map, but not extending over the 
region of Greece. Thus, they are not counted by the synoptic analysis. On the other hand, the scheme identified them 
to be located over Greece, thus they are counted by the scheme. This small discrepancy in the location and extent of 
the fronts may be attributed either to the methods and the criteria employed, or to the subjectivity of the final version 
of the synoptic maps and may affect the statistical metrics. 

Fig. 12. (a) Synoptic surface chart and (b) identified fronts at 18:00 UTC 19 June 2016 over the area of interest. The 
colours denote the areas where the criteria individually or combined are satisfied.
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Fig. 13. (a) Synoptic surface chart and (b) identified fronts over the area of interest at 00:00 UTC 16 January 2016. 
The red lines show the identified fronts. Green color shows where only the wind criteria are satisfied, whereas blue 
indicates where both wind and thermal criteria are satisfied.

4 Conclusions
Thermal criteria such as cold advection and a baroclinic criterion based on the TFP-method were incorporated in 
the MedFTS scheme and tested for the region of the Mediterranean focusing on Greece. The optimum values for the 
threshold values of the employed criteria were found by use of statistical indices and metrics to measure the perfor-
mance of the scheme. It was found that the wind-related criteria are performing well, but the added thermal criteria 
provide a stricter filter that serves to limit the erroneously identified fronts by the wind criteria. This finding verifies 
the advantage of the wind shift method to recognize first cold fronts on a regional scale that correlates well with the 
methods assessing temperature gradient (Hope et al., 2014). The MedFTS_DT scheme appears to be a very effective 
tool for the identification of individual cold fronts in the Mediterranean and, furthermore, for the generation of an ob-
jective full climatology of cold fronts, which is the objective of a forthcoming study.

Funding: This work has been partly funded by the Greek Academy of Athens under a PhD scholarship.
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F - Index, a new fire weather index, well promising for Greece.
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Abstract: The necessity for our country to adopt a National Fire Danger Rating System that combines convenience 
and objectivity was the reason to document the suitability of the F - INDEX for the Greek physical conditions. F - 
INDEX is related to Rate Of Spread of the Greek forest fires. The maximum daily values serve as a measure of the 
maximum possible burned area, while the 5 risk classes serve as a measure of the average burned area per fire. Due to 
its mathematical structure, modifications of the F - INDEX are possible for an even better adaptation to Greek physical 
conditions, although with the available data the index responds very well. 

Keywords: Risk index, fire rate of speed.

Introduction
The Fire Risk Index F–INDEX is a new promising index for Greece, which can be applied daily and its forecast issued 
by the General Secretary for Civil Protection (G.S.C.P.), especially during the critical summer season and more gener-
ally during the fire season. F–INDEX calculates the risk of forest fires starting and spreading based on wind speed and 
even one parameter (FMI), which links the temperature and relative humidity of the air. The purpose of examining its 
capabilities was to include it in 3hourly “forecasts”, of the Fire Weather Indices of the website http://map.disarmfire.
eu/Greece, created by the National Observatory of Athens (Lagouvardos et al. 2019) for the operational needs of the 
Hellenic Fire Service. F–INDEX has been developed and proposed for use relatively recently, through Sharples et al. 
2009 extensive work, where this index is compared to 3 others that have been used operationally in Australia and USA. 
Since then, it does not seem to have been operationally exploited in any country, except for research purposes (Satir et 
al. 2016, Barbero et al. 2019), because of the easy calculation. For the above reasons, an audit of the implementation 
of F–INDEX in Greece is undertaken in the same way as the South African LFDI forest fire risk index was examined 
by Gouvas et. al (2019). 

Material and Methods
The F-INDEX values were calculated from the daily meteorological data (maximum temperature and minimum rela-
tive air humidity, average wind speed) of 31 Hellenic National Meteorological Service (HNMS) meteorological sta-
tions for 3 years: 1/1/2014 - 31/12/2016. For the same period and from the archives of .xls “Open Data” Forest Fires of 
the official website of the Hellenic Fire Service (https://www.fireservice.gr/el_GR/synola-dedomenon) all agroforestry 
fires with a total burnt area of forests, woodlands and grassland of at least 10 Ha were selected. With this criterion, the 
selection yielded 407 fires from all over Greece, for each of which the nearest of the 31 meteorological stations of the 
HNMS was considered representative. For 330 of these fires, which occurred during the 2014-2016 fire season and 
through the website https://www.civilprotection.gr/el/daily-fire-prediction-map received the forest fire risk index of 
the wider area of their event, issued by the General Secretariat for Civil Protection (G.S.C.P.).
The rather few known measurements of Rate Of Spread (ROS, in km/h) of Greek forest fires used in the present analy-
sis are derived mainly from the Forest Fires Book of Kailidis (1990), from the works of Xanthopoulos (2002) and 
Athanasiou (2008), as well as from a few (just 7) cases of relatively recent (after 2014) fires, the velocities of which 
were calculated with the help of “hot spots” detected by NASA’s MODIS and VIRS satellite sensors. The correlation 
between ROS of Greek forest fires and F-INDEX, FFDI (McArthur), LFDI and Fosberg indices was examined and a 
comparison of these relationships was made. This comparative analysis was limited to these indices because of their 
relatively easy calculation by meteorological data, as can be seen in the paper of Sharples et al. (2009). An additional 
reason for not looking at and comparing with the most complex, computational, American or Canadian Index is that 
these 2 indices can only be calculated once a day (Goodrick 2002). This is also the disadvantage of the American and 
Canadian Forest Fire Weather Index in relation to the 4 indices examined calculated at any time of the day and where 
knowledge of their values in a given fire can help the on-site coordinator to predict its expected behavior, always com-
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pared to his own experience for this type of burning vegetation. The number of presented scatter plots was limited to 
what was strictly necessary and the comparative analysis between the different cases considered was carried out by 
means of the coefficient of determination (R2) and, where necessary, by means of the standard error of estimation (S) 
of the equations, obtained by the method of least squares.

             The F-INDEX index is calculated in detail as follows (Sharples et al., 2009):

It is understandable that the values of F-INDEX, as well as South African LFDI, change during the day due to the 
change in meteorological parameters (Trollope et al. 2007). So, its maximum daily value, usually observed during the 
midday hours, is the one that determines the risk level of each day (Madula, 2013). For this reason, but also in order 
to be able to compare with the G.S.C.P index, the maximum temperature values and minimum relative air humidity 
values of each of the days of occurrence of the 407 fires, as mentioned above, were used and not their values at the 
time of the start of the fires.

Results and Discussion 
As regards the relationship between F-INDEX and the rate of speed (ROS, in km/h) of 48 cases of Greek forest fires, 
this was found to be (Figure 1):

ROS = 0,52*ln(F index) + 1,57             (R² = 0.45 and S = 0.75) (3)

For the same 48 cases, but with McArthur’s Forest Fire Danger Index (Fig. 2), LFDI and Fosberg’s independent vari-
able, the relationship is:

ROS = 0,9*ln(FFDI) - 0,91             (R² = 0.33 and S = 0.82) (4)

ROS = 0,048*LFDI – 1,58              (R² = 0.42 and S = 0.77) (5)

ROS = 0,56*ln(Fosberg) - 0,09             (R² = 0.46 and S = 0.74) (6)

Figure 1. Relationship of the mean forest fire Rate Of Spread (ROS) with the F-INDEX values.
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Figure 2. Relationship of the mean forest fire Rate Of Spread (ROS) with McArthur’s FFDI values.

The above analysis shows that F-INDEX is a sufficiently effective index in relation to other meteorological forest fire 
indices, the creation of which has been based on fire rate of spread data from countries where they have been used op-
erationally for decades (Willis et al. 2001, Goodrick, 2002, Sharples et al. 2009), with regard to the ability to estimate 
the average spread speed and behavior of forest fires generally. Percentage of the explained variation of the ROS sam-
ple values of approximately 45% should not be considered in any way negligible, since the composition and structure 
of vegetation (fuel models), ground slope and other topography variables, factors that significantly affect ROS of a 
forest fire, are not taken into account. However, even in the case of forest fire simulation systems (e.g. Behave Plus), 
where these factors are included, there is always a certain percentage of unexplained variation in ROS values (e.g. 7% 
in the work of Athanasiou and Xanthopoulos 2009). 
Since F-INDEX is related to the spread speed of forest fires, it is sure to be related to burnt areas as well. Figure 3 
shows the scatter plot of 407 fires from all over Greece, which in the 3 years 2014-16 burned at least 10 Ha of forests, 
woodlands and grassland each, in relation to the F-INDEX. In addition, the fire of Ilia area at late August 2007, which 
incinerated the largest areas and is depicted with the star, has been added as a marginal point. As it is understood, for 
values of F – INDEX greater than 5.5 do not have any practical interest for Greek fires (Daniilidis 2020).
Necessarily the vertical axis is assigned on a logarithmic scale. Of the 407 fires above, 330 occurred within the fire 
season of the same 3 years, the average burned area per fire being squared for each of the risk classes of the F-INDEX 
and G.S.C.P indices in Figures 4 and 5 respectively. In the same figures, with bars on either side of the squares, the 
cases of the maximum and minimum burnt areas of each of the fire danger rating categories are attributed. 

Figure 3. Relationship between the highest daily F-INDEX values and the size of 407 forest fires (>10 Ha) in Greece 
during 3 years (2014-2016) (Daniilidis 2020).
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Figure 4. Relationship between the F-INDEX ‘s fire danger classes and the mean size of 330 forest fires (>10 Ha) in 
Greece during the May-October periods of 3 years (2014-2016) (Daniilidis 2020).

Figure 5. Relationship between the General Secretariat for Civil Protection (GSCP) ‘s fire danger classes and the 
mean size of 330 forest fires (>10 Ha) in Greece during the May-October periods of 3 years (2014-2016). (Daniilidis 
2020).

Finally, Figure 6 justifies the choice of the number and limit values of the F-INDEX classes, presented in Figure 4, 
through Table 1, below, according to the methodology applied by Goodrich (2002), to investigate the fire danger risk 
levels of the FOSBERG index (FFWI) through the relative cumulative frequency of total burned area and number of 
fires in 3 years 2014-2016. It is obvious that its first four classes are in line with the experimental data.

Figure 6. Relationship of cumulative frequency plot for burned area (blue) and number of incidences as a function of 
F – INDEX (red).

Table 1. Classes, F – INDEX values and Risk Level
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Figure 4 shows that fires that occurred during days with a risk level of 2 of F-INDEX (maximum daily value F-INDEX 
between 0,7 and 1,5) burned an average of 95,1 Ha (reaching a maximum of 4000 Ha), while on days with a risk level 
of 4 (maximum daily value F-INDEX >2.7) the average burnable area per fire is 419,2 Ha (reaching up to 2500 Ha). 
By contrast, no fire in the 3 years 2014-16 exceeded 305 Ha on days with a risk level of 1 of the F-INDEX. Detailed 
in Table 2, the maximum, minimum and average values of burnt areas per fire for the F-INDEX index are presented 
(Daniilidis 2020).

Table 2. Maximum, minimum and average values of burnt area (Ha) per fire for the F-INDEX
ONLY WITH FIRES OF SEASON 1/5 – 31/10

The corresponding diagram of 330 fires in relation to the G.S.C.P risk index (Figure 5) shows an increasing, but less 
pronounced trend (between 3rd and 4th class) in the average burnt area, increasing the level of risk.

Figure 3 shows that for all of these 407 fires there is no statistical relationship between their burnt area and the F-
INDEX, due to a higher concentration of diagram points in the range defined by the values 100 and 1000 of the vertical 
axis. Whatever mathematical function is used using the Least Squares-Method, the coefficient of determination (R2) 
shall not exceed 7%. The reduction in the potentially declining surface area in most cases can be attributed mainly to: 
(Xanthopoulos et al 2014, Gouvas et al, 2019):

1. Rapid dispatch of many ground and aerial forest fire-fighting means.
2. Usually more favorable conditions for fire-fighting at night (lower F-INDEX values).
3. Discontinuities of forest fuels due to the existence of rural areas, settlements, rocky areas, seashores etc along the 
fire front.
4. Reduced flammability of live fuels at the beginning, late and outside the fire season, a problem for which Gouvas 
etc. (2019) recommends as a solution the attempt to find for use functions of the Grass Curing Factor, the Keetch-
Byram Drought Index (KBDI) or the satellite index NDVI.

It’s interesting the fact that, the fires with the largest burned areas for each specific value of the index (which are those 
fires that could not be controlled in time and expanded uncontrollably, as long as the conditions of weather, vegetation 
and topography allowed) appear to form the thick curved line in the semilogarithmic diagram of Figure 3 (“optimiza-
tion curve”).

Using the “optimization curve”, it follows that on days with a maximum value of F-INDEX equal to 0.09, 0.6, 1.5, 5.2, 
uncontrolled forest fires can incinerate areas of 100, 500, 4200 and 45000 Ha respectively, provided that herbaceous 
plants are fully cured, woody plants (trees, shrubs) are highly flammable due to high deficit of soil moisture content 
and at the same time there is a prolonged period of drought (Gouvas et al. 2019). With regard to the latter, Sharples et 
al. (2009) proposes the multiplication of F-INDEX with The Drought Factor, DF, by Mc Arthour.

Finally, it should be noted that during the investigation of the F-INDEX, its FMI output was found to be strongly cor-
related with the Angstrom index, as graphically given in Figure 7, an index on which the South African Lowveld Fire 
Danger Index (LFDI) has been “built” according to Gouvas et. al. (2019). It is noted that the Swedish Angstrom index, 
despite its age, remains one of the most sensitive fire risk prediction measures (Skvarenina et al. 2003, Lukić et al. 
2017), after a few days of the last rain incident.
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Figure 7. Relationship between FMI of F – INDEX with Angstrom index

Conclusion
Through the above analysis, an attempt is made to justify the suitability of the meteorological risk index for forest 
fires F-INDEX for Greece. A very simple index, with a strong basis for its creation and not at all lacking in efficiency, 
compared to other well-known meteorological indices used in other countries.

It could be said that using only meteorological conditions we have a reliable index, which allows the classification 
in 4 rather than 5 classes the levels of preparedness that should be the Fire Department and the other safety units that 
supervise forest, and grassland. Specifically, recommended the replacing of Table 1 with Table 3 shown below (Da-
niilidis 2020).

Table 3. Classes, F – INDEX values and Risk Level.

Another advantage of F – INDEX is that in addition to its daily forecast, it can provide critical information about the 
behavior of the fire, to the fire coordinator, as it can offer in real time, with instant meteorological data, its values. It is 
understood that this information is particularly important during firefighting and it is worth noting that it is very criti-
cal during night operations, where assistance cannot be provided by aerial firefighting means. It turns out, then, that 
the F-INDEX:
 
It is related to forest fire Rate of Spread (ROS) in Greek ecosystems.
2. Its maximum daily values shall serve as a measure of the maximum possible burned area, while its 5 risk classes 
shall serve as a measure of the average burned area per fire.
3. It can be easily integrated into various weather models to give a detailed forecast of its values for 2 or more days 
in Greece.
4. The only disadvantage of the risk index F – INDEX can be considered that for the first two risk levels, the maximum 
burned areas greatly exceed the average burned area for each class. So F – Index at his lower classes does not give us 
the necessary safety to permit controlled burning. This fact contributes to the view that only one index cannot gather 
all the necessary data to extract the best risk forecast, thus a combination of simple fire weather indices is needed for 
best results.
5. It is proposed to replace the 5 levels of risk, with 4 levels of risk that will be in line with Greek conditions.
6. The above, combined with the ease of calculating the F-INDEX even at the scene of the event, as well as its ability to 
predict for the next hours or even days, make it a useful tool in decision-making. Estimating, for example, fire-fighting 
conditions at night, which can vary from very favorable (self-extinguished fire) to very difficult, through an easy to use 
fire weather index is of great importance for management of ground or aerial means and staff.
7. The F-INDEX, as regards the direct correlation between the data and its exported results, may be a very useful tool 
for forest fire prediction and management for the Hellenic Fire Service.
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Abstract: Numerous studies of the electrical properties in dusty environments, related to lofted particle charging, 
indicate that it is a rather complex mechanism which greatly affects the particle dynamics. The electrification of desert 
dust particles can differentiate their settling velocities and, therefore, can affect the removal of large particles from the 
atmospheric circulation. A systematic effort to orderly measure the electrical properties of elevated dust layers, with 
the subsequent monitoring of the respective parameters on a ground reference level, will be made in the major AEO-
LUS Cal/Val campaign of ASKOS in Cape Verde, in June/July 2021. The preparatory phase of the campaign was car-
ried out in Cyprus, in November 2019, where the initial prototypes of disposable atmospheric electricity sensors were 
tested on-field. We report here, measurements of the vertical atmospheric electric field and atmospheric ion density 
through the launches of balloon-borne instrumentation under dust event conditions. We observed perturbations of the 
E-field within the dust layers which could be attributed to the stratification of charges within the layer, regardless of 
the layer structure, due to either gravitational settling or possible updraft mechanisms. To verify our findings, we plan 
to launch the complete instrumental suite in Cape Verde over Saharan dust elevated layers.  

1 Introduction
The Global Electric Circuit (GEC) electrically links the surface to the Mesosphere/Ionosphere (Williams 2009) through 
the conductive atmosphere. Atmospheric electric parameters, such as the vertical Electric Field strength (E_z), greatly 
depend on ambient weather conditions and convective meteorological systems (Kourtidis et al. 2020) due to the 
re-distribution of charged or uncharged aerosols and terrestrial radioactive particles in the Earth’s atmosphere (e.g. 
Harrison and Ingram 2005). Amongst aerosols that greatly affect the atmospheric electrical content (Whitby and Liu 
1966), mineral dust represents one of the most significant contributors due to its mineralogical composition that results 
in different electrical properties of the dust particles (Kamra 1972). Atmospheric ions within this conducting medium, 
resulting from ionization by galactic cosmic rays, attach to dust particles through the processes of ionic diffusion and 
electrical attraction (Gunn 1954, Klett, 1971), leading to their subsequent charging (e.g. Zhou and Tinsley 2007). Par-
ticle collisions consist also a domineering dust charging mechanism, known as triboelectrification (Eden and Vonnegut 
1973, Kamra, 1972). These mechanisms enhance the large scale electric field within the dust layer.
While ground-based electric field measurements can be indicative of the electrical behaviour of elevated dust lay-
ers (Daskalopoulou et al. 2021), systematic profiling of their electrical properties is needed in order to quantify their 
impact in particle dynamics, such as particle settling velocity, particle orientation (Mallios et al. 2021, Ulanowski et 
al. 2007) and, ultimately, gravitational sedimentation. Previous balloon-borne observations of charged dust particles 
within lofted layers in Cape Verde, indicated space charge densities of up to 25 pC m-3 cumulated in layer top and 
bottom boundaries (Nicoll et al. 2011). In the specific study, we report on the first extensive measurements period 
that targeted on charged dust profiling with complementary sensors and attempt to interrelate the measured physical 
quantities.
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2 Data and Methodology
An extensive preparatory measurements period was organized in Cyprus during November 2019, in the framework 
of the ASKOS 2021 (https://askos.space.noa.gr/) ESA Cal/Val activities, coordinated by the NOA-ReACT team. The 
campaign aimed, also, at monitoring the electrical properties of lofted dust layers along with meteorological condi-
tions over the wider residential area of Nicosia (Aglantzia-CyI, 35°08’30.8”N 33°22’51.8”E) and the rural site of 
Orounda (CyI-UAV Research Laboratory site, 35°05’41.3”N 33°04’53.8”E). Balloon launches were instrumented 
from both locations during early morning and mid-noon hours (Table 1) under varying dust load conditions. 

2.1 Data
Measurements of the vertical electric field strength and atmospheric ion (single polarity) density along the altitude 
were performed with the initial prototypes of tethered low-cost, portable and disposable atmospheric electricity sen-
sors. The first instrument, and most widely used, is a miniature field mill electrometer, similar to the instrumentation 
discussed by Harrison and Marlton (Harrison and Marlton 2020). During the soundings, the mill was mounted, with 
the rotating vane flat-ground, on a DFM-09 Graw radiosonde providing pressure, temperature, wind speed/wind direc-
tion measurements while the mill data were interfaced to the embedded XDATA radiosonde protocol. Complementari-
ly to the electric field measurements, atmospheric ion density was measured with the use of the commercially low cost 
KT-401 Air Ion Tester Counter, that logs the maximum value of either the positive or negative ion population at each 
recording. In order to have co-located measurements with the varying electric field, the ion counter was also mounted 
close to the mill during launch and the data were transmitted through a dedicated Lora long-range telemetry system.
Moreover, the aerosol optical depth (AOD) was monitored by co-located Cimel sunphotometers in Agia Marina Xylia-
tou and Nicosia, respectively, integrated in the Aerosol Robotic Network (AERONET, https://aeronet.gsfc.nasa.gov/, 
last access: 3 February 2021).

2.2 Methodology
For the specific study, we exploit the collected dataset from between November 12th to November 18th and, as a first 
step, compare the mill outputs with the fair weather electric field in order to qualitatively distinguish the field perturba-
tions attributed to charged dust. Ideally, under strict fair weather conditions, complete lack of aerosol particles in the 
atmospheric circulation is expected, since it guarantees that the only mechanism of atmospheric ions loss is the ion-ion 
recombination. As the concentration of aerosols increases, additional loss can be due to ions attaching to the particles, 
which leads to a perturbation of the ion density from fair weather values. In the steady state of a fair weather electrified 
atmosphere, the total current (conduction current) equals to zero, hence the vertical electric field strength is given by:

ground atmospheric conductivity and the atmospheric scale height, respectively (Kalinin et al. 2014; Stolzenburg and 
Marshall 2008) and  the potential difference ( and ). Therefore, the columnar resistance, , can be expressed as (Rycroft 
et al. 2008)with the current carried by molecular cluster ions; lightning phenomena drive the AC global circuit. The 
Earth’s near-surface conductivity ranges from 10-7 S∈m-1 (for poorly conducting rocks:
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3 Results
We present the profiles of the electric field strength (V m-1) measured with the miniature field mills during the dust 
cases over Cyprus from the two locations of Orounda and Aglantzia (Fig. 1) and the atmospheric ionic content (ions 
cm-3) as measured by our custom ion counters (Table 1). All data represented here are from the radiosonde ascending 
course as cross-communication over the occupied territories in forbidden and telemetry was manually terminated in 
some cases. 
Areas of increased electric field become apparent above the planetary boundary layer,1 where dust downward mixing 
occurs. The increases coincide with the presence of elevated dust layers at the specific altitudes, as inferred from the 
daily average AOD values, but for a better characterization of the optical properties of the particles aloft other retriev-
als of aerosol profiling are needed (e.g., lidar time-height profiles). Furthermore, smooth ion density profiles, such 
as the one over the 12th of November (blue/dark gray markers) exhibit stratifications at altitudes similar to the mills, 
indicating areas of dust particle accumulation within the layers (Fig. 1 top and bottom panels). That could potentially 
explain the loss of ions due to them being attached to the particles, but field values are fairly larger than what is ex-
pected through modeling of these attachment rates. This relation between the measured electric field strength and ion 
attachment rates will be further examined in future research.
During the launches, wind perturbations and differential positioning of the radiosonde might result in the overestima-
tion of the recorded electric field, discussed above, due to the mill vanes being exposed to the x-y components of the 
field or due to the scavenging of charged particles to the sensing electrode by side drifts. To provide a first estimation 
of the similarities between the trends of the electric field and the co-located meteorological parameters, we perform a 
wavelet correlation analysis on wind speed interpolated DFM-09 data to the measured mill altitudes (Fig. 2).

Fig. 1. Top panel: Vertical distribution of the electric field strength measured by the miniature field mill electrometers 
on board the balloons, the minus sign indicates that the field points downwards. AOD products are of L1.5 or L1 at 
500 nm, when the latter was not available for the specific day. Bottom panel: vertical distribution of the ion density 
measured by the custom ion counter.
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For the purposes of identification of the possible correlation between measured electric filed and wind speed, a Mul-
tiscale correlation using the maximal overlap discrete wavelet transform was performed (Percival and Walden 2000, 
Whitcher et al. 2000, Benjamini and Yekutieli 2001). Results indicate the existence of anticorrelation in medium scales 
which can be explained since the increase of wind speed (which is expected to produce mill’s deviation from the verti-
cal position) produces a decreased detection of the vertical component but not rapidly (this is why the anticorrelation 
is not present in lower scales which correspond to lower periods).

4 Conclusions
We present the preliminary profiling results of the electrical properties of Saharan dust layers in the framework of the 
pre-ASKOS Cal/Val activities and the D-TECT ERC project. A suite of low-cost and disposable atmospheric electric-
ity sensors was tested and tethered to meteorological balloons over dust episodes in Cyprus. 

Fig. 2. Multiscale correlation using the maximal overlap discrete wavelet transform between the measured electric 
field strength and co-located wind speed values.

The profiling information reveals the presence of charged dust particles within the elevated plumes with accumulation 
of charges on layer boundaries, as expected. Mill measurements appear to be smooth with perturbations over the tran-
sition of the mill within the layer, but significantly deviated due to possible anticorrelation with wind speed. Further 
analysis with a wavelet correlation technique reveals the potential similarities between these physical parameters. 
Future work will include the implementation of an upgraded ion mobility sensor and the testing of the miniature field 
mill under diverse conditions for the integration in the ASKOS.

Table 1. Launches calendar during pre-ASKOS.
Observational Day Launch (UTC) Instruments1 Measured quantities
12/11/2019 12:38:28-13:30:56 Mill, IC E-field (Vm-1), ion density (cm-3)
14/11/2019 12:51:23-13:54:50 Mill, IC E-field (Vm-1), ion density (cm-3)
15/11/2019 11:07:51-12:41:23 Mill, IC E-field (Vm-1), ion density (cm-3)
16/11/2019 13:00:33-14:06:30 IC ion density (cm-3)
17/11/2019a 08:05:46-08:49:33 IC ion density (cm-3)
17/11/2019b 10:29:26-11:36:19 Mill, IC E-field (Vm-1), ion density (cm-3)
18/11/2019 11:08:44-12:37:42 Mill, IC E-field (Vm-1), ion density (cm-3)

1IC: ion counter
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Abstract: Data and climate model results for covariation of temperature and precipitation (P) over land have indi-
cated predominantly positive association (warming accompanied by wetting) in Northern Europe, mostly negative 
(warming-drying) in Southern Europe, and mixed in central Europe. This paper investigates more comprehensively 
what temperature-hydrology covariations look like, and how they have been shifting towards wetting or drying of 
various land areas, in terms of all main terrestrial water fluxes: P as the atmospheric water input, as well as evapo-
transpiration (ET, green water flux) and runoff (R, blue water flux). This is done based on measured data over (parts 
of) the last century, when land areas experienced both global warming and major human-driven local expansions of 
engineered flow regulation (dams, reservoirs) and both rain-fed and irrigated agriculture. For 13 studied hydrological 
basins with identified major human flow regulation and agricultural expansions in the Northern Hemisphere, results 
show more multifaceted and complex temperature-hydrology covariation patterns than just simple binary wetting or 
drying of land under warming. All study basins exhibit largely human-driven green-water wetting (ET increase), while 
blue-water drying (R decrease) emerges in most basins with either decreased or increased P water input (atmospheric 
drying or wetting). 

1 Introduction
Data from instrumental measurements and tree-ring based reconstructions along with climate model simulations back 
to 850 CE indicate positive association between surface temperature (T) and precipitation (P), i.e., warming accompa-
nied by wetting in terms of precipitation increase, in Northern Europe, mostly negative association in Southern Europe 
(warming-drying), and mixed associations in Central Europe (Charpentier Ljungqvist et al. 2019).  Previous studies 
have shown that, in addition to mainly climate-driven temperature-precipitation associations, water conditions on 
land may also be shifted by human expansion and intensification of rain-fed and irrigated agriculture (Destouni et al. 
2013), as well as of engineered flow regulation (by constructed dams and water reservoirs) for providing more water 
to expanding agricultural and other economic sectors, such as hydropower for energy supply (Jaramillo and Destouni 
2015). 
In general, Earth’s terrestrial water cycle, and its wetness/dryness conditions and possible shifts in these under warm-
ing are not only determined by the P water input over land, but also by the fluxes of actual evapotranspiration (ET) 
back to the atmosphere, mainly through the transpiration of vegetation and, as such, often referred to as green water 
flux (Falkenmark and Rockström 2006), and of the lateral runoff (R) through the landscape, referred to as blue water 
flux. Positive or negative T-P associations over land, given by data and/or climate models, do not fully quantify how 
either warming or direct human developments affect wetting or drying in terms of these other main hydrological flux 
variables, ET and R, on land. This paper investigates what temperature-hydrology covariations look like, and how they 
may have shifted towards wetting or drying of various land areas, in terms of all main water fluxes: P as main atmos-
pheric water input to the landscape, as well as ET (green water flux) and R (blue water flux). 

2 Data and Methodology
The study considers measured data time series of T, P and R from 13 large hydrological basins with independently 
identified major human flow regulation and agricultural expansions, spanning steep climate and human-pressure gra-
dients in the Northern Hemisphere. Fig. 1 shows the study basin locations, and the periods with relevant data and with 
main major human developments occurring and causing hydrological shifts in each of these basins over (parts of) the 
last century. In each study, the comparative time periods were selected based on the availability of data time series for 
T, P and R, with R data generally being the limiting ones. The time series requirements were monthly data, continu-
ously monitored over two comparative periods of equal and sufficiently long time for representing relevant period-
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average values (in all studies, time period length is ≥ 15 years), and with consistent spatial coverage for representing 
comparable basin-average values for all variables.

Fig. 1. The 13 hydrological study basins (left) and the associated comparative time periods (right). The colors of basin 
numbers in the map (left) and text in the table (right) relate to various major human developments, documented to have 
occurred from the earlier to later time period (see references in Table 1) and include enhancement/intensification of: 
engineered flow regulation – blue; rain-fed agriculture – green; and agricultural irrigation – magenta. The coloring of 
the mapped basins themselves (left) refers to the aridity ratio PET/P between their average potential evapotranspiration 
(PET) and average annual precipitation (P), where basins with PET/P<1 are energy limited (red) and those with PET/
P>1 are water limited (blue).

From measured P and R data and their basin- and period-average values in each study basin, corresponding values of 
average ET are estimated based on overarching basin-scale water balance as ET=P-R. This assumes, for simplicity 
and due to limited storage-change data in most basins, that corresponding average water storage changes are relatively 
small. Applicability of this assumption has been confirmed by data for even considerable long-term water storage 
changes (systematic decreases in the Aral Sea basin, number 8, and the Lake Urmia basin, number 12, Fig. 1), as well 
as for variations around relatively stable average storage conditions (in the Norrström basin, number 6, Fig. 1). These 
have shown that water-balance constrained ET quantification assuming small storage changes provides good estimates 
of shifts in period-average ET (Moshir Panahi et al. 2020), and is also conservative in not exaggerating direct human-
driven effects by underestimating rather than overestimating ET increases associated with systematic human-driven 
water storage decrease (Jaramillo et al. 2013). Table 1 provides references for the used data and to further descriptions 
of the different study basins and independent identifications of the major flow regulation, agricultural, and irrigations 
in these.

Table 1. References for the data and further descriptions of the different study basins, and the identified major human-
development shifts in these between the comparative time periods shown in Fig. 1.

Basin name Number Region
Basin area 

(km2)
Reference

Luleälven 1 Sweden 24 949   Destouni et al. (2013)
Ångermanälven 2 Sweden 30 638 As above
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Indalsälven

Dalälven

Vänern

Norrström

Vättern

Aral Sea

Sava River

Aegean

Ionian

Lake Urmia

Mahanadi River

3

4

5

6

7

8

9

10

11

12

13

Sweden 

Sweden

Sweden

Sweden 

Sweden

Central Asia

Balkans

Greece

Greece

Iran

India

23 842

25 058

47 571

22 650

13 283

1 889 000

17 847

147 026

31 958

51 762

135 000

As above

As above

As above

As above

As above

Asokan and Destouni (2014)

Levi et al. (2015)

Destouni and Prieto (2018)

As above 

Moshir Panahi et al. (2020)

Asokan and Destouni (2014)

3 Results
Fig. 2a shows basin-characteristic conditions of average annual P, ET and R over each study basin, versus corre-
sponding average potential evapotranspiration (PET). The latter is a temperature-determined basin characteristic 
(PET=325+21⋅T+0.9⋅T2, where T is annual average temperature in °C) that also has direct hydrologic relevance in 
terms of the aridity index PET/P characterizing energy limited (red) and water limited (blue) hydrological basins (Fig. 
1). The three wettest study basins in terms of average annual precipitation, P, are those of Mahanadi River, India (13, 
with average P=1304 mm/year), Sava River, Balkans (9, P=1040 mm/year), and the Greek Ionian basin (11, P=814 
mm/year). These represent quite different temperature conditions (with average T and associated PET and PET/P rang-
ing from around 8°C, 560 mm/year and 0.5, respectively, in 9; through 14°C, 814 mm/year and 1.0, respectively, in 11; 
to 25°C, 1 434 mm/year and 1.1, respectively, in 13). They are further either energy (9) or water (13) limited or both 
(11), and have undergone major enhancement of either flow regulation (9) or agricultural irrigation (11,13). From these 
quantifications, it is clear that neither the T nor the P atmospheric conditions, alone or in combination, characterize 
freshwater availability and demand conditions on land particularly well. Yet, such characterization is often pursued 
in discussions of scenario projection implications for water availability conditions on land based only on large-scale 
climate model outputs of T and P.

Fig. 2. (a) Average annual precipitation (P, atmospheric water), evapotranspiration (ET, green water), and runoff (R, 
blue water) fluxes, and (b) shifts in these between the study periods for each basin. These are plotted versus average 
potential evapotranspiration (PET), with greater PET and positive PET shift (DPET) implying warmer conditions. The 
basin numbers and number colors are as in Fig. 1, indicating enhancement between periods of: engineered flow regula-
tion (blue), rain-fed agriculture (green), and agricultural irrigation (magenta).
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In terms of green water ET flux, conditions of absolute average ET are more similar across the study basins than those 
of P and PET. The Indian Mahanadi River (13) and Greek Ionian (11) basins are the two wettest (with ET=687 and 
446 mm/year, respectively), followed by several other basins with quite different geographic locations along steep 
climate and agricultural gradients from north to south of Europe. Yet these basins have similar average ET, ranging 
over 316-391 mm/year for basins 5-7 in Sweden with rain-fed agriculture expansion, 9 in the Balkans with flow regu-
lation expansion, and 10 in Greece with irrigated agriculture expansion. In terms of blue water R flux, however, the 
most northern Swedish basins Luleälven (1, with average R=644 mm/year), Ångermanälven (2, R=615 mm/year) and 
Indalsälven (3, R=578 mm/year), all with major flow regulation expansion for hydropower purposes, emerge as being 
among the wettest basins, along with basin 9 in the Balkans (R=657 mm/year, also flow regulation expansion) and 
basin 13 in India (R=617 mm/year, irrigation expansion). In general, these results show that freshwater availability 
and demand conditions on land are multifaceted, complex, and require full characterization of all main water fluxes, 
including R, and not just of P and ET by climate model outputs that commonly focus on these, disregarding R or not 
checking basin-scale water balance implications of their P, ET and R outputs.
 Fig. 2b further shows the shifts observed in average P, ET and R fluxes after the documented major land and water 
expansions occurring between the comparative time periods in the various basins (Table 1). In consistency with Fig. 
2a, these shifts are plotted versus corresponding changes in PET, with positive PET change (DPET in Fig. 2b) imply-
ing warming between the periods. All study basins exhibit green-water (ET) wetting/flux acceleration, while nearly all 
also have experienced warming (positive DPET, expect in the Balkan Sava River basin 9 and Greek Ionian basin 11), 
with atmospheric P input that has either decreased (drying/flux deceleration) or increased (wetting/flux acceleration) 
while the blue-water flux (R) in the landscape shows drying/deceleration in most basins. In general, this overall ET 
increase implies increased loss of freshwater from the basin landscape to the atmosphere, and thereby less water avail-
able for groundwater recharge, runoff R to and through streams, and various societal and ecosystem needs and uses 
of groundwater and stream water.
Only the 3 most northern Swedish basins, 1-3), which in their average hydrological conditions range from being the 
driest in ET, medium wet in P, and among the wettest in R (Fig. 2a), emerge as fully wetting with associated terrestrial 
water cycle acceleration of all main fluxes P, ET and R. Societies in these basins and the 4th most northern Swedish 
basin (4), along with those in the Balkan basin 9, which is the wettest in R among all study basins, have been consist-
ent in making additional use of their large R resource through major expansions of engineered flow regulation over the 
last century. In the most northern Swedish basins 1-3, R has increased or remained more or at the same level because 
P has increased and fed the additional consumptive human water use (ET increase) driven by flow-regulation expan-
sion. In the more southern Swedish basin 4 and the Balkan basin 9, P has not increased as much (4) or at all (9), and 
the additional consumptive human water use has here been paid by decreased R. 
The same applies to the 3 most southern Swedish study basins (5-7), which are all intermediate in terms of average R 
(range of 290-351 mm/year). Societies in these basins have made use of the relatively large blue-water availability that 
this R range implies, along with the P increases occurring in this Swedish region, for major expansion/intensification 
of rain-fed agriculture. However, these P increases have not been large enough to feed the full ET increases driven by 
the agricultural expansions. As a consequence, R has decreased even though P has increased also in these study basins.
The overall greatest decreases in R, however, have occurred in the basins with major irrigation expansions (8,10-13; 
Fig.2b). These decreases range from -28 mm/year (basin 8) to -108 (basin 11). Despite their widely different geograph-
ic locations and average P conditions (Fig. 2a), these study basins are characterized by the lowest range of average R/P, 
i.e., of blue water remaining in the landscape relative to the amount of incoming P water (and thus the highest ET/P 
range for green water going back to the atmosphere). The societies within these basins have been consistent in choos-
ing to enhance the human water use beyond their relatively small remaining blue-water (R) resource through major 
expansions of agricultural irrigation over the last century. 
Basin 13 in the Indian monsoon-region has the greatest difference between its by far largest average P of 1304 mm/
year and its only intermediate remaining average R of 616 mm/year, due to its (also by far largest) loss of water back 
to the atmosphere through an average ET of 687 mm/year. In the two driest basins (in terms of R and P, but not of ET) 
of the Aral Sea in Central Asia (8) and Lake Urmia in Iran (12), the remaining average R is just 21 and 110 mm/year 
from an average P of 255 and 377 mm/year, respectively. The R decreases in these particularly dry basins are as large 
as, or even larger than, the long-term average R values, as the latter include and reflect also the R decreases from the 
first to the second comparative period in each basin; as a consequence, these major R decreases (due to the irrigation-
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driven ET increases) have led to dramatic human-driven shrinkage of both the Aral Sea (Destouni et al. 2010) and Lake 
Urmia (Khazaei et al. 2019). In the intermediate Greek Aegean (10) and Ionian (11) basins, remaining average R is 
278 and 368 mm/year from average P of 630 and 814 mm/year, respectively. The absolute R decreases are the largest 
in these Greek study basins (10,11) and the Indian basin (13) because these basins have also experienced considerable 
climate-driven decreases in P, in addition to the human-driven increases in ET.

4 Conclusions
Across all 13 study basins with major human flow regulation and (rain-fed or irrigated) agriculture expansions in the 
Northern Hemisphere, results show multifaceted and complex temperature-hydrology covariation patterns. This dry-
ing/wetting complexity is in contrast to the common perception of just simple binary wetting or drying of land areas, 
and acceleration or deceleration of the terrestrial water cycle under atmospheric climate change. All study basins ex-
hibit green-water wetting (ET increase/acceleration) that is largely due to directly human-driven ET increases resulting 
from expansions of flow regulation, agriculture, and irrigation. Concurrently, blue-water drying (R decrease/decelera-
tion) emerges in most study basins, while the atmospheric P water input to the basins has either decreased (atmospheric 
drying/P deceleration) or increased (atmospheric wetting, P acceleration). Only the three most northern study basins 
exhibit full wetting and terrestrial water cycle acceleration across all main flux variables P, ET and R.
The combination of human-driven increases of evapotranspiration (ET) and considerable climate-driven precipitation 
(P) declines have decreased (dried, decelerated) the blue water runoff (R) mostly in the Greek (10,11), Iranian (12), and 
Indian (13) study basins. The decrease in average R has been the largest in the Greek Ionian basin (11), with -108 mm/
year from the first to the second half of the last century. Overall, these combined human- and climate-driven decreases 
in R imply that less water is available for groundwater recharge, for the water needs of ecosystems, and for other hu-
man needs and uses of this annually renewable blue water flux than just agricultural irrigation. In general, increased 
consumptive use of green water (ET), driven by flow-regulation and/or (irrigated or rain-fed) agriculture expansion/
intensification for human food and energy supply, implies goal conflicts with other needs for the dwindling remaining 
blue water resource in societies and ecosystems around the world’s land areas.
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Abstract:  A number of tropical-like cyclones (TLCs), also referred to as “medicanes” have been identified in recent 
years over the Mediterranean and nearby sea basins. These storms share some characteristics with the tropical storms 
that develop over tropical oceans (eg. hurricanes). However, the task of distinguishing TLCs from extra-tropical 
storms, the dominant low-pressure system of the region, has been proven to be challenging, given that the method 
routinely used to distinguish tropical from extra-tropical storms performs poorly in this case. An original method for 
the objective recognition and study of TLCS is proposed. Taking advantage of the axial symmetry of TLCs, a local fit 
of an inverted cone on the geopotential height fields is performed. Apart from the identification of TLCs, an array of 
data is provided including the exact position of the center, the horizontal gradient of geopotential height outwards from 
the center and the radius of the symmetric area. The method requires gridded data, such as analysis or model results, 
and provides the aforementioned parameters for all available pressure levels. Further improvement of the method may 
allow its application on all available historical data in order to provide a full climatology of past medicane events. 

1 Introduction
A family of storms that occur in the Mediterranean region and have some tropical characteristics was identified with 
the advent of the satellite era. These storms, often referred to as tropical-like cyclones (TLC) or medicanes, are initially 
formed as ordinary extra-tropical low-pressure systems but undergo a transformation if suitable conditions are met. 
Due to the extreme and dangerous weather that they produce, TLC’s have been studied by many researchers. Although 
many steps have been made in the field, the classification of a storm as a TLC is still a difficult task and an objective 
recognition algorithm and a widely acclaimed comprehensive catalog of past occurrences have yet to be proposed. 
The method typically used to study the tropical shift of storms is the Hart diagrams. Although the method produces re-
liable results for the tropical oceans, in the case of medicanes the results are questionable. In the present study a novel 
method is presented which aims to adapt the Hart diagrams for the case of medicanes. 

2 Data and Methodology

2.1 Data
The ERA5 reanalysis data where used (Hersbach H et al. 2020). The horizontal resolution is 0.25°x0.25° and the 
vertical resolution is 25hPa from 1000 to 750hPa and 50hPa further aloft. The temporal resolution is 1 hour.
 
2.2 Methodology
The method is based on the axis-symmetric structure of storms with tropical characteristics. An inverted right circular 
cone is fit on the geopotential height fields of the isobaric surfaces at the center of the storm. A code was developed 
to perform that task using an iterative algorithm. By the end of the iteration the following parameters are calculated: 
• COORDS: The coordinates of the storm center. It corresponds to the horizontal coordinates of the cone apex. 
• GH0: The geopotential height at the center of the storm. It corresponds to the position on the vertical axis of the 

cone apex. 
• SLOPE: The horizontal slope of geopotential height from the storm center outwards. It corresponds to the comple-

mentary angle of one half of the aperture. 
In each iteration COORDS are corrected as described in Figure 1. GH0 and SLOPE are subsequently calculated using 
the least squares method based on the new coordinates. When the correction between two iterations is smaller than a 
minimum threshold, defined here to be 1 cm, convergence is assumed and the iteration stops. 



| 215 Applied Meteorology / Biometeorology

Fig. 1. Demonstration of the cone fit procedure. An initial set of COORDS is selected, top left. Using least squares 
method the geopotential height at the center (GH0) and outwards slope of geopotential height (SLOPE) are calculated, 
top middle. The theoretical geopotential height is calculated based on P0 and SLOPE, top right. The difference be-
tween observations and theoretical values translates into one shift per grid point towards or away from the center for 
a distance equal to the difference times SLOPE, bottom left.  The storm center is shifted according to the vector sum 
of the individual shifts for all grid points, bottom right. The procedure is repeated until the shift of the storm center in 
the last step becomes negligible. 

The radius of the area around the storm center that is considered in the calculations, RAD, is a critical parameter as 
it strongly affects the results. The calculations are performed for a series of predefined radii starting by the smallest 
radius and using the final results for each radius to initialize the next. In the end all the results are compared and one of 
the radii is selected to be RAD. The primary criterion is the maximization of SLOPE. In timesteps and pressure levels 
where tropical characteristics are strong the selection is trivial as SLOPE exerts a clear maximum for the optimum 
RAD (Figure 2). 
However, moving further into timesteps where the tropical characteristics grow weak, as well as into pressure levels 
higher in the troposphere, the rad-series of SLOPE becomes fuzzy and a number of local maxima may emerge compli-
cating the task of selecting the optimum RAD. The user may either select RAD manually, in which case SLOPE will 
be small because the axial symmetry is weak, or opt to not complete the procedure and to classify this timestep and 
pressure-level as not having detectable tropical characteristics. 
The first step of the user is to initialize the code with a timestep, a pressure level and a set of COORDS. The code then 
loads the input data, fits the cone for all radii starting by the smaller ones, and selects the optimum RAD. Once the 
calculations in a timestep-pressure level (TP) are completed the code proceeds to other TP’s using their neighboring 
results for initialization. In TP’s with strong tropical characteristics the procedure is completed smoothly and the full 
set of results is calculated, including RAD. However, in TP’s with weak or absent tropical characteristics the lack of 
axial symmetry makes the calculations increasingly fruitless, especially the selection of the optimum RAD. The code 
may reject those TP’s, fail to select the RAD or ask for the user to verify the RAD selection. After the code stops the 
user reviews a series of plots generated by the code, verifies or corrects the selected RADs and may run the code again 
to continue from that point on. The end result is a set of TP’s along with their respective COORDS, GH0, SLOPE and 
RAD. 
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Fig. 2. Medicane Zenon. Left: Map of geopotential height for the isobaric surface of 900 hPa. The position of the storm 
center (COORDS) as calculated by our code for each RAD is denoted with colored dots. The area of the medicane for 
the optimum RAD is presented with a green circle. Right: RAD-series of SLOPE. The optimum RAD is denoted with 
a dashed green line. The colors in both panels correspond with one RAD each. 

Fig. 3. SLOPE for medicane Zenon (top) and for an extra-tropical storm (bottom) in all pressure levels and for all radii 
given in two ways: As a 2-d image (left) and as a stack of RAD-series (right). 
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3 Results
Figure 3 demonstrates the differences between a storm with and a storm without tropical characteristics. In the case of 
the extra-tropical storm (top), SLOPE is maximized aloft, where the flow is laminar, and not near the surface, where 
the fronts do not allow for axial symmetry and a good fit  with a cone. The highest values of SLOPE emerge for a 
large RAD, which corresponds to the synoptic scale. The selection of RAD, i.e. the radius which allows for the highest 
SLOPE, is controversial for many pressure levels in the lower half of the troposphere, while no radius is a good choice 
for all pressure levels. 
In the case of the storm with tropical characteristics (bottom), SLOPE is maximized in the lower half of the tropo-
sphere, whereas the axial symmetry aloft is destroyed. The RAD of the highest SLOPE corresponds to the meso-scale. 
It is clear in which radius SLOPE is maximized and this radius is almost uniform in all pressure levels, especially in 
the lower half of the troposphere. These differences can be used as criteria whether a storm has tropical characteristics.

Fig. 4. Left: Medicane Rolf, east-west cross-section of geopotential height (solid) and geopotential height anomaly 
(dashed for positive and dotted for negative values). The horizontal red lines indicate the pressure levels of 925, 700 
and 400 hPa. The two vertical red lines indicate a zone of 200 km radius around the storm center. Right: Profile of 
geopotential height difference, ΔZ, in the 200 km radius zone (black) and of SLOPE (blue). Their derivatives with 
respect to ln(p) in the lower and upper zones, which correspond to the lower and upper thermal wind -VT

L and -VT
U, 

are also shown in the respective colors. 

Figure 4 is similar to the figure used by Hart to demonstrate how the two of his three parameters, lower and upper ther-
mal wind, -VT

L and -VT
U, are calculated (Hart 2003, Figure 3). In the left panel a cross-section in the east-west direc-

tion of geopotential height and geopotential height anomaly is presented. The calculation begins with the geopotential 
height difference, i.e. the range of values of geopotential height, ΔZ = Zmax – Zmin, within a 200 km radius zone around 
the storm center, indicated by the two vertical red lines. The profile of ΔZ is shown in the right panel (black). The lower 
and upper thermal wind is calculated as the derivative of ΔZ with respect to ln(p), i.e. , in the lower and upper zones 
respectively, defined by the horizontal red lines. The limits defined by the red lines are often used when adapting the 
Hart diagrams for medicanes (e.g. Carrió et al. 2017). 

The profile of the geopotential height difference, ΔZ, is used to calculate the thermal wind, which in turn is used to 
determine whether the storm in question has a warm core. An alternative way to achieve that is by using the profile of 
SLOPE which has a very similar physical meaning. SLOPE is approximately equal to ΔZ divided by the radius, which 
in the classic Hart diagrams is a constant. The use of SLOPE to calculate an alternative Hart parameter is demonstrated 
in the right panel of Figure 4 in blue. The thresholds which denote the emergence of tropical characteristics will need 
to be adopted for the new parameters. However, it is evident that the line for SLOPE (blue) gives a clearer signal of 
a warm core than the line for ΔZ (black) as it is clearly decreased in the higher altitudes from a high value to close to 
zero. 
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4 Conclusions
A method that adds to the current scientific arsenal for the study of axis-symmetric storms is presented. It was devel-
oped specifically in order to enhance the method currently in use for the detection of tropical characteristics in storms, 
the Hart diagrams, in the case of medicanes. However, it may be useful in other kinds of storms as well. 
The main reason for the poor performance of Hart diagrams with medicanes is the strongly baroclinic environment of 
the Mediterranean. For the thermal wind calculations to be representative of the thermal core, the variance of the geo-
potential height needs to be attributed mostly to it. This is very difficult to be achieved if the calculation is performed 
within a vertical strip of rigid radius as is clearly demonstrated in the top panel of Figure 4. The warm core is slightly 
slanted westwards as can be seen by the geopotential height anomaly lines. This causes the geopotential aloft in the 
east side of the vertical strip to increase artificially, in the sense that the increase is fueled by the ambient baroclinicity 
instead of by the warm core of the medicane. This in turn causes the maximum value of the geopotential height and the 
geopotential height difference in each of the pressure levels aloft to be artificially increased and the vertical gradient 
of the geopotential height, i.e. the thermal wind, to be artificially decreased. 
Other reasons that make this calculation of the thermal wind a poor choice for the study of medicanes include their 
small horizontal scale and the strong vertical wind shear of the Mediterranean region which causes them to slant away 
from the vertical. Both of these reasons increase the chances of misplacement for the vertical border of the column that 
will be considered in the calculations. In addition, they may induce further noise due to poor resolution. 
The use of SLOPE instead of the geopotential height for the calculation of the thermal wind is a way to correct those 
errors. The exact calculation of the center position and the radius of the axis-symmetric area allows to achieve maxi-
mum inclusion while avoiding the contamination of the results by irrelevant ambient air masses of high baroclinicity. 
Finally, it includes the south-north direction to enter the calculations allowing for more information to enter the cal-
culations. 
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Abstract: This research presents the analysis of a number of rainfall events that occurred in the Greater Athens area 
for a ten-year period (2006 to 2016) and have been recorded and analyzed by the RD-69 (Joss-type) disdrometer. This 
instrument measures the raindrop size distributions continuously and automatically, having the ability to transform the 
vertical momentum of an impacting raindrop into an electric pulse, whose amplitude is a function of the drop diameter. 
The range of drop diameters that can be measured through this instrument is between 0.3 and 5.0 mm. After analyzing 
the disdrometer data, different ZR relations were derived for each specific event, as well as, for two groups of rainfall 
events regarding the prevailing regime of precipitation (convective or stratiform).  

1 Introduction
Accurate measurements of rainfall are essential for a variety of applications, including water resources management 
and, generally, environmental monitoring. Rainfall estimates are obtained in-situ by local measurements using, for 
instance, tipping bucket rain gauges or optical disdrometers, as well as, through remote sensing techniques via radar 
and satellite data (Doviak 1983). Radar-derived precipitation data outweigh since they offer better spatial and tempo-
ral coverage. However, measurements are based on relationships between reflectivity factor (Z) and rain rate at the 
ground (R) (Dutta et al. 2012) and, as the relation between measured radar reflectivity and surface rainfall intensity 
is complex, they are characterized by high degree of uncertainty. This relation results from fitting power-laws in the 
empirical data, to obtain the values for the parameters a, b of the following equation:

Z=aRb

where, Z, is a measure of backscattered power of the transmitted signal, calculated by radar measurements. 
The raindrop size distribution (DSD) variability affects the accuracy of radar data adjustment to the rain gauge meas-
urements, and reflectivity can be calibrated if a disdrometer is available, as this radar calibration through disdrometer 
measurements is not affected by the DSD variability; thus, the uncertainty that is expected in the radar adjustment with 
a gauge is eliminated (Lee and Zawadzki 2006). The DSD is one of the most difficult-to-measure rainfall parameters 
that form the basis of radar rainfall measurements (Feloni et al. 2017) and these ZR relations can be expressed through 
surface disdrometer observation, as a function of recorded rain drop size distribution (Waldvogel 1974). 
The Joss-Waldvogel disdrometer (JWD) used in the current analysis is designed to derive the total integrated rain rate 
and radar reflectivity factor of the surface rainfall from drop size measurements, in order to provide the scanning radar 
estimates of rainfall (Joss and Waldvogel 1969). Particularly, the RD-69 (Joss-type) disdrometer is an instrument that 
measures the size distributions of raindrops falling on a sensitive surface of its transducer. It measures continuously 
and automatically and also has the ability to transform the vertical momentum of an impacting raindrop into an electric 
pulse whose amplitude is a function of the drop diameter, as described in detail by Baltas and Mimikou (2002). 
In the current work, fifty rainfall events, recorded by the RD-69 JWD established in NTUA Campus at Zografou 
(Athens, Greece), within the Greater Athens area, during the period between 2006 and 2016, were analyzed to obtain 
the corresponding ZR relations. Also, a further investigation regarding the comparison of the ZR between stratiform 
and convective rainfall events is also presented. For each event, ZR relations are estimated, based on the hypothesis 
that the DSD can be described by an exponential distribution (Marshall 1948). Two sets of a, b are provided for each 
event, which correspond to the two following empirical equations regarding terminal velocity, according to Feloni et 
al. (2017), who analyzed a number of events for the same region:
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V3 (m/s)=17.67D0.67

V4 (m/s)=48.54De-1.95D

where, D in [mm] is the diameter of the equivalent sphere of the same mass with the actual drop and Vi is the terminal 
velocity using different equations. 
Finally, each event is characterized as stratiform (S) or convective (C), based on the classification method described 
by Feloni et al. (2019), using the annual rainfall rate thresholds for Attica basin, a characterization that is done in order 
to present the ZR relations for each type of rainfall event.

2 Rainfall data and events selection
Fifty rainfall events occurred in the Greater Athens area during the period between 2006 and 2016 were selected for 
further analysis, based on the records provided by the following instruments:

a. A Joss-Waldvogel RD 69 disdrometer.
b. An Arg-100 rain gauge by Campbell Scientific Inc.
c. A Rain-O-Matic rain gauge by Pronamic.

The precipitation records of instruments b and c where used as reference, while their values (with 10 min time step) 
were averaged in order to get more reliable results regarding rainfall rate in mm/6h, a value that is further used for the 
classification of each event as stratiform (S) or convective (C). 
Another important fact about events selection is their separation when they are consecutive; according to Llasat 
(2001), a temporal threshold definition is quite subjective; a general principle is the time span of 1 hour, which en-
sures that the two events come from different clouds. Tokay et al. (2001) proposed a time equal to 30 minutes as the 
minimum duration between two episodes, especially considering the difference in the incident time of two raindrops 
recorded by a disdrometer. In the present analysis, the events are temporally separated when the time span between 
non-zero rainfall records is higher than an hour. 
A limitation regarding this analysis is the absence of summer thunderstorms among events, as disdrometer is removed 
during months of high temperature for purposes of maintenance and equipment protection. Thus, Table 1 summarizes 
the date of each event and its type (C, S).

Table 1. Rainfall events.

3 Results and Discussion
After the determination and classification of the events presented in Table 1, the drop size distribution for each of them 
is estimated using the two-minute disdrometer records, to finally fit power-law equations between reflectivity and rain 
rate. Two sets of a, b values are obtained for each event, linked to the different equation applied for terminal velocity, 
V3, V4 (Table 2, Fig.1). Based on the coefficient of determination, R2, 12 out of 25 convective events and 22 out of 25 
stratiform events accomplish best fitting using the V4 terminal velocity; all cases correspond to R2 higher than 0.947 
(Table 2). 



| 221 Applied Meteorology / Biometeorology

Fig. 1. Scatter plots for ZR relations’ parameters a, b for CS events using  the V3 (left panel) and V4 (right panel) ter-
minal velocity equations. 

Compared to Joss (1967) values, parameter b is systematically lower in all events. ZR relations, using both equations 
regarding terminal velocity shown in Table 2, lead to similar a, b values per event. Among events, although the values 
of parameter a are relatively high, it does not seem to exist a systematic relationship with the rain rate of each individ-
ual event. However, one can argue that parameter a  is more representative than b, as a more sensitive (i.e., parameter 
b appears a very slight variation is the selected events). Regarding the comparison between C-S events, as expected, 
average a, b values for convective events are higher than those of stratiform. However, there is a significant diversity 
among the results that does not allow to propose indicative values for each type of rain. For convective results, the a, b 
values using the V4 equation are very close to those proposed by Austin (1987) for convective events. Thunderstorms 
correspond to higher values of a, b parameters, which is in agreement with Joss (1967). Particularly for C-type events, 
a few minutes of drizzle rain in an event are capable of affecting the ZR relation, by reducing the a, b values. This 
attribute is common among the late autumn events that were analyzed. Regarding stratiform events, average results 
present standard deviations that are not too large and the average a, b values correspond to those of Austin (1987) for 
horizontal rain structures, i.e., rain cell. Finally, concerning rainfall events occurred in this area, Baltas and Mimikou 
(2002) analyzed 14 rainfall events and determined an average ZR relation equal to Z=431R1.25, that is also in agreement 
with the current study’s results.

Table 2. ZR relations per event.
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4 Conclusions
In this work, fifty rainfall events recorded by a Joss-type disdrometer were analyzed to determine ZR relations. The ZR 
relations derived from the analysis of two-minute disdrometer records for each individual event were further compared 
for two groups of rainfall events; the stratiform and convective prevailing regime, a classification that is based on a 
previous relevant work for the same region. Findings show that events linked to a convective prevailing regime tend 
to have higher values of a, b parameters of ZR relations. The relations determined using different equations regarding 
terminal velocity do not appear significant difference, as well as, both power-law fitting leads to high coefficient of 
determination, providing a satisfactory adjustment to the power-law equations. Additional work is suggested to be con-
ducted in order to specify better the ZR relations, as a function of the type of the event. Different temporal thresholds 
for events separation in case they are consecutive can also be applied, and these thresholds may differ in relation to the 
rainfall event type (i.e., shorter time span for convective cases). Finally, a detailed analysis in a seasonal basis it could 
be of value, especially for operational purposes, that incorporate these ZR relation in radar observations. 

References
Austin PM (1987) Relation between measured radar reflectivity and surface rainfall. Monthly Weather Review, 

115(5):105370. doi.org/10.1175/15200493(1987)115%3C1053:RBMRRA%3E2.0.CO;2
Baltas EA, Mimikou MA (2002) The use of the Josstype disdrometer for the derivation of ZR relationships. In Pro-

ceedings of ERAD 2002 (Vol. 291, No. 294).
Doviak RJ (1983) A survey of radar rain measurement techniques. Journal of Climate and Applied Meteorology, 22(5): 

83249. doi.org/10.1175/15200450(1983)022%3C0832:ASORRM%3E2. 0.CO;2
Dutta D, Sharma S, Kannan BA, Venketswarlu S, Gairola RM, Rao TN, Viswanathan G (2012) Sensitivity of ZR rela-

tions and spatial variability of error in a Doppler Weather Radar measured rain intensity, Indian Journal of Radio & 
Space Physics 41, 448460.

Feloni EG, Baltas EA, Nastos PT, Matsangouras IT (2019) Implementation and evaluation of a convective/strati-
form precipitation scheme in Attica region, Greece. Atmospheric Research, 220:10919. doi.org/10.1016/j.atmos-
res.2019.01.011

Feloni E, Kotsifakis K, Dervos N, Giavis G, Baltas E (2017) Analysis of JossWaldvogel disdrometer measurements 
in rainfall events. In Fifth International Conference on Remote Sensing and Geoinformation of the Environ-
ment (RSCy2017) 2017 Sep 6 (Vol. 10444, p. 104441H). International Society for Optics and Photonics. doi: 
10.1117/12.2279610

Joss J (1967) A raindrop spectrograph with automatic analysis. Pure Appl. Geophys..68:2406.



| 223 Applied Meteorology / Biometeorology

Joss J, Waldvogel A (1969) Raindrop size distribution and sampling size errors. Journal of the Atmospheric Sciences. 
26(3):5669. doi.org/10.1175/15200469(1969)026%3C0566:RSDASS%3 E2.0.CO;2

Lee G, Zawadzki I (2006) Radar calibration by gage, disdrometer, and polarimetry: Theoretical limit caused by the 
variability of drop size distribution and application to fast scanning operational radar data. Journal of Hydrology. 
2006 Aug 30;328(12):8397. doi.org/10.1016/j.jhydrol.2005.11.046

Llasat MC. An objective classification of rainfall events on the basis of their convective features: application to rain-
fall intensity in the northeast of Spain. International Journal of Climatology: A Journal of the Royal Meteorological 
Society. 2001 Sep;21(11):1385400. doi.org/10.1002/joc.692

Marshall JS (1948) The distribution of raindrops with size. J. meteor..5:1656.
Tokay A, Kruger A, Krajewski WF (2001) Comparison of drop size distribution measurements by impact and optical 

disdrometers. Journal of Applied Meteorology and Climatology. 40(11):208397. doi.org/10.1175/15200450(2001)0
40%3C2083:CODSDM%3E2.0.CO;2

Waldvogel A (1974) The N0 jump of raindrop spectra. Journal of Atmospheric Sciences.31(4):106778. doi.org/10.117
5/15200469(1974)031%3C1067:TJORS%3E2.0.CO;2



224 | Applied Meteorology / Biometeorology

Addressing flood risk in the Rafina stream basin (Attica, Greece) in the 
framework of the CyFFORS project

Giannaros C.1,2*, Kotroni V. 2, Lagouvardos K.2, Oikonomou C.1, Haralambous H.1,3 and Papagiannaki 
K.2

1 Frederick Research Center, 1303, Nicosia, Cyprus
2 National Observatory of Athens, Institute of Environmental Research and Sustainable Development, 15236, Athens, Greece
3 Frederick University, 1036, Nicosia, Cyprus

*corresponding author e-mail: res.gc@frederick.ac.cy

Abstract: Extreme rainfall events associated with floods are among the most frequent weather-related disasters re-
sulting to severe impacts. Flooding effects become even more important given that the frequency of heavy precipita-
tion is projected to increase in the future, due to climate change, contributing to the occurrence of more flood events, 
especially over the Mediterranean countries. Thus, the increase of flood risk awareness and the promotion of prepar-
edness against flooding is an imperative need. The CyFFORS (Cyprus Flood Forecasting System) project aims at 
contributing to this direction by developing and validating a pilot flood forecasting system targeted over three river/
stream basins in Cyprus and Attica, Greece. The current paper demonstrates the analysis of flood-associated informa-
tion, which is a necessary procedure prior to the development of the hydrometeorological modeling tool, in one of the 
study areas, namely in the Rafina catchment. The analysis focuses on 12 stream floods, occurred between 2008 and 
2014, including: (a) the examination of the synoptic atmospheric conditions during the episodes, (b) the classification 
of the events based on their intensity in terms of hydrometeorological conditions and socio-economic impacts, and 
(c) the investigation of the relationships between the precipitation characteristics, the peak stream discharge and the 
resulting impact.  

1 Introduction
Flood-related episodes, including river/stream floods, generated by heavy precipitation are among the most frequent 
weather-associated hazards (Hoeppe, 2016) resulting to numerous losses of human lives and severe damages on in-
frastructures and properties. In the course of the last decades, Europe has experienced a significant number of high-
impact flood events, especially in the Mediterranean counties (Vinet et al., 2019), where the local climate and complex 
topography favors intense rainfall episodes (Michaelides et al., 2018). The frequency and severity of extreme rainfall 
are likely to increase in the future according to climate projections (Seneviratne et al., 2012). This fact, combined 
with the increasing urbanization and economic growth is expected to make river/stream floods more frequent, intense 
and damaging for the natural and human environment (Alfieri et al., 2015; Dottori et al., 2018). However, the future 
changes in flood characteristics deviate significantly at the regional and local level. For this, addressing the river/
stream flood risk in each country is of great importance. The CyFFORS (Cyprus Flood Forecasting System) project 
aims at contributing to this direction by increasing the flood risk awareness and promoting preparedness against river/
stream flooding at local level in Cyprus (Larnaca) and Greece (Attica). To achieve this goal, a pilot flood forecasting 
system targeted over three river/stream basins will be developed and validated. A fundamental step prior to the de-
velopment of the hydrometeorological forecasting tool is the description of the status concerning flood dynamics and 
impact in the study catchments. Thus, the current paper provides a hydrometeorological and socio-economic impact 
analysis of 12 stream flood events occurred from 2008 to 2014 in one of the targeted watersheds, namely in the Rafina 
stream basin in Attica, Greece. The study includes the: (a) examination of the synoptic-scale pattern and lightning 
activity associated with the episodes, (b) characterization of the events in terms of rainfall duration and severity, peak 
stream discharge and impact intensity, and (c) investigation of the relationships between the rainfall characteristics, 
the maximum stream discharge and the flooding impact. 

2 Data and Methodology
The Rafina watershed is part of the GR06RAK0003 potentially significant flood risk (PSFR) zone, which was defined 
by the Greek Special Secretariat for Water (SSW, 2017) in the framework of the European Council (EC) Floods Direc-
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tive 2007/60/EC (EC, 2007). It is located in East Attica (Fig. 1) covering 123 km2, and includes the residential areas of 
Rafina-Pikermi, Pallini, Peania, Penteli and Spata regions with a total population of 85,000 residents approximately. 
Concerning geomorphology, the area comprises of Mount Penteli to the north and Mount Hymettus to the southwest, 
while it is open to the sea (Euboean Gulf) from the east (Fig 1b).

Fig. 1. (a) Map of Greece with identification of the Attica region. (b) Map of the study area including the basin’s extent 
and the locations of the available ground-based measurement sites.

2.1 Data
The collected data in the study area include rainfall and stream discharge measurements in 10-min temporal resolution 
covering the period from 2008 to 2014. The hydrological observations were provided in five measuring sites by the 
Hydrological Observatory of Athens (HOA), which is operated by the National and Technical University of Athens 
(NTUA). The rainfall measurements were retrieved from six meteorological stations operated by the National Obser-
vatory of Athens (NOA) and NTUA (Fig. 1b).

2.2 Methodology
The basis of choosing the fluvial flood events in the Rafina catchment was the examination of information associated 
with floods in the SSW report on Attica PSFR areas (2017) and in weather-related databases (e.g., the NOA database of 
high-impact weather events in Greece - http://stratus.meteo.noa.gr/events; Papagiannaki et al., 2013). In total, twelve 
stream flood episodes were selected considering the hydrometeorological and socio-economic data availability, as well 
as hydrological response intensity in terms of maximum stream discharge. The selected flood events were classified 
based on the: (a) associated synoptic atmospheric circulation and lighting activity, (b) rainfall duration and severity, (c) 
peak stream discharge, and (d) intensity of the resulting impacts. The synoptic meteorological analysis was conducted 
using the ECMWF (European Centre for Medium-Range Weather Forecasts) ERA5 surface and upper air reanalysis 
data at 0.25O x 0.25O spatial and 1 h temporal resolution, while the lightning activity was examined using data from the 
NOA ground-based ZEUS lightning detection network. The rainfall duration of each episode was defined by examin-
ing the time-series of rainfall and stream discharge, while the precipitation severity was determined by computing the 
maximum rainfall in terms of total and 1 h accumulation considering all the available precipitation records inside the 
study area. The maximum stream discharge for each event was derived considering the measurements obtained from 
sites that are close to locations at risk inside the Rafina watershed (H_3, H_4 and H_5 in Fig. 1b). The socio-economic 
impact analysis was conducted by investigating reports describing the flood effects in the NOA high-impact weather 
events database (Papagiannaki et al. 2013) and by examining fire service operations in flooded properties (Papagianna-
ki et al., 2015). Each event was classified according to four impact intensity categories (I0: minimal impacts, I1: minor 
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impacts, I2: significant impacts, I3: severe impacts) that were defined based on the classification used by Papagiannaki 
et al. (2013) for the NOA high-impact weather events database and by the United Kingdom (UK) Flood Forecasting 
Services (Speight et al., 2018)linking 24-h ensemble rainfall predictions from the Met Office Global and Regional 
Ensemble Prediction System for the UK (MOGREPS-UK for their operational flood guidance statement. Each impact 
intensity class considers the risk to human life, the damages to properties (e.g., buildings) and public structures, and 
the disruption to transport and utilities (e.g., electricity).

3 Results
Table 1 shows that the twelve identified events took place during the wet period. This outcome was expected, as the 
global atmospheric circulation during autumn and winter interacts with the local climate and complex topography in 
the Eastern Mediterranean, favoring the development of  cyclonic atmospheric patterns (Michaelides et al., 2018). The 
studied flood episodes were associated with this type of large-scale atmospheric conditions. In particular, the events 
were driven by surface low-pressure systems, which, in most cases, were accompanied by troughs and cut-off lows in 
the middle troposphere (Table 1). These features contributed to the advection of warm, humid and highly unstable air 
masses over the Rafina stream basin, while most episodes were characterized by low to moderate lightning activity 
indicating, respectively, low to moderate convective activity. Considerable rainfall amounts were produced over the 
study stream basin and a subsequent hydrological response that led mainly to minor impact (I1 class; Table 1). Signifi-
cant impact (I2 class; Table 1) was induced during the events 6 and 12. In the first case, an exceptional atmospheric 
pattern affected Greece and caused long-lasting and low-intensity rainfall over the study area. Event 12 occurred due to 
the development of a very deep surface cyclone associated with an upper-level trough, which exhibited a negative tilt. 
This fact led to local instability and, consequently, enhanced convective motions with high lightning activity across the 
trajectory of the surface low over Greece. As a result, heavy rainfall, in terms of total and 1-h accumulation, of short 
duration was produced over the Rafina catchment (Table 1). 

Table 2. Hydrometeorological and impacts intensity characteristics of the examined flood episodes

1 Low: 1-4 lightnings, Moderate: 5-25 lightnings, High: 26-50 lightnings
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Figure 2 demonstrates that the maximum stream discharge increases as the duration of rainfall increases. The two 
variables are highly correlated, as denoted by the non-parametric Spearman coefficient (rho), which is equal to 0.72 
(statistically significant at the 95% confidence interval; *p). A high positive correlation (rho = 0.71; statistically signifi-
cant at the 95% confidence interval; *p) is also evident for the peak discharge and total rainfall. Contrary, the low rho 
value (0.32) when the maximum discharge and 1-h rainfall are examined reveals a weak positive correlation between 
these parameters (Figure 2). This outcome is primarily due to the event 6. The peak discharge reached up to ~ 80 m3/s 
during this episode, despite the fact that it was characterized by low 1-h rain intensity (12.2 mm/h; Table 1). In this 
case, the ground saturation effect contributed primarily to flooding that resulted to significant impact (I2 class), as de-
noted by the long rainfall duration (39 h) and the substantial maximum total precipitation (148.6 mm; Table 1). For the 
event 12, which also led to significant impact (I2 class), high values of maximum total and 1-h rainfall (138.8 mm and 
39.4 mm/h, respectively) were recorded in short time (10 h; Table 1), as a result of the severe convective cloudbursts. 
Therefore, both saturation and infiltration excess assisted the generation of the severe flood with the peak stream dis-
charge surpassing 150 m3/s (Table 1). Peak discharges lower than 20 m3/s are found for the events 5 and 11, which are 
associated with very low duration and maximum total and 1-h accumulations of rainfall (Table 1). These episodes led 
to minimal impacts (I0 class), while minor impacts (I1 class) were induced by the rest of the flood events, which are 
characterized by maximum stream discharges that vary between 20 and 40 m3/s (Figure 2). The analysis illustrated in 
Figure 2 shows that the socio-economic impacts are greater when the peak stream discharge increases, with the two 
parameters being strongly correlated (rho = 0.84; statistically significant at the 99.9% confidence interval; ***p).  

Fig. 2. Maximum stream discharge against rainfall duration, maximum total and 1-h rainfall, and impact intensity. Rho 
values indicate the Spearman correlation coefficient, with statistical significance, p value, being symbolized as: +p 
(>0.05; not significant), *p (≤0.05; 95% confidence interval), and ***p (<0.001; 99.9% confidence interval).
4 Conclusions
The present study investigated the hydrometeorological characteristics and socio-economic impact of twelve stream 
flood events occurred from 2008 to 2014 in the Rafina catchment in Attica, Greece in the framework of the CyFFORS 
project. The analysis showed that the majority of the episodes were related to a typical, for the examined area, wet-



228 | Applied Meteorology / Biometeorology

period cyclonic atmospheric activity leading mainly to minor impact. The flood-related impacts were significant for 
two events (6 and 12). Low rainfall amounts were recorded for several hours during the first episode resulting to a high 
total accumulation of rainfall, while high-intensity rainfall in short period characterized the second event. Overall, 
highly correlated positive relationships were found between the observed peak discharge and the duration and maxi-
mum total accumulation of rainfall. Also, a strong positive correlation between the maximum stream discharge and the 
resulting impact was found. This outcome is of great importance as preliminary discharge thresholds for impact-based 
warnings can be developed in the frame of the CyFFORS pilot flood forecasting system. 
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Abstract: Several areas of Greek territorial waters, although environmentally sensitive, have already been heavily 
burdened by oil pollutants caused by marine accidents. The morphology of the sea area (narrow waters, shallow waters 
near bays and ports), specific weather phenomena and increased traffic in certain marine routes, make the risk of an 
accident with environmental effects of this nature even greater. Data so far has indicated that maritime accidents and 
especially in the unique Greek maritime area will occur. In this particular paper, we attempted to identify all the pos-
sible weather phenomena occurring to Greek seawaters and how they could possibly influence the impact of a marine 
accident that causes oil pollutants. In the context of this effort, we focused on studying weather conditions that occur 
on certain time periods and areas of Greek seas that could possibly affect the risk of an accident to occur and how these 
conditions will affect the restoration of possible environmental damage. In order to fulfill the above project an effort 
to study and understand previous maritime accidents and their current weather conditions at Greek level was made. 

1 Introduction
Greek territorial waters with the Aegean Sea as their center, form one of the main naval connecting links in the world. 
Their characteristics are the key geographical location, the extremely rich and unique marine environment with a large 
coastline, the thousands of islands, as well as the intense activity of ships. To the importance of Greek waters and more 
specifically, in the Aegean, is added the circulation of a significant number of merchant ships that transport goods from 
the Mediterranean to the Black Sea and vice versa, as well as passenger ships that connect Greek islands with mainland 
and Turkey. The study of accidents in Greece is of the utmost importance, mainly at the environmental level, since 
Greece is consistently one of the main naval and merchant fleet forces in the world, with its territorial waters hosting 
huge numbers of ships every day, with flags from all over the globe. (Gurner 2007, Nivolianitou 2016) 
One of the most destructive forms of water pollution is the release of liquid oil into the marine ecosystem. Oil spills 
due to human activity can be caused by the release of crude oil from ships, oil rigs and oil products such as gasoline 
and diesel. The release of oil from ships can result from various types of maritime accidents such as: damage caused 
by current weather conditions, sinks, groundings, collisions, fires, explosions, damage or failure to the ship structure, 
losses due to hostilities and conflicts and motley accidents.
There is, therefore, an urgent need to predict and avoid accidents that result in oil losses in the Greek maritime waters. 
In the context of this effort, we focused on studying weather conditions that occur on certain time periods and areas of 
Greek seas that could possibly affect the risk of an accident to occur and how these conditions will affect the cost and 
repair method of possible oil spill. 
In order to fulfill the above project an effort to study and understand previous maritime accidents and their current 
weather conditions at Greek and international level was made. Another goal, at the urging of agreed guidelines, was to 
understand the nature of these accidents, determine their frequency, and the extent of the multi-level damage they can 
cause in all areas that will impact the country’s viability.

2 Data and Methodology
There are many variables when it comes to meteorological conditions that could possibly influence a vessel’s safe ship-
ping and a possible oil spill’s repair. Some of them make navigation more difficult in a direct way (wind speed, wave 
height, type of wave) increasing the risk of an accident to occur, and others strongly influence visibility (rainfall, fog, 
time of day). Those same variables of course influence the level of effect that a chosen repair method will have along 
with the oil spill movement and formation. 
When it comes to predicting an oil spill’s behavior and the affect the possible repair methods will have, bad weather is 
usually recognized as a condition that deters effective oil spill countermeasures. For example, booms are the counter-
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measures which are significantly affected by weather conditions and skimmers show degradation of recovery potential 
with increasing wave height. The most important factors influencing both the performance of countermeasures and the 
ships risk to safe shipping are the wind and wave height. Wind can also change the rate of surface drift of oil and along 
with the wave length and height the direction and size of oil spill (Fingas 2011) 
The Mediterranean Sea and especially the Aegean, is an enclosed body of water. Large storms with high beauforts are 
created in both winter and summer. Usually, the sea conditions are not as bad as in more northerly open sea waters. 
However, we cannot ignore that major storms and rough seas can still occur in the Aegean Archipelagos during both 
winter and summer, owing to the boundary conditions created by the European and Baltic anticyclones that bump into 
each other over the Aegean Sea causing strong North winds (EMSA 2020). Unfavorable weather conditions are char-
acterized by high wave heights and high Beaufort. The risk of a maritime accident increases when in severe weather 
conditions poor or incomplete visibility due to rain, fog, etc. is added. 
The purpose of the analysis is to determine the locations in Greece where extreme weather phenomena are likely to 
be observed, such as high wave heights or very strong wind intensities, the time within a year they usually occur and 
how they could possibly affect safe navigation and oil spill repair process and cost. Also, an attempt will be made to 
determine what type of severe meteorological conditions form, close to environmentally sensitive areas, and the usual 
time within a year they often occur.

2.1 Data
The first step was the collection of data from all stages of dealing with and repairing maritime accidents of this nature 
that have occurred in Greek and international territorial waters and analyze them alongside with their current weather 
conditions. An important factor was to find as much data as possible so that the risk identification and assessment steps 
are reliable. 
The basis of the developed database relies on marine accidents that occurred in Greece provided by the Centre of 
the Hellenic Ministry for Mercantile Marine and Island Policy, plus data from Internet data bank EQUASIS for ves-
sels with leak of petroleum after collision or grounding. These are: name, date of building, flag, IMO number, actual 
situation of the vessel, site, kind and date of the accident, effects of the accident on the vessel. enriched by data with 
a dynamic character such as weather conditions, location of the accident etc. These data were gathered through the 
C.M.E.M.S platform (Copernicus Marine Environment Monitoring System) and the POSEIDON database. The first 
one is a platform providing ocean monitoring services, visualization tools and data. The second was developed by Hel-
lenic Centre for Marine Research, provides meteorological and sea condition data from all over Greece with multiple 
daily updates.

2.2 Methodology
In order to reliably research all the meteorological factors that can possibly lead to a marine accident with oil pollutants 
and assess the risk they hold, all variables that may influence the vessel’s safe shipping must be studied. These vari-
ables are either unchanging (static) throughout the ships journey, like the ship’s age, or constantly changing (dynamic), 
like location or wind speed. The overall study of these variables and the correlation between them and weather phe-
nomena will reveal under which circumstances and locations an oil spill accident risk increases due to meteorological 
conditions. 
In the following we will present some characteristic examples of wind speed and their direction in Greece, that indicate 
the adverse weather conditions that are often present in the Greek seas.
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In Figure 1, downstream winds from the Black Sea towards the strait of Kafireas up to nine Beaufort persist. They 
arrive to the strait of Kythira and Antikythera with a wind speed of eight Beaufort. The downstream winds coming 
from Ionian Sea come across them after the strait of Antikythera resulting to wind speeds of eight Beaufort at the west 
of Crete.

In Figure 2, six Beaufort downstream winds from Black Sea and Bosporus head towards the Aegean Sea directed 
towards Karpathos with more elevated strength between the islands of Mykonos and Icaria. Then downstream winds 
from the Ionian Sea strengthen in the south Cretan Sea and they meet those coming from the strait of Karpathos at the 
western part of Crete resulting in winds speeds of seven Beaufort.

 
In Figure 3, we observe an augmentation of the wave height at the northeast of Crete (strait of Antikythera), at the 
strait of Kafireas and the maximum values of the wave height (more than 2 m) at the Cretan Sea to the north coasts of 
Chania and Heraklion.

In Figure 4, we observe high waves at the straits of Kythira and Antikythera and at the South Cretan Sea. The waves 
forming southeast of the south Cretan Sea exceed 2.5 m.

3 Results
The study of the database of the mentioned above accidents lead us to conclude that the weather conditions influ-
ence the normal navigation of a vessel according to its statistical parameters. For example, the average wind speed 
during the accident days was about six Beaufort, and the older the vessels they seem to be influenced the most from 
severe meteorological conditions. The most dangerous locations are those of gulfs Saronicos, Evoicos and the strait 
of Kafireas. The data indicate that high wind speeds are observed at the Central and North Aegean Sea, Cretan and 
South Cretan Sea, and generally to straits as those of Kafireas, Kythira, Antikythera, and Karpathos. Regarding the 
wave height there is a plethora of regions where the waves raised up to 1.5 – 2 m. Some others as Dias islet, at the 
north of Heraklion of Crete, the straits of Kythira, Antikythera, Karpathos, Kafireas and the region between the island 
of Mykonos and Icaria, often presented even higher waves. Generally, an augmented frequency of higher waves is 
observed near and in the straits. 
Strong winds were also observed around the areas of the cape of Mount Athos and at Cape Malea. Similar direction 
winds, but with less intensity, are observed in bays such as Saronic (Vouliagmeni area), Thermaikos, Pagasitikos and 
Lakonikos. 
In general, there where various severe weather phenomena observed during both winter and summer months. Two of 
them are worth to be noted and further analyzed as they were observed often to be present during the day that accidents 
with hydrocarbon leakage occurred. The first one is observed during the months of November until May, called Si-
rocco or Sorocos in Greek. It arrives at Greek seas as a south or southwestern wind and sometimes brings with it sand 
from Africa possibly deteriorating visibility.  The second type of wind that often occurs in Greek seas and is worth to 
be noted is the etesian wind, usually appearing around the end of May and lasting until October, with a small week 
frame of no phenomena of this nature during July. North East winds blow in the North Aegean, in the central Aegean 
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they become North and in the West Aegean they tend to become North West. In the area around the island of   Rhodes, 
they tend to become West. In the Saronic Gulf and in the south Evian they remain North East. The intensity of these 
winds in the Aegean is between four to six Beaufort, but sometimes, it exceeds 8 Beaufort possibly causing problems 
in navigation. They have an average duration of two to four days. These winds blow during the day and stop at night; 
sometimes, however, they remain at night simply with reduced intensity. Their highest intensity is observed in the 
South Aegean and especially in the Cyclades
Another interesting result was that a large percentage of these accidents occurred inside or near ports with increased 
collision risk and near bays or shores with increased grounding risk. Although some of these accidents occurred un-
doubtedly during severe weather phenomena, the largest percentage represented accidents that occurred under rela-
tively mild meteorological conditions with wind speeds not exceeding the speed of six Beaufort. This leads us to 
conclude that even mild wind speeds can significantly increase the risk of an accident with hydrocarbon leakage when 
navigation is near or inside port and close to bay or shore. 

In Figure 5, all the main regions where adverse weather conditions often persist, according the data bases POSEIDON 
and COPERNICUS, are marked with red dots. These locations are worth to be highlighted because they present areas 
that often get affected by high wind speeds or wave heights or the combination of both.

In Figure 6, the locations with narrow waters taking account the 20 m isobaths are presented with dark blue around 
coasts. Also, the most dangerous locations with narrow waters that usually get affected by severe meteorological con-
ditions are highlighted with exclamation marks. These are the straits of Kafireas, Elafonissos, Kythira and Karpathos.
 
4 Conclusions
All variables, except for the size of the ship and its tank, are proportionally related to the probability of a ship being 
involved in an accident. Even if in contrast to the rest of the static and dynamic variables the increase of the ships size 
and tank of the vessel does not increase the probability of an accident to occur, a possible leakage from a big vessel 
with big tanks could result in irreversible environmental damage. An extensive oil spill combined with severe mete-
orological conditions that make most repair methods less efficient, can result in a big scale environmental damage with 
significant cleanup costs. In order to accurately calculate a ship’s probability to cause an environmental damage related 
accident its size and the size of its tank should also be taken into account.
In the Central and North Aegean, around the island of Crete and in general in most narrow waters and mainly those of 
Kythera, Antikythera, Karpathos and Kafireas, high wind speeds are created, increasing the probability of an accident 
to occur. At a general level it is observed that increased frequency of waves with high wavelength are usually formed 
in narrow waters. Also, it appears that in shallow waters, straits, bays and ports (either in or out of port) the risk of a 
maritime accident increases even under relatively mild meteorological conditions. The most affected areas by oil pol-
lutants caused by a marine accident so far, regardless of weather conditions are those of the Saronic Gulf, the Gulf of 
Evia and the Strait of Kafireas. 
The research of meteorological conditions in Greek seas and how they can possibly lead to a marine accident with 
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hydrocarbon pollutants is of outmost importance. It consists one of the most necessary steps if we attempt to reliably 
calculate the risk of an accident of this nature to occur and its potential consequences. In the near future, an attempt 
will be made to integrate the knowledge that derived from the current research, into the development of an environ-
mentally safe shipping model. The model to be developed evaluates the probability of an accident to occur in a specific 
area and after considering the consequences (i.e., the extent of the affected area and the cost of repairing a possible oil 
spill) assesses the final environmental risk. Thus, it will be possible to identify areas and sea routes, with high or low 
environmental and economic costs, taking an important step in reducing accidents with high environmental and eco-
nomic risk. Of course, the model that will be developed will give a higher risk to already burdened locations due to oil 
pollution, as well as to areas of unique ecological and environmental importance. It could be used as a complementary 
tool to navigation routing models or weather routing models. As a last step, a user-friendly interface will be integrated 
to the main code that will guide the captain or analyst, ensuring that it will be easily used emergency situations.
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Abstract:  Heat transfer through the soil is important in shallow geothermal applications, in plant growth through the 
control of the relevant physiochemical and biological processes by soil temperatures and in the exchange of heat and 
gas between the atmosphere and the soil. In this work, heat transmission is investigated through a spatio-temporal 
analysis of a multiyear time series of soil temperature at Ioannina, Greece. The time series of temperature at four 
depths (at the ground, at 10 cm, at 30 cm and at 60 cm depths) that is available every half an hour is analyzed and the 
damping of the amplitude of temperature variation that occurs with depth for the annual frequency dominating the 
temperature temporal variability is calculated. It is shown that the observed decay indicated a depth dependent thermal 
diffusivity. To obtain the depth dependence of diffusivity, a novel analytical solution for the diffusion equation with 
piecewise constant diffusivity is presented along with a novel algorithm. Utilizing this algorithm and the temperature 
data, a significant change of thermal diffusivity with depth is found with the near surface layer having the smallest 
value.

1 Introduction
The thermal properties of soil play an important role in meteorology, agriculture and the exploitation of geothermal 
energy. In particular, surface temperature is a crucial parameter in the radiative-convective equilibrium near the ground 
and is also used by satellite products to derive various surface properties (Holmes et al., 2008). Surface temperature 
is a result of the equilibrium between radiation, evapo-transpiration and heat transfer through soil, which is the focal 
point of this work. 
Heat can be transferred trough the soil by conduction as well as convection when the soil is porous and wet (Passerat 
de Silans et al., 1996). The strength of conduction can be quantified by thermal diffusivity of the soil, while the strength 
of convection depends on the amount of moisture in the ground and the mass flow rate through this porous medium. 
Since convection in the soil is difficult to be quantified and studied, most of the studies focus on heat transfer through 
conduction and on calculating the soil’s thermal diffusivity. While thermal diffusivity can be directly calculated in 
the lab through experiments with soil samples, the diffusivity can be different in realistic conditions where the time 
dependent moisture plays an important role (Farouki, 1981). Consequently, there are many indirect methods in the 
literature to estimate thermal diffusivity from on-site observations of soil temperature at various depths (Gao et al., 
2009). Most of these, are based on the analytical solution of the diffusion equation under the assumption that thermal 
diffusivity is independent of time and depth and that the soil is horizontally homogeneous (Van Wijk, 1963). 
The most common methods are the amplitude algorithm which calculates thermal diffusivity from the amplitude reduc-
tion of the observed temperature’s annual or diurnal variability with depth and the phase algorithm which calculates 
thermal diffusivity from the time difference between the maxima of the annual or the daily variation of temperature at 
the surface and the corresponding maxima at different depths (Horton et al., 1983). The same methods have also been 
applied in the case of heat transfer through both conduction and convection under the assumption that soil and water 
heat capacity and moisture content are constant in both space and time and that the moist mass flux is constant as well 
(Gao et al., 2003). 
However, thermal diffusivity is generally expected to depend on depth due to the different composition among the soil 
layers and due to differences in soil moisture content. In this work we use temperature data from various depths from 
the meteorological station of the University of Ioannina to estimate the depth dependence of thermal diffusivity. We 
first show that by applying the amplitude algorithm, the data indicate a depth dependent thermal diffusivity. We then 
present a new analytical solution of the diffusion equation for a piecewise constant thermal diffusivity that is able to 
capture differences in soil temperature evolution due to the dependence of thermal diffusivity on depth. Utilizing this 
analytical solution, we are able to calculate the depth dependent thermal diffusivity.
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2 Data and Methodology
The goal of this paper is the calculation of soil thermal diffusivity and its depth dependence through a novel meth-
od. For this calculation, we use soil temperature data from the meteorological station at the University of Ioannina 
(39°37’10” Ν, 20°50›50» E). The temperature at depths z1=10cm,  z2=30cm and  z3=60cm as well as the temperature 
at the surface are recorded on site over 30 minute intervals and the resulting temperature time series cover a seven 
year period in time (from 2008 to 2015). The missing data account for only a small fraction of less than 1% of the total 
values. The missing values are typically a few isolated 30 minute intervals and are approximately calculated via linear 
interpolation using neighboring known values.
The amplitude algorithm for the estimation of thermal diffusivity is based on an analytical solution for the evolution 
of soil temperature under heat conduction. Specifically, if we assume that heat is transmitted only through conduction 
and that the heat transmission as well as the soil temperature are horizontally homogeneous, then the soil temperature 
depends only on depth  and time  and evolves according to the diffusion equation:
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the total values. The missing values are typically a few isolated 30 minute intervals and are approximately calculated 
via linear interpolation using neighboring known values. 
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soil temperature under heat conduction. Specifically, if we assume that heat is transmitted only through conduction and 
that the heat transmission as well as the soil temperature are horizontally homogeneous, then the soil temperature 
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where 𝑘𝑘 is thermal diffusivity. Van Wijk (1963) hypothesized that thermal diffusivity does not depend on time and depth. 
In this case the diffusion equation is further simplified to: 
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In order to solve this partial differential equation, a Fourier transform for the temperature is applied 
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where the integral has been restricted to positive values for 𝑧𝑧 by taking advantage of the fact that for a real temperature 
field 𝜕𝜕��𝑧𝑧𝑧 �𝑧𝑧� � 𝜕𝜕� ∗�𝑧𝑧𝑧 𝑧𝑧�. Plugging this transform into equation (1) and solving the resulting ordinary differential 
equation yields the solution for 𝜕𝜕��𝑧𝑧𝑧 𝑧𝑧�. The boundary conditions are that the temperature at zero depth is equal to the 
surface temperature 
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where 𝛵𝛵�� is the Fourier amplitude of the ground temperature and that temperature at large depth is finite 
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By applying these boundary conditions, it can be readily shown that the solution to (1) is: 
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where 𝑑𝑑 � �𝑧𝑧 2⁄ 𝑘𝑘. Therefore, the soil temperature is harmonic having the same frequency as the surface temperature 
but with a different amplitude and phase. The amplitude decreases exponentially with depth at a rate 𝑑𝑑, while the phase 
difference increases linearly with depth with a slope 𝑑𝑑. Since 𝑑𝑑 increases with frequency, the temperature at large depth 
is determined mainly by the low frequency variability. 
 
The amplitude algorithm relies on the solution (4) to calculate thermal diffusivity. Specifically, it can be readily seen 
from (4) that the logarithm of the absolute value of the ratio of the Fourier amplitude between depth 𝑧𝑧 and the surface, 
is linearly decreasing with depth: 
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Calculating the Fourier amplitudes from the temperature data, plotting the logarithm of the ratio with depth and 
estimating the linear slope 𝑑𝑑 yields the thermal diffusivity 𝑘𝑘 � 𝑧𝑧�2𝑑𝑑�. In order to apply this method, we calculate the 
absolute value of the Fourier amplitude for the surface temperature �𝛵𝛵��� and plot it in Figure 1.  
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Calculating the Fourier amplitudes from the temperature data, plotting the logarithm of the ratio with depth and esti-
mating the linear slope  yields the thermal diffusivity k=ω/2d2. In order to apply this method, we calculate the absolute 
value of the Fourier amplitude for the surface temperature        and plot it in Figure 1. 

Figure 1. Absolute value of the Fourier amplitude of temperature at the surface        as a function of ω.  

We observe that the temperature variability is dominated by the annual cycle and the same holds for the temperature 
variability in the other depths as well. We therefore apply the amplitude algorithm only for the Fourier amplitudes at the 
frequency  of the annual cycle. The logarithm of the ratio of the amplitudes is shown as a function of depth in Figure 2. 
We observe that even though the logarithm is a decreasing function, it is not purely linear. Therefore, this illustrates that 
thermal diffusivity changes with depth as expected either due to different heat capacity or due to the different composi-
tion of the soil layers.

Figure 2. The logarithm of the ratio of the Fourier amplitudes of temperature at various depths over the Fourier ampli-
tude of the temperature at the surface as a function of depth. The Fourier amplitudes are calculated for the frequency of 
the annual cycle .

3 Novel Method
In order to calculate the dependence of thermal diffusivity on depth we propose in this work a different method that is 
based on the separation of the soil in different layers, each with a constant but different diffusivity. The number of layers 
is equal to the number of depths for which we have data. So in our case, we consider three different layers: layer a for 
0-10 cm depths, layer b for 10-30 cm depths and layer c for 30-60 cm depths. Temperature evolves within each of these 
layers according to the diffusion equation (1). Therefore, we have three similar solutions which differ only in the factor 
. The solutions are connected at the boundaries of the layers according to the boundary conditions that the heat flux  and 
temperature must be continuous. In addition, we have the boundary conditions at the surface (e.g. Eq. (2)) and at large 
depth (e.g Eq. (3)). Based on these conditions, the solutions for each one of these three layers are: 
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where 𝑘𝑘 is thermal diffusivity. Van Wijk (1963) hypothesized that thermal diffusivity does not depend on time and depth. 
In this case the diffusion equation is further simplified to: 
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In order to solve this partial differential equation, a Fourier transform for the temperature is applied 
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where the integral has been restricted to positive values for 𝑧𝑧 by taking advantage of the fact that for a real temperature 
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where 𝛵𝛵�� is the Fourier amplitude of the ground temperature and that temperature at large depth is finite 
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By applying these boundary conditions, it can be readily shown that the solution to (1) is: 
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Calculating the Fourier amplitudes from the temperature data, plotting the logarithm of the ratio with depth and 
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depends only on depth 𝑧𝑧 and time 𝑡𝑡 and evolves according to the diffusion equation: 

𝜕𝜕𝜕𝜕�𝑧𝑧𝑧 𝑡𝑡�
𝜕𝜕𝑡𝑡

�
𝜕𝜕

𝜕𝜕𝑧𝑧 �𝑘𝑘�𝑧𝑧𝑧 𝑡𝑡�
𝜕𝜕𝜕𝜕�𝑧𝑧𝑧 𝑡𝑡�

𝜕𝜕𝑧𝑧 �𝑧 

where 𝑘𝑘 is thermal diffusivity. Van Wijk (1963) hypothesized that thermal diffusivity does not depend on time and depth. 
In this case the diffusion equation is further simplified to: 
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In order to solve this partial differential equation, a Fourier transform for the temperature is applied 
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where the integral has been restricted to positive values for 𝑧𝑧 by taking advantage of the fact that for a real temperature 
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By applying these boundary conditions, it can be readily shown that the solution to (1) is: 
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Calculating the Fourier amplitudes from the temperature data, plotting the logarithm of the ratio with depth and 
estimating the linear slope 𝑑𝑑 yields the thermal diffusivity 𝑘𝑘 � 𝑧𝑧�2𝑑𝑑�. In order to apply this method, we calculate the 
absolute value of the Fourier amplitude for the surface temperature �𝛵𝛵��� and plot it in Figure 1.  
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Figure 1. Absolute value of the Fourier amplitude of temperature at the surface �𝛵𝛵��� as a function of 𝜔𝜔.   

 
We observe that the temperature variability is dominated by the annual cycle and the same holds for the temperature 
variability in the other depths as well. We therefore apply the amplitude algorithm only for the Fourier amplitudes at the 
frequency 𝜔𝜔� of the annual cycle. The logarithm of the ratio of the amplitudes is shown as a function of depth in Figure 
2. We observe that even though the logarithm is a decreasing function, it is not purely linear. Therefore, this illustrates 
that thermal diffusivity changes with depth as expected either due to different heat capacity or due to the different 
composition of the soil layers. 

 
Figure 2. The logarithm of the ratio of the Fourier amplitudes of temperature at various depths over the Fourier 
amplitude of the temperature at the surface as a function of depth. The Fourier amplitudes are calculated for the 
frequency of the annual cycle 𝜔𝜔�. 
 

3 Novel Method 

In order to calculate the dependence of thermal diffusivity on depth we propose in this work a different method that is 
based on the separation of the soil in different layers, each with a constant but different diffusivity. The number of layers 
is equal to the number of depths for which we have data. So in our case, we consider three different layers: layer a for 
0-10 cm depths, layer b for 10-30 cm depths and layer c for 30-60 cm depths. Temperature evolves within each of these 
layers according to the diffusion equation (1). Therefore, we have three similar solutions which differ only in the factor 
𝑑𝑑. The solutions are connected at the boundaries of the layers according to the boundary conditions that the heat flux 
� � ��� 𝑇𝑇 �⁄ 𝑧𝑧 and temperature must be continuous. In addition, we have the boundary conditions at the surface (e.g. 
Eq. (2)) and at large depth (e.g Eq. (3)). Based on these conditions, the solutions for each one of these three layers are:  
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and �𝑧 � � 1𝑧2𝑧�. The diffusivities 𝑘𝑘�, 𝑘𝑘� and 𝑘𝑘�, are the diffusivities for layers a, b and c respectively. Because the 
solution in the third layer is the same as (4), the thermal diffusivity of the third layer 𝑘𝑘� can be calculated by equation 
(5) as: 
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In order to calculate the thermal diffusivities of the upper two layers, we considered the difference between the 
theoretical logarithm of the ratio of temperature at different depths to the observed ratio: 
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If the data agrees with the theoretical solution, then both these two functions should be zero for a pair of values for 
�𝑘𝑘�𝑧 𝑘𝑘��. The zero values of the two functions are given by the intersections of the surfaces 𝑓𝑓, 𝑔𝑔 with the 𝛰𝛰𝑘𝑘�𝑘𝑘� plane 
that are shown in Figure 3. The intersection of these two curves corresponds to the values of the two thermal diffusivities 
for which both of the functions are zero and we therefore have an exact match between the theoretical solution and the 
observed data. We find that the point of intersection is at  

𝑘𝑘� � 1.��1 ∙ 10��𝑚𝑚�𝑠𝑠��𝑧 𝑘𝑘� � 12.1� ∙ 10��𝑚𝑚�𝑠𝑠��. 
 

 
Figure 3. The intersections of the surfaces 𝑓𝑓�𝑘𝑘�𝑧 𝑘𝑘�� (solid) and 𝑔𝑔�𝑘𝑘�𝑧 𝑘𝑘�� (dashed) with the 𝛰𝛰𝑘𝑘�𝑘𝑘� plane. The 
intersection of the two curves yields the values for the thermal diffusivities of the first two layers. 
 
We observe that the diffusivity increases in the second layer and decreases in the third with the obtained values being in 
general agreement with previous estimations �𝑘𝑘 � � ∙ 10��𝑚𝑚2𝑠𝑠�1� for the soil near the meteorological station using 
the amplitude method (Ioannou 1998). In addition, laboratory experiments with soil samples have shown that such 
dependence of diffusivity on depth with diffusivity in the near surface layer having the smallest values are not 
uncommon (Farouki, 1981).  
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4 Conclusions
In this work we studied the transfer of heat through conduction in the soil. We investigated the amplitude algorithm for 
the indirect estimation of thermal diffusivity that is based on soil temperature data as well as the solution of the heat 
conduction equation under the assumptions that the soil is horizontally homogeneous and that the thermal diffusivity 
is independent of depth and time. We used soil temperature data from the meteorological station of the University of 
Ioannina that consists of the temperature at the surface and at three soil depths over seven years. Analysis of the data 
suggested that the thermal diffusivity changes with depth. We therefore proposed a novel method to calculate the depth 
dependent thermal diffusivity using the same data but a different analytical approach. We assumed three separate layers 
of soil with piecewise constant thermal diffusivities and solved the diffusion equation for the temperature evolution 
using the boundary conditions of continuous heat flux and temperature between the layers. Using this analytical solu-
tion, we devised an algorithm which imposes an exact match between the observations and the analytical solution to 
calculate the thermal diffusivities for the three layers. We found that the order of magnitude of the thermal diffusivities 
is in agreement to previous estimates using the amplitude algorithm but also revealed a significant variation of the dif-
fusivities with depth which was not considered by previous studies and should be taken into account for the accurate 
representation of the evolution of soil temperature.
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Abstract: Α crucial and open issue is the exposure of urban population to the combined impact of heat stress and air 
pollution. The environmental pressures due to the global and regional warming alongside with the rapid urban growth 
negatively affect the thermal environment, altering the thermal budget in cities which in turn affects the outdoor ther-
mal comfort conditions. At the same time, poor air quality in urban areas constitutes an additional aggravating factor 
for the citizens’ health. The majority of health impact studies conducted in Europe conclude that particulate matter 
(PM) and ground-level ozone (O3) have the most harmful effects on human health. The present study attempts to make 
an overall assessment of the environmental stress due to heat stress and air pollution at the city of Athens, analyzing 
meteorological and air quality data for the period 1987–2017. The impact of thermal environment on humans was as-
sessed employing the advanced Universal Thermal Climate Index (UTCI). The harmful levels of the studied pollutants 
(O3, PM10) were based on the latest air quality standards. The analysis reveals that the health-related threshold of O3 
and the lower heat stress level of UTCI index were simultaneously exceeded during 942 days (8.32%) of the study 
period.  

1 Introduction
A number of studies have been presented worldwide investigating the thermal conditions in urban areas. The main out-
come of these studies is the undeniable exposure of urban population in thermal discomfort due to the global warming 
effect, the urban heat island phenomenon and the increasing frequency of heat waves the last few decades, which alter 
the thermal environment in cities (Katavoutas et al. 2019, Matthews et al. 2017). At the same time, the effects of poor 
air quality have mainly been felt in urban areas causing serious problems in public health, apart from its impacts on en-
vironment and economy, leading to premature deaths and ill health (EEA 2013, WHO 2013). As a consequence of the 
above, the urban population is subject to more than one aggravating factors which in turn affect its health and welfare.
The present study aims to an overall assessment of environmental stress due to heat stress and air pollution in the city 
center of Athens during the period 1987–2017. Different grades of heat stress combined with the harmful levels of both 
ozone (O3) and particulate matter with a diameter of 10 micrometres or less (PM10) were used in order to character-
ize the inhabitants’ exposure level. The level of heat stress was evaluated employing the comprehensive UTCI model 
while the ambient air quality thresholds for the protection of human life were based on the latest guidelines.

2 Exposure assessment to O3, PM10 and heat stress
In order to investigate the additional or/and simultaneous exposure of population to air pollution and heat stress, two 
fixed air quality monitoring stations in the vicinity of National Observatory of Athens weather station were used. 
Geoponiki and Aristotelous air quality stations are operated by the Ministry of Environment and Energy network. 
Concentrations of ambient 1-hour O3 and 24-hour PM10 were obtained by Geoponiki for the period 1987–2017 and by 
Aristotelous for the period 2001–2017, respectively. Both time periods cover the entire operating period of the stations 
for the selected pollutants.
The Commission of the European Communities Directive sets the ambient air quality threshold for the protection of 
human health at 120 μg m-3 for O3 based on a daily maximum of running 8-hour mean (CEC 2008). The World Health 
Organization air quality guideline alongside with the Commission of the European Communities Directive specify the 
ambient air quality threshold at 50 μg m-3 for PM10 based on the 24-hour mean (CEC 2008, WHO 2006).
Tropospheric ozone has been chosen, since it is an aggressive oxidizing agent, which can have significant effects on 
human health, especially for vulnerable groups of population (Stergiopoulou et al. 2018). High concentrations of 
ozone in the air can cause respiratory diseases, such as asthma, reduced lung function, and other pulmonary diseases 
(EEA 2013). Recent studies link long-term exposure to ozone with poor reproductive health and greater mortality 
(WHO 2013). On the other hand, particulate matter penetrates through inhalation into the lungs and blood, having 
negative effects on human respiratory, cardiovascular, immune and nervous system (EEA 2013). Recent epidemiologi-
cal studies conclude that the effects of particulate matter on health are even more serious than the effects of ozone. 
Even at concentrations lower than the current air quality guideline levels, particulate matter seems to constitute a 
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health hazard (EEA 2013).
The impact of atmospheric parameters on human thermal comfort was assessed applying the sophisticated Universal 
Thermal Climate Index (UTCI). The UTCI model takes into account the combined effect of air temperature, air humid-
ity, wind speed and radiation on the physiological response of the human body, while having thermo-physiological 
background across the entire range of human-environment energy exchange mechanisms (Jendritzky et al. 2012). 
The meteorological data on hourly basis were obtained by the National Observatory of Athens weather station for the 
period 1987–2017, by following the entire operating period of the selected air quality stations. The selection of UTCI 
was based on two reasons. The first reason is the rationale and comprehensiveness of UTCI compared to other thermal 
indices (De Freitas and Grigorieva 2017) and the second one is the good performance of UTCI compared to the actual 
human thermal response against the predictions of other indices (Pantavou et al. 2013, Huang et al. 2017).
The air quality measurements on both sites were used in order to characterize the inhabitants’ exposure level of the 
nearby areas. By the same token, the UTCI values were employed to characterize the physiological stress level of 
population in the nearby areas. The area the results are referring to is delimited by the three stations which, due to their 
vicinity, are creating a triangle with sides less than 1.5 km in the city center of Athens.

3 Results
The exposure of population to the combined impact of heat stress and air pollution is of great importance especially in 
urban areas. Figure 1 presents the percentage of days when the O3 threshold (>120 μg m-3) was exceeded with simul-
taneous exceedance of two different heat stress levels of UTCI index for at least one hour per day. The results reveal 
that the threshold of O3 has been exceeded and at the same time the population has been subject to at least ‘strong heat 
stress’ (UTCI > 32 oC) at 8.32% (942 days) of the days during the period 1987–2017 (Fig. 1a). In addition, an excess 
of either the O3 threshold or the ‘strong heat stress’ limit was observed at 19.35% (2191 days) of all days of the study 
period. Even when a higher heat stress level was considered (UTCI > 38 oC), the analysis reveals that the health-
related threshold of O3 and the ‘very strong heat stress’ limit were simultaneously exceeded during 388 days (3.43%) 
of the study period (Fig. 1b). Furthermore, the population was either subject to poor air quality or underwent a ‘very 
strong heat stress’ at 11.87% (1344 days) of the total number of days of the study period. Finally, the highest category 
of heat stress (UTCI > 46 oC, ‘extreme heat stress’) alongside with the exceedance of O3 threshold were observed for 
only 7 days (0.06%) during the period 1987–2017 (figure not shown here). The percentage of days that couldn’t be 
characterized due to the missing values, mainly of O3 and to a less extent of meteorological parameters for the UTCI 
calculations, is 16.45% (Fig. 1). Therefore, the percentages that already have been presented indicating the simultane-
ous exposure of population to air pollution and heat stress could be considered as a “minimum percentage”, since it 
could potentially be higher.
The months in which the simultaneous excesses of the examined conditions were observed depended on the intensity 
level of heat stress. The days when the O3 threshold was exceeded with simultaneous exceedance of ‘strong heat stress’ 
were observed from April to October, with the highest number of days recorded in July (319 days) and August (286 
days). When the exceedance concerned the threshold of ‘very strong heat stress’ category, the distribution of days was 
limited between May and September, with the maximum number of days noted in July (176 days) and August (151 
days). In the upper category of ‘extreme heat stress’, 6 out of 7 days were observed in July and the rest in June.

Fig. 1. Percentage of days when the population was exposed to an environment with simultaneous exceedances of 
O3 threshold and a) ‘strong heat stress’ and b) ‘very strong heat stress’ during the period 1987–2017 in Athens. The 
percentages of days when one of the two conditions was fulfilled, none of the two conditions was fulfilled and of days 
that couldn’t be characterized due to the missing data are also illustrated.



| 241 Applied Meteorology / Biometeorology

The results based on particle pollution reveal that the ambient air quality threshold of PM10 (>50 μg m-3) and the thresh-
old of ‘strong heat stress’ category (UTCI > 32 oC) were simultaneously exceeded for 519 days (8.36%) in the period 
2001–2017 (Fig. 2a). Moreover, the population was either subject to poor air quality based on PM10 or underwent a 
‘strong heat stress’ for at least one hour per day at 38.59% (2396 days) of the days during this period. A total number 
of 257 days (4.14%) was also found when the institutionalized threshold of PM10 was violated simultaneously with a 
higher heat stress level (UTCI > 38 oC, ‘very strong heat stress’) (Fig. 2b). In addition, an excess of either the PM10 
threshold or the ‘very strong heat stress’ limit was observed at 30.42% (1889 days) of all days of the study period. 
Finally, the combination of the highest category of heat stress (UTCI > 46 oC, ‘extreme heat stress’) with the exceed-
ance of PM10 threshold was observed for only 7 days (0.11%) during the period 2001–2017 (figure not shown here). As 
in the case of O3, the percentage of days that couldn’t be characterized due to the missing data is 14.95% (Fig. 2) and 
thus, the percentage with simultaneous exposure of population to air pollution and heat stress could be characterized 
as a “minimum percentage”, since it could potentially be higher.
In general, the variation of PM10 concentrations per month depends on the station’s location, but is also affected by 
natural sources such as the marine aerosols and the dust transportation. The days when the thresholds were exceeded, 
both for the PM10 and the ‘strong heat stress’, were noted between April and November. The highest number of days 
was recorded in August (112 days) and July (109 days), followed by September (91 days) and June (89 days). When 
the exceedance concerned the threshold of ‘very strong heat stress’ category, the distribution of days was limited be-
tween May and September, with the maximum number of days appearing in August (91 days) and July (89 days). In the 
upper category of ‘extreme heat stress’, 4 out of 7 days were observed in June, 2 in July and 1 in August. The monthly 
distribution of days with simultaneous exceedances of the examined conditions for PM10 reveals a greater dispersion 
throughout the observed months than for O3. The latter is probably attributed to the fact that the highest levels of O3 
are observed during the summer months due to the increased sunshine, both in duration and intensity, this period of 
the year.

Fig. 2. Percentage of days when the population was exposed to an environment with simultaneous exceedances of 
PM10 threshold and a) ‘strong heat stress’ and b) ‘very strong heat stress’ during the period 2001–2017 in Athens. The 
percentages of days when one of the two conditions was fulfilled, none of the two conditions was fulfilled and of days 
that couldn’t be characterized due to the missing data are also illustrated.
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In the previous paragraphs, the simultaneous exposure of population to poor air quality conditions and high heat stress 
levels was analyzed. However, each pollutant (O3, PM10) was separately examined combined with the physiological 
heat stress categories. In Fig. 3, three conditions were simultaneously considered, the first two concerned the thresh-
olds for the protection of human health for O3 and PM10 and the third was related to the threshold for the heat stress. 
Although the data for O3 are available from 1987, the following results focus on the period 2001–2017 in order to 
follow the data availability of PM10. The results reveal that the thresholds of O3 and PM10 have been exceeded and at 
the same time the population has been subject to at least ‘strong heat stress’ (UTCI > 32 oC) at 1.47% (91 days) of the 
days during the examined period (Fig. 3a). A significant percentage of 38.94% (2418 days) of the total number of days 
in 2001–2017, when one or even two out of the three conditions were fulfilled, was also found. The percentage of days 
when the population was not subject to any kind of aggravating factor is 32.78% (2035 days), which is clearly lower 
than the percentage when one or even two out of the three conditions were violated. Even when a higher heat stress 
level was considered (UTCI > 38 oC), the analysis reveals that the health-related thresholds of O3, PM10 and the ‘very 
strong heat stress’ limit were simultaneously exceeded during 70 days (1.13%) of the study period (Fig. 3b). A high 
percentage of 29.63% (1840 days) of the total number of days in 2001–2017, when one or even two out of the three 
conditions were fulfilled, was also noted. The percentage of days that couldn’t be characterized due to the missing data 
is relatively high (26.82%, Fig. 3) and therefore, the percentage with simultaneous exposure of population to air pol-
lution and heat stress could be characterized as a “minimum percentage”, since it could potentially be higher. Finally, 
the highest category of heat stress (UTCI > 46 oC, ‘extreme heat stress’) alongside with both pollutants were examined, 
but none simultaneous exceedances were detected.
The days when the thresholds of O3 and PM10 were exceeded with simultaneous exceedance of ‘strong heat stress’ 
were observed from June to September, with the highest number of days recorded in July (40 days) and August (32 
days). When the exceedance concerned the threshold of ‘very strong heat stress’ category, the distribution of days was 
observed only during the summer months, with the maximum number of days noted in July (37 days) and August (28 
days).

Fig. 3. Percentage of days when the population was exposed to an environment with simultaneous exceedances of 
O3, PM10 thresholds and a) ‘strong heat stress’ and b) ‘very strong heat stress’ during the period 2001–2017 in Athens. 
The percentages of days when one or even two of the three conditions were fulfilled, none of the three conditions was 
fulfilled and of days that couldn’t be characterized due to the missing data are also illustrated.
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4 Conclusions
The above results underline the particularly high overall environmental risk for urban population, which is originated 
from three separate problems, the air pollution, the climate change and the urban heat island, which are however linked 
in several significant ways. The Athens population is exposed to at least one, two or all of the three stressful factors, 
which are the exceedance of ambient air quality thresholds for the protection of human health for O3 and for PM10 as 
well as the presence of ‘strong heat stress’, at an overall percentage that exceeds 40%. This percentage reaches up to 
30% when the population is subject to ‘very strong heat stress’. It is worth mentioning that all the aforementioned 
percentages would be considerably higher if the analysis was restricted in the warm period of the year.
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Abstract: Sea surface chlorophyll, a proxy of phytoplankton abundance, can be impacted by meteorological factors 
and extreme weather events. Meteorological events that induced strong winds and high waves over a wide part of the 
Eastern Mediterranean Sea are examined here regarding their influence on sea surface chlorophyll concentrations. 
The study areas are delineated by the higher values of the ECMWF - Extreme Forecast Index. Using satellite derived 
data, the differences in chlorophyll between the values after the events and the ones before, as well as in respect to the 
monthly climatology, are calculated. The results show that enhanced wind and wave conditions are related to chloro-
phyll increases over a large part of the affected areas. It is noted that the relation between extreme weather events and 
chlorophyll concentrations over the open sea have been scarcely examined for the Eastern Mediterranean.

1 Introduction
Phytoplankton growth is determined by the availability of nutrients -mostly originated from the deeper sea layers- 
and light, both of which are highly controlled by the mixed layer depth (MLD) (Lavigne et al. 2013). Meteorological 
conditions, to a greater extent the extreme ones, can affect phytoplankton abundance mainly by exerting influence on 
MLD dynamics. Chlorophyll-a is the primary photosynthetic pigment that can be used for quantifying phytoplankton. 
During the last decades, sea surface chlorophyll concentrations can be also derived from satellite reflectance data, 
they have been proved good indicators for phytoplankton and, by presenting great availability, they have boosted the 
relevant research. 
The Eastern Mediterranean Sea (Fig. 1) is characterized, in general, by oligotrophic conditions that are more pro-
nounced eastwards and southwards (Siokou-Frangou et al. 2010 and references therein). The Sea’s phytoplankton, be-
ing nutrient and not light limited, follows the subtropical regime for its growth: the deepest MLD in late winter or early 
spring results in more nutrients imported from the deeper layers to the euphotic zone, thus in higher phytoplankton and 
chlorophyll concentrations (Lavigne et al. 2013 and references therein). 
Wind is considered an important meteorological factor that, by altering the MLD, exerts influence on sea surface 
chlorophyll concentrations by regulating the nutrient availability; waves can affect chlorophyll in a similar way as the 
wind does. Positive correlations have been found between wind speed or wave height and chlorophyll for the Eastern 
Mediterranean Sea (Kotta and Kitsiou 2019b and references therein). It is noted that the atmospheric inputs which are 
enhanced during precipitation events are considered as the secondary source of nutrients (Kotta and Kitsiou 2019b and 
references therein).
In the present study, three high wind-wave events are examined for their influence on the Eastern Mediterranean’s 
chlorophyll, comprising open sea areas. The results show increases in sea surface chlorophyll values after the events. 
It is noted that extreme weather events in respect to chlorophyll concentrations have been usually studied involving 
precipitation and for near shore areas where the added nutrients can also be attributed to terrestrial and riverine inputs; 
they have been scarcely studied for open sea areas (Kotta and Kitsiou 2019a and references therein).

2 Data and Methodology
The Eastern Mediterranean Sea –east of the Sicily Straits– is the study area of the present work and is shown in Fig. 1 
together with the monthly mean chlorophyll values for November and January. 

Fig. 1. The study area (Eastern Mediterranean Sea) along with the monthly chlorophyll climatology for November and 
January as computed for the period 1998–2016 (adapted from Kotta and Kitsiou 2019b and slightly modified). MLD 
gradually deepens from November to January and chlorophyll concentrations increase.



| 245 Applied Meteorology / Biometeorology

Three events that induced high winds and waves over a large part of the Sea are examined for their possible influence 
on sea surface chlorophyll concentrations. The first event of 11-13 November 2019 affected the west part of the study 
area, including the Ionian Sea, with strong southerlies; a low moved from south Sidra to the Tyrrhenian Sea where it 
reached 987 hPa. A 981 hPa depression in the Ligurian Sea that became 983 hPa in the Central Adriatic and moved to 
the Aegean becoming 991 hPa describes briefly the surface synoptic conditions of the second case of 13-15 December 
2019; the west-southwest part of the Eastern Mediterranean Sea was affected with high winds and waves. The third 
event, 5-7 January 2020, impacted a wide area of the central and eastern parts of the Sea, including the Aegean Sea 
where storm winds were observed; a 1013 hPa low in the North Aegean became 997 hPa over its southeastern part 
and 1006 hPa in Southeast Mediterranean, while high pressures 1032 hPa were recorded over Northwest Balkans (Fig. 
2a). Frontal activity characterized all cases, while the first two events affected also the Western Mediterranean which 
is not examined. It is noted that during the first event, large parts of the area affected by high winds-waves were also 
impacted by large precipitation amounts. In the other two cases high rainfall was only partially observed over the areas 
of interest.

2.1 Data
The meteorological data are ECMWF-IFS products (9-12.5 km resolution). The Extreme Forecast Index (EFI) for 10 
m wind and for the significant wave height, coming from the ensemble prediction system, was mainly used. The index 
results from the comparison between the ensemble forecast and the model climate and has been proposed for extreme 
weather alerts (Lalaurette 2003). Its absolute values (0 to +1) denote an unusual event when being 0.5-0.8 and a very 
unusual or extreme one when exceeding 0.8. For checking the recorded precipitation, data from the Global Precipita-
tion Measurement satellite mission were also used (10 km resolution). The data source for sea surface chlorophyll 
concentrations is the Copernicus Marine Environment Monitoring Service (CMEMS). It provides high quality satel-
lite derived chlorophyll-a products (1 km resolution) that are obtained through specific basin-based algorithms for the 
Mediterranean Sea; however their absolute percentage error in comparison with in situ measurements is about 47% 
(Volpe et al. 2019 and references therein). Daily multi-satellite chlorophyll data were used for the present study. 

2.2 Methodology
The areas that were impacted by high winds or waves were delineated by EFI > 0.8. According to ECMWF, such val-
ues denote a very unusual or extreme event. EFI for 10 m wind speed and for maximum significant wave height of the 
00 UTC run were used for each day.
Chlorophyll concentration percentage differences were calculated between the maximum values recorded 7 days after 
the events and 7 days before. They are shown as parts of the high winds or waves affected areas. The differences ex-
ceeding 50%, i.e. greater than the errors of the satellite data, can be more trustful and are separately presented. Chlo-
rophyll variations were also computed between the values after the events and the mean monthly 1998–2016 data that 
are hereafter referred as climatology ‘clim’ as in other studies (Kotta and Kitsiou 2019a). For the January event, when 
storm winds affected the Aegean Sea, the calculations were also separately made for this region and the other parts of 
the Eastern Mediterranean.
The differences in chlorophyll concentrations were also computed for the areas where precipitation exceeded 60 mm 
in order the possible impact of rainfall to be also checked and commented. This amount of rain was rather selected 
arbitrary; nevertheless, it is quite the half of the monthly mean rainfall for the areas presenting the larger precipitation 
amounts according to ECMWF ERA-Interim reanalysis for the period 1998–2016 for autumn and winter.
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3 Results
Table 1. The percentage of the areas delineated by EFI > 0.8 for 10 m wind (Wind) and wave height (SWH) where 
chlorophyll concentrations after the events are higher than the ones before and in respect to monthly climatology. 
Numbers in parenthesis refer to chlorophyll differences > 50% that can be considered more significant.

Meteorological event Chlorophyll increase

after-before

(area %)

Chlorophyll increase

after-climatology

(area %)
11–13 November 2019 Wind: 77.0 (98.5)

SWH: 73.9 (98.1)

Wind: 65.4 (97.3)

SWH: 60.2 (95.9)

13-15 December 2019 Wind: 82.3 (97.6)

SWH: 81.0 (95.7)

Wind: 30.6 (87.6)

SWH: 31.7 (89.8)

5–7 January 2020 Wind: 69.1 (88.1)

SWH: 66.9 (90.9)

Wind: 65.7 (98.4)

SWH: 57.5 (98.1)

5–7 January 2020
(Aegean Sea)

Wind: 88.3 (98.2)

SWH: 89.4 (99.0)

Wind: 88.3 (99.6)

SWH: 83.6 (99.5)

5–7 January 2020
(Other regions)

Wind: 63.9 (79.2)

SWH: 62.3 (83.9)

Wind: 59.5 (97.4)

SWH: 52.6 (97.1)

The results for all cases are presented in Table 1; for the January event are also shown in Fig. 2b,c. 

Fig. 2. The January 2020 event. (a) ECMWF surface analysis representative of the wind regime. (b) Chlorophyll con-
centration differences between the maximum daily values recorded 7 days before and after the event for the area of 10 
m wind EFI > 0.8. (c) Chlorophyll concentration differences between the maximum values of the 7 days after the event 
and monthly climatology for the area of wave EFI > 0.8.



| 247 Applied Meteorology / Biometeorology

The study areas for each event which were determined by EFI values either for 10 m wind or for significant wave 
height were common in their major part; thus, not important differences were found in their percentages that presented 
an increase in chlorophyll concentrations.
In all cases chlorophyll presented increases the days after the events in respect to the ones before over a large part 
of the affected areas, with the January event characterized by the lower area percentage of higher values. It has been 
observed that the influence of enhanced wind conditions on sea surface chlorophyll concentrations, through deepening 
the mixed layer, is greater when MLD is shallower (Kotta and Kitsiou 2019a and references therein); the deeper the 
MLD, the stronger the wind should be in order to have an effect on chlorophyll. The latter seems valid for the Aegean 
Sea that presented a very wide area of chlorophyll increases following the January storm wind event. Based on chloro-
phyll percentage differences exceeding 50% that can be considered as more reliable (values in parenthesis in Table 1), 
the results show larger areas of chlorophyll increases which even denote nearly all the high wind-wave affected area. 
These more trustful chlorophyll differences characterized 15-23% of the affected areas, while for the Aegean Sea they 
were observed over 52% of the region.
The percentage of the affected areas that presented higher chlorophyll values compared to the monthly climatology 
ones was smaller; since chlorophyll is in an increasing phase from autumn to early spring, this fact was quite expected. 
However, the Aegean Sea presented an area of higher chlorophyll concentrations in respect to climatology quite as 
wide as the one of increases in respect to the values before the event, denoting a very favorable event for chlorophyll. 
The absolute percentage chlorophyll differences exceeding 50% (that ranged between 4-15% of the affected areas 
and for the Aegean Sea 26% of the region) denote again that chlorophyll after the events was higher than its monthly 
climatology values over a very wide part or the whole of the areas. It is worth noticing that there were areas where 
chlorophyll characterized by final values greater than climatology did not increase after the events.
The Aegean Sea presented the most pronounced chlorophyll increases after the storm winds January event. It is well 
known that its northern part is greatly influenced by the surface mesotrophic Black Sea Waters (BSW) which also af-
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fect the higher chlorophyll pattern of the area (Androulidakis and Kourafalou 2011 and references therein). The BSW 
outflow is expected larger from late spring to early autumn when it can be detected even up to southwest Aegean parts, 
while it mainly heads to west or northwest during the other periods. Although northerlies have been found enhancing 
the connectivity between Black Sea and South Aegean, steering BSW southwestwards (Androulidakis and Kourafalou 
2011), it is rather unlikely that in a few days period BSW can affect such a wide part of the Aegean sea as the one that 
presented important chlorophyll increases. Therefore, the high chlorophyll concentrations observed after the event 
studied can rather be attributed to the turbulent mixing caused by the storm winds and the high waves. 
The percentages of the areas that were affected by high rainfall amounts and presented chlorophyll increases were also 
calculated. For the November case, enhanced precipitation was also recorded over part of the area impacted by high 
winds-waves; chlorophyll increase was observed at a lesser extent over the rain impacted area in respect to the high 
wind-wave area. It is noted that during this event the Aegean Sea was only affected by large precipitation amounts 
and chlorophyll presented differences below 50% and lower than climatology values. In the other two cases, the ar-
eas where high rainfall amounts were observed did not coincide with the high winds-waves areas except for limited 
parts. The northern part of the Southeast Mediterranean was mainly impacted by large precipitation and considerable 
chlorophyll increases were also found after the events. It is worth noticing that during the high productive period 
(November-April) precipitation has been found positively correlated with chlorophyll mainly over the SE part of the 
Mediterranean Sea (Kotta and Kitsiou 2019b). 
The observed chlorophyll increases that took place after the meteorological events can be attributed to the high winds 
and waves. The increase in chlorophyll values that have been observed after hurricanes, as well as after medicanes 
in the Mediterranean, could be largely related to their strong winds (Kotta and Kitsiou 2019a and references therein). 
In nutrient limited phytoplankton regimes, the correlations of winds and satellite derived chlorophyll concentrations 
have resulted positive: strong winds can deepen the mixed layer resulting in more nutrients to the euphotic zone and 
enhancing primary production. Especially for the Eastern Mediterranean, positive correlations between wind speed 
or wave height and chlorophyll have been found for the high productive period (November-April); the correlations of 
winds and chlorophyll have mainly characterized the open part of the Sea, while the ones between wave height and 
chlorophyll for the same period have been also valid for the enclosed sea areas such as the Adriatic and the Aegean 
Seas (Kotta and Kitsiou 2019b). It seems that high wind-wave events can accelerate the MLD deepening and, conse-
quently, result in enhanced chlorophyll values. It is also possible that in years when such events are more frequent, sea 
surface chlorophyll concentration reaches higher values during the high productive period.

4 Conclusions
Large parts of the areas affected by high winds or/and waves presented increased sea surface chlorophyll concentra-
tions  in respect to the values before as well as to the monthly climatology. This outcome is complementary to the 
results of relevant correlation studies.

Acknowledgments ECMWF and CMEMS are acknowledged for the data.
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Abstract: As heat-related mortality is expected to increase due to climate change, Health Impact Assessment studies 
quantify the effect of heat on public health, accounting for the adaptation of population to warmer climates. Adaptation 
can take place through different mechanisms, with air-conditioning (AC) being one of the main technological adapta-
tion drivers. However, the health effects associated with AC-induced air pollutants have not been examined in detail. 
In the present work, a HIA is performed for the population of Thessaloniki, Greece, based on temperature and popula-
tion projections, under different Representative Concentration and Shared Socioeconomic Pathways, in order to study 
future heat-related mortality, taking into account the technological adaptation of the population through AC, as well as 
the adaptation trade-off between averted heat-related and increased air pollution-related mortality. It is found that heat-
related mortality in Thessaloniki is expected to increase, under all scenarios studied, although adaptation is expected 
to take place and attenuate the number of deaths. Nevertheless, air pollution-related mortality (due to increased AC) is 
expected to counterbalance the averted heat-related mortality, especially under the moderate scenarios and particularly 
when black carbon is considered as the fuel used for power generation. 

1 Introduction
The relationship between high ambient temperature and mortality from all-cause, respiratory or cardio/cerebro vascu-
lar diseases has already been established (e.g. Basu 2019). The heat-related effects on human health are almost imme-
diate (up to 3 days) and demonstrate a ”U”, ”V” or ”J” shape relationship between air temperature and mortality, where 
the extrema of the curve depict the comfort zone for each region (and population) (Armstrong 2006). Climate models 
predict a gradual rise of the average temperature globally and more frequent, persistent and intense heat waves (McMi-
chael et. al 2006). These phenomena will afflict substantially the Mediterranean region (Diffenbaugh and Giorgi 2012). 
Although heat-related mortality is expected to increase in the future (Sanderson et al. 2017), human adaptability can 
moderate the fatal outcomes. Access to air-conditioning (AC) is considered the most important technological driver of 
human adaptability to heat. However, an increase in the use of residential AC is expected to increase the energy needs, 
resulting, in its turn, in increased air pollution emissions from power plants, constituting a significant risk factor of 
premature mortality (Lelieveld et al. 2015). 
The main objective of this study is to perform a Health Impact Assessment (HIA) to examine the effects of increased 
ambient temperature on cardiorespiratory mortality in Thessaloniki, Greece under various climate change scenarios, 
taking into account future societal conditions and population adaptation to climate change. Secondly, the trade-off be-
tween averted heat-related deaths (due to adaptation) and increased air pollution-related deaths (due to extensive use 
of AC) will be examined per scenario.

2 Data and Methodology

2.1 Data
This study focuses on the region of Thessaloniki located in northern Greece. Daily data of maximum/minimum tem-
perature, relative humidity, PM2.5 and mortality from 1999 to 2012 were used. This period was used as the baseline 
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period, as in the recent past our group studied the exposure-response relationship between high ambient temperature 
and mortality for this specific period and population (Kouis et al. 2019). Future temperature conditions were deter-
mined under the four climate change scenarios (RCP2.6, RCP4.5, RCP6, RCP8.5) used in the fifth assessment report 
(AR5) of the Intergovernmental Panel on Climate Change (IPCC), often referred to as Representative Concentration 
Pathways (RCPs) (Van Vuuren et al. 2011). RCP2.6 represents a mitigation scenario (very low radiative forcing), 
RCP4.5 and RCP6 represent medium stabilization scenarios (medium radiative forcing) and RCP8.5 is the worst-case 
scenario, with rising emissions throughout the 21st century (high radiative forcing). For the study needs, the mean 
monthly temperature increase for the warm months (April to September), for the 20-year intervals 2020-2039, 2040-
2059, 2060-2079 and 2080-2099, was estimated.
In order to take into account the possible impact of future demographic changes, population projections based on three 
Shared Socioeconomic Pathways (SSP1, SSP2, SSP3) were used. SSPs are scenarios of projected socioeconomic 
global changes, under different assumptions on future societal conditions and climate policies (Van Vuuren et al. 2014) 
which provide, among others, demographic information for each country (O’Neill et al. 2014). Under SSP1, mortality 
rate is considered low, education high, fertility and migration medium (sustainable pathway), while under SSP2, all 
aforementioned rates are considered medium (moderate pathway). SSP3 refers to a fragmented world and assumes 
high mortality, low education, fertility and migration (Samir and Lutz 2017).

2.2 Methodology
The HIA model was developed in Analytica Professional edition (Lumina Decision Systems, CA, United States) as 
follows: the effects of high temperature on present and future annual cardiorespiratory mortality were estimated using 
the formula (Knowlton, et al. 2007):

where “H” stands for the daily heat-related cardiorespiratory mortality, “P” for the population, “M” for the baseline 
cardiorespiratory mortality, and “ERC” for the exposure-response coefficient. A recent study of our group calculated 
the ERC coefficient for the region of Thessaloniki, as the percentage change in cardiorespiratory mortality above an 
estimated city-specific threshold of 33ºC (Kouis et al. 2019). This statistical analysis was conducted using a distributed 
lag non-linear model (DLNM), to estimate non-linear and lag effects of high ambient temperature to cardiorespiratory 
mortality during 1999-2012. 
For the present study, two scenarios were used; one assuming no additional adaptation and another assuming adapta-
tion (through the use of AC), modelled by a gradually increasing temperature threshold shift (Gosling et al. 2017). 
Following the methodology described by Jakubcionis and Carlsson (2017), penetration of residential AC (at baseline 
and each future time period) was estimated as the percentage of the population with access to residential AC and the 
annual number of cooling degree-days (CDD). CDD is an indicator which quantifies the energy demand for cooling 
needs. A cooling degree-day is calculated as the degrees above the mean temperature of 22 ºC. 
Then, following the Tier 1 methodology described in the 2016 European Monitoring and Evaluation Program / Euro-
pean Environment Agency (EMEP/EEA) air pollutant inventory guidebook (EMEP/EEA 2019), the cooling demand 
was converted to PM2.5 emissions produced by power plants. Brown coal/lignite (BC) and Natural Gas (NG) were 
considered as fuel sources for power generation. PM2.5 emissions were translated to population exposure using the 
intake fraction (iF) which gives the ratio of the PM2.5 mass released from a given source and inhaled by the exposed 
population over time (Bennett et al. 2002). Based on the iF estimated for Thessaloniki (3.9 ppm) (Fantke et al. 2017), 
the PM2.5 daily dose per individual exposed was estimated. Finally, the PM2.5-related mortality was estimated based 
on a linear exposure-response coefficient equal to a Relative Risk of 1.062 per 10 µg/m3 increase in PM2.5 (Héroux et 
al. 2015). 

3 Results
Our estimations of mean monthly temperature increase indicate that the most rapid increase occurs under the RCP8.5 
scenario, while the most modest increase is observed under the RCP2.6 scenario. RCP4.5 and RCP6 scenarios result 
in more moderate increases. Specifically, by 2080-2099 the mean daily summer temperature in Thessaloniki will reach 
28.8°C for RCP2.6, 30.3°C for RCP4.5, 30.9°C for RCP6 and 33.9°C for RCP8.5.
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Considering that the baseline population (2011) equals to 1,110,551 (ELSTAT), population projections for Thessa-
loniki present a descending trend under all SSPs, while significant differences between SSPs are expected after year 
2040. Overall, the lowest population estimates were reported under SSP3 and ranged from approximately 850,000 
(2040-2059) to 510,000 (2080-2099), while the highest population estimates were reported under SSP1 and ranged 
from approximately 1.07 million (2040-2059) to 970,000 (2080-2099).
Figure 1 illustrates the projected excess in heat-related deaths under all climate change scenarios and across all time 
periods. By 2100, under no adaptation and considering population increase as the average estimate over all SSPs, the 
excess annual heat-related deaths are projected to range from 5.6  under RCP2.6 to 133.5 under RCP8.5. The projected 
excess in heat-related deaths is 3.6, 3.5, 2.9, 4.6 (for 2020-2039), 6.2, 7.4, 6.1, 21.7 (for 2040-2059), 6.2, 16.5, 14.2, 
56.9 (for 2060-2079) and 5.6, 17.9, 27.9, 133.5 (for 2080-2099), for RCP2.6, RCP4.5, RCP6 and RCP8.5, respec-
tively. Previous studies that did not take adaptation into account also reported an increase in heat-related mortality over 
the years (e.g. Baccini et al. 2011).
The estimated CDDs present a significant increasing trend, under all RCPs and for all time periods, compared to the 
baseline (1999-2012) annual mean of 510. Specifically, the estimated annual CDD range between 718 (under RCP2.6) 
and 751 (under RCP8.5) in 2020-2039 to 784 (under RCP2.6) and 1540 (under RCP8.5) in 2080-2099.  Regarding 
PM2.5 emissions, an increase from 19891 kg/year (in 2020-2039) to 32551 kg/year (in 2080-2099) is calculated when 
considering BC as the primary fuel source under RCP8.5. The total excess deaths, estimated as the sum of mortality 
due to heat and air pollution, were higher under the adaptation scenario than those under the no-adaptation scenario, 
resulting in a negative net impact during 2020-2039. Specifically, the excess annual deaths for the adaptation scenario 
range between 4.1 (2.6-6.8) for RCP2.6 to 4.8 (3.0-7.7) for RCP8.5, while for the no-adaptation scenario they range 
between 2.9 (1.8-4.7) for RCP2.6 to 3.8 (2.4-5.8) for RCP8.5. Nevertheless, throughout the different time-periods and 
especially for RCP8.5, the excess deaths under the adaptation scenario, regardless of the primary fuel source consid-
ered, were estimated significantly lower compared to those under the no-adaptation scenario, resulting in a positive 
net impact of adaptation. Specifically, in 2080-2099, the excess deaths were 3.6 (1.7-7.1) for RCP2.6, 12.7 (6.4-22.3) 
for RCP4.5, 19.6 (10.1-37.4) for RCP6 and 106.8 (56.2-179.6) for RCP8.5, when no adaptation was considered. On 
the other hand, they were estimated equal to 4.8 (3.0-7.7) for RCP2.6, 8.4 (5.4-13.0) for RCP4.5, 11.2 (7.1-26.9) for 
RCP6 and 39.4 (23.7-64.5) for RCP8.5, when BC was considered as the primary fuel source. 

Fig. 1. Increased heat-related annual mortality in Thessaloniki, Greece
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Considering NG as the primary fuel source resulted in a positive net impact under all RCPs and across all time periods, 
as the excess annual deaths under the adaptation scenario were significantly lower than those under the no-adaptation 
scenario. These findings are in agreement with Arbuthnott, et al. (2016), who also concluded that the adaptation of 
population results in decreased susceptibility to heat-related mortality. However, increased air pollution-related deaths 
as a result of elevated cooling energy needs offset the reduction of heat-related deaths, especially under RCP4.5 and 
RCP6 and when BC is considered as the primary fuel source. Figure 2 illustrates the calculated trade-off between 
averted heat-related deaths (due to adaptation) and increased air pollution mortality (due to elevated cooling energy 
needs). 

Fig. 2. Trade-off between averted heat-related deaths due to adaptation and increased air pollution mortality

4 Conclusions
The objective of this work was to study the impact of climate change on cardiorespiratory mortality in Thessaloniki, 
Greece taking into account future socio-economic conditions, climate change adaptation through air-conditioning and 
the impact of anticipated higher air pollution levels due to increased cooling demands. The analysis revealed that, 
under all scenarios examined and the assumption of no adaptation, heat-related mortality increases. Not surprisingly, 
when taking adaptation into account the estimated increase is significantly lower. However, air pollution-related mor-
tality due to elevated cooling energy needs, plays an important role, as it offsets the averted deaths due to heat, espe-
cially under the modest climate change scenarios and when BC is considered as the primary fuel source. This effect is 
absent when considering NG as the primary fuel source.
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Abstract: In this study we present measurements of the atmospheric electric field (Potential Gradient, PG) together 
with meteorological parameters 2011-2019 in Xanthi, Greece. During the second half of 2019, collocated measure-
ments of PM2.5 have also been made in the framework of a PANACEA campaign. We present an analysis of the annual 
variation of the electric field as well as the hourly variations and the impact of meteorology on the latter variations. 
We also analyse the influence PM has on PG. We find that an increase of PM2.5 by 10 μg/m3 decreases PG by around 
37 V/m. 

1 Introduction
The atmospheric electric field in Greece has not been studied in the last three decades, after the pioneering work of D. 
Retails in Athens ended (Retalis 1974, Retalis et al. 1991). The measuring site in Xanthi is in a rural location, whereas 
the work by Retalis was in urban Athens, hence these are the first measurements in Greece in a rural setting. For an 
introduction to the atmospheric electric field, the reader is referred to Harrison et al. (2008).

2 Data and Methodology
We use mean hourly and mean daily PG data from an electric field mill (CS110 Campbell Scientific) from the Xanthi 
station for 2011-2019 (Κastelis et al., 2016, Nicoll et al., 2019), L2 MODIS/Aqua Aerosol Optical Depth (AOD) data 
for different aerosol types and also use five months of 2019 (11.7.-31.12.2019) in-situ data of PM2.5 collected during 
a PANACEA (PANhellenic infrastructure for Atmospheric Composition and climatE change) campaign with a Pur-
pleAir sensor. More information on the site and instrumentation can be found at Κastelis et al. (2016) and Nicoll et al. 
(2019). 

Fig. 1. Mean yearly variation 2011-2018 of PG, T, wind velocity and specific humidity at the Xanthi site. 

3 Results
The mean yearly variation of PG and some meteorological parameters is presented in Fig. 1. Figure 2 highlights the 
impact of humidity on PG hourly values. The other measured meteorological parameters (wind, T, P) were not found 
to influence PG significantly.
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Fig. 2. Correlation of RH with PG (hourly values) at the Xanthi site. 

It has been observed for some time, that pollution influences the electric field in the atmosphere (e.g. Jennings and 
Jones, 1976, Silva et al., 2014). This influence is exerted either through ion attachment to aerosols, which reduces the 
ion mobility and hence the conductivity, the latter resulting in reduced PG, or through dust triboelectrification, which 
will increase the absolute value of the field but might result also in polarity reversals.    As we see in the timeseries 
of PM2.5 and PG presented in Fig. 3, there is considerable influence. We note that for the warm part of the year the 
anticorrelation is more evident. We attribute this to the fact that during the cold part of the year increased cloudiness 
results in more rapidly fluctuating PG, masking somewhat the influence exerted by PM. We find considerable influence 
of the aerosol concentration, as determined by the in-situ measurements, on near-ground PG. An increase of PM2.5 
by 20 μg/m3 decreases the field by 100 V/m. Using MODIS observations of columnar amounts of different aerosol 
types, we find, that from the different aerosol types present in the atmosphere, more influence on PG is exerted by dust 
aerosols (Fig. not shown).
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Fig. 3. Running average (window=23 hrs) of PG and PM2.5 timeseries for summer and winter. Anticorrelation is 
evident, especially for summer.

Fig. 4. Scatter plot of hourly values of PM2.5 versus PG (only PG values between -200 and 400 V/m). 

4 Conclusions
We observe that 

a) PG has a distinct annual variation, with higher values during the cold part of the year. 
b) PM influences PG, an increase in PM of 10 μg/m3 decreases PG by around 37 V/m.
c) Each 1% increase in relative humidity decreases PG by about 1 V/m.
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Abstract: Weather imposes important safety and financial issues on aviation. Adverse weather, such as convective 
conditions, leads to cancellations or delays of scheduled flights, or even fatal accidents. Convective conditions are 
usually associated with the development of TCU clouds and thunderstorms. Due to the updraft or downdraft occurring 
in such cases the lift, the total drag and the aerodynamic moments about all axes of the aircraft will be affected mak-
ing the aerodynamic efficiency of the aircraft to decrease. It is therefore evident that convective conditions should be 
avoided during flight. For this purpose a rerouting path expert system has been developed. This system firstly identifies 
the presence of convective areas based on predicted composite reflectivity greater than 35dBz resulted from WRF-
ARW model. Then knowing the initial flight path described by way points, it is checked whether hazardous convective 
areas are to be traversed. Rerouting consists of determining new way points performing at the same time an estimation 
of the fuel quantity required for the proposed rerouting depending on the type of the aircraft. The system is initially 
implemented in a case of strong synoptic forcing associated with intense convective activity over Greece for various 
flight tracks of a specific aircraft.

1 Introduction
Since the beginning of aviation era, weather imposes safety and financial issues on air transportation. Adverse weather, 
such as convective conditions, leads to cancellations or delays of scheduled flights, rerouting or disasters.
Convective conditions are usually associated with clouds of large vertical development such as Towering Cumulus 
(TCU) and Cumulonimbus (CB) either being isolated or occurring during the initial and mature stage of a thunder-
storm, respectively. Updrafts develop within and below TCUs, while both updrafts and downdrafts, sometimes strong, 
both exist within and below CBs and during thunderstorms of heavy rain. It has been observed that within convective 
cores the amplitude of the vertical motions is greater than 1.5 m/s (Giangrande et al.2016), while updrafts become 
greatest above the freezing level exceeding values of 5 m/s for storms with maximum reflectivity greater than 35dBz, 
when downdrafts may reveal similar values either above or below the freezing level, next to the updraft cores(May 
and Rajopadhyaya 1999).
Updrafts or downdrafts impart inertial loads on the aircraft structure, which can lead even to a catastrophic structural 
failure. Combined with heavy rain, they can seriously alter the aerodynamic and propulsive efficiency, while, when 
lightnings are present serious damages to the structure as well as to the communication means of the aircraft may oc-
cur. In general, convective conditions can affect the aircraft efficiency and safety even in a very short term. Due to the 
combination of the updraft or downdraft and the flight velocities vectors, the geometric angle of attack of the aircraft 
will deviate from its value in still air flight affecting the lift, the total drag and the aerodynamic moments about all 
axes of the aircraft. A lift variation makes the aircraft unable to keep a constant flight level. For a given flight speed, 
the stronger the updrafts or downdrafts, the bigger the lift variations are. This leads to more increased inertial loads, 
which can exceed the boundaries of the flight envelope of the aircraft (Sadraey 2009, Torenbeek 1999). Heavy rain, 
also present during thunderstorms, can significantly alter the aerodynamic characteristics of the aircraft (Haines, P.A. 
and Luers 1985, Thomson et al. 1985) and has a negative impact on jet engines performance (Murphy et al. 1981, 
Nikolaidis 2008, Volk 1992).
It is therefore evident that convective conditions should be avoided during flight and rerouting is required. Rerouting 
can be decided at the flight planning stage on the ground as well as in flight. The results are clear air space congestion 
and longer flight and holding times, leading to increase in fuel consumption and worsening the atmospheric pollution. 
It also makes the work load of Air Traffic Control (ATC) units and Air Traffic Management (ATM) units to increase. 
According to the fuel capacity of a given aircraft, a rerouting may not be possible and instead an alternate airport 
should be found. This worsens the problem from a logistics point of view, without mentioning the need for accom-
modation of the passengers. The decision for rerouting should be based on the structural, aerodynamic and propulsive 
characteristics of any given aircraft taking also into account the remaining fuel quantity. 
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In this paper, an alternative approach on aircraft rerouting in convective conditions is presented. This approach permits 
to decide if an aircraft of given structural and aerodynamic characteristics, needs to circumvent or not a convective 
region of specific strength and extent during flight. This “selective” rerouting permits to avoid, or at least to reduce, a 
clear airspace congestion. In this way all air traffic management, flight safety and fuel consumption issues are, up to a 
certain point, alleviated.

2 The rerouting approach
The rerouting approach is a numerical module divided into three parts. The first part is the preprocessing stage han-
dling the necessary weather forecast information. The second part is the main stage of the method making all the nec-
essary calculations and running the algorithm especially developed to avoid convective conditions providing the new 
flight path. The final third stage includes the graphical interpretation of the new route. 
The preprocessing stage provides the necessary input to the main part of the module. In order to identify the areas 
with adverse convective conditions, the composite reflectivity predicted from the non-hydrostatic WRF-ARW model 
(Version 3.5.1; Skamarock et al. 2008, Wang et al. 2013) is analyzed. Several studies dealing with radar data during 
convective conditions argue that convective storms are present when the reflectivity is of the order of 35-40dBz (e.g. 
Dixon and Wiener 1993). Thus, the preprocessing stage determines the adverse convective conditions considering all 
available levels for which the composite reflectivity is greater than or equal to 35dBz. Then it identifies the maximum 
horizontal cross section, for which these conditions occur independently of the height. At the same time the mean, 
maximum and minimum vertical velocities predicted are assigned at each location. In this way, the strength of the 
convective region is defined by investigating the distribution of maximum updrafts or downdrafts over the area of the 
entire convective region.
The main core of the module comprises of several subroutines defining the initially the boundaries of each hazardous 
area and determining if a trajectory point lies inside a hazardous area. A significant part of the module calculates the 
aerodynamic characteristics of the aircraft performing the flight, based on its dimensions and weight and decides if 
the aircraft is structurally able to sustain the gust loads based on the vertical velocity forecasted by the NWP model, 
otherwise rerouting is performed. The new trajectory points, if rerouting is necessary, are based on the previously 
mentioned aircraft controls and the avoidance of the adverse areas checking at the same time if the aircraft has enough 
fuel to follow the new trajectory or it must select an alternative airport.
The final third stage includes the graphical representation of the new flight path together with the convective cross 
section at each time step.

3 Convective case
An intense convective event with high precipitation associated with significant lightning activity affecting Thessa-
loniki, Chalkidiki and Thermaikos Gulf on 15 July 2014was selected. The precipitation amounts measured at the 
Aristotle University of Thessaloniki (AUTH) near the city centre and at the airport of Thessaloniki(LGTS),in the 
period 2100 UTC 14/07/2014 - 1200 UTC 15/07/2014, reached 98.5 mm and 61 mm, respectively. These are record 
climatological maxima of daily precipitation during the whole operation of AUTH station (since 1930) and for July in 
LGTS (Pytharoulis et al., 2016). Fig. 1 shows a satellite image with dense cloudiness and white cloud tops in the area 
of Chalkidiki, implying intense deep moist convection in the region. The location of the lightnigs are also shown for 
the 24-hour period 1800 UTC 14/07/2014 to 1800 UTC 15/07/2014.

Fig. 1.Infrared MeteoSat image at the channel of 12 μm at 0300 UTC on 15 July 2014 (left) (NERC Satellite Receiving 
Station, Dundee University, Scotland), 24-hour lightnings detected by Zeus between 1800 UTC 14 and 15 July 2014 
(right) (from Pytharoulis et al., 2016)
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3.1 Input and preprocessing data 
The predictability of this case was extensively studied by Pytharoulis et al. (2015, 2016) who employed the non-
hydrostatic Weather Research and Forecasting model with the Advanced Research dynamic solver (WRF-ARW). The 
latter study employed two 2-waytelescoping nests covering the Balkan Peninsula (and the whole of Greece)and the 
wider region of North Greece, at horizontal grid-spacings of 5km and1.667km, respectively. In the vertical, 51sigma 
levels (up to 50 hPa) with increased resolution in the boundary layer were used by all nests. Initial and boundaries 
conditions for the coarser domain were provided by the operational 6hr analyses of ECMWF (European Center for 
Medium-range Weather Forecasts) at a grid-spacing of 0.125°x0.125° latitude-longitude. The model was initialized at 
1200 UTC 14/7/2014. Detailed information on the model setup and evaluation of the hindcast is to be found in Pytha-
roulis et al. (2016).
The predicted fields from the outer domain of this study were used as the necessary weather input for the preprocessing 
stage of the rerouting method. Several time steps were analyzed and the convective regions were identified together 
with the corresponding maximum vertical velocity at each location. Fig. 2 shows the predicted maximum vertical 
velocity at a cross section in the main convective area just south of Thermaikos Gulf and southwestern Chalkidiki at 
0900 UTC on 15/07/2014 (T+21hr). Updrafts and downdrafts are shown with their maxima. The updrafts extended up 
to 200-300 hPa with maximum values of 5-6m/s in the mid-troposphere. Stronger upward velocities up to 10-11 m/s 
were predicted by the higher resolution inner model domain (not shown).

Fig. 2.Zonal section of the predicted vertical velocity (m/s) at 39.53°N at 0900 UTC 15/07/2014(T+21hr; WRF-ARW 
outer domain).

3.2 Rerouting results
According to the convective areas identified in the preprocessing stage the main part of the module determined the out-
ermost locations of each area that the aircrafts should be avoided according to their characteristics. Here, a few routes 
are presented as an example of the implementation of the code. Some characteristics of the generic aircraft selected for 
these routes are takeoff weight 169000 N, initial fuel weight 45000 N, landing weight 124000 N, wing are 54.4  and 
aspect ratio 11.08.
A first test was made to attempt a flight from the airport of Larisa (LGLR) to the airport of Thessaloniki (LGTS) over 
which intense convective conditions had been observed, in order to examine the response of the code. In this case, the 
response of the code was “Hazardous Landing” implying that landing at LGTS was not feasible as well as rerouting 
was unavailable as other airports in the vicinity of the these two airports were also affected by the particular weather 
conditions.
The next step was to test routes between airports for which the convective weather intersects. As the weather fore-
casts, as well as the observations, showed convective areas in the greater areas of Thessaloniki and Thermaikos Gulf 
the flight was selected to depart from the airport of Larisa (LGLR) and to arrive to the airport of Kavala (LGKV) for 
different times. Here, the results for 0800UTC, 0900UTC and 1000UTC on 15/07/14 will be presented. Fig. 3 shows 
the simulated values of the maximum vertical velocity within the convective areas at the corresponding times. These 
values were used by the module to decide if the selected aircraft may pass safely through the areas. It is clear that both 
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updrafts and downdrafts were predicted within these areas although the updrafts exhibited larger values than the abso-
lute values of the downdrafts for all three times. In addition the vertical velocity weakened at 1000UTC. These vertical 
velocities prohibited the passing-through of the aircraft at all times.Fig. 4a shows the convective areas identified by the 
algorithm as well as the initial flight path and the possible rerouting (dashed line). The new path avoids the convective 
areas, while it has been taken into account that the new route should be farther from the outer limits of these areas as 
they can also lead to turbulent conditions for the aircraft, also considering the minimum possible safe rerouting dis-
tance. Similar results are shown also at 0900 UTC (Fig. 4b) if the flight were to depart at that time from LGLR. The 
shape and the extent of the different convective areas are predicted to change with time implying that it is necessary to 
run the algorithm in-flight for such cases of horizontally fast moving weather conditions in order to re-adjust the flight 
path. One hour later (1000UTC) the convective areas have been moved although the main core of the storm remained 
over Thermaikos Gulf and the algorithm has re-adjusted the rerouting for the same initial flight path (Fig. 4c). 

Fig. 3. The forecasted maximum vertical velocity (in m/s) within the convective areas at (a), 0800UTC, (b) 0900UTC 
and (c) 1000UTC on 15/07/14.

Fig. 4. The initial flight path (solid line) and the proposed rerouting (dashed line) to avoid the convective areas at (a), 
0800UTC, (b) 0900UTC and (c) 1000UTC on 15/07/14.

4 Conclusions
Convective conditions are associated with updrafts and/or downdrafts altering the lift, the total drag and the aerody-
namic moments about all axes of an aircraft, hence decreasing its aerodynamic efficiency leading to poor performance 
and accidents, thus making rerouting imperative. A numerical module dealing with in-flight rerouting has been devel-
oped and applied over Greece during an intense convective event associated with high precipitation and significant 
lightning activity followed by adverse convective weather conditions. The structure and the scientific basis of the 
module were described defining the convective areas using composite reflectivity greater than or equal to 35dBz to-
gether with the maximum vertical velocity, determining if a trajectory point lies inside a hazardous area, calculating 
the aerodynamic characteristics of the aircraft considered and deciding if the aircraft is structurally able to sustain the 
gust loads or rerouting is required, making use of the dependence on aircraft characteristics, namely aircraft weight 
and wing dimensions as well as fuel weight.
The convective episode affecting Thessaloniki, Chalkidiki and Thermaikos Gulf on 15 July 2014 was selected as a first 
attempt of implementing the developed rerouting path expert system. The application of the module showed rerouting 
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of a specific aircraft avoiding the adverse areas and identifying the shortest and safest route at each time, based on the 
presence of the convective areas and the corresponding vertical wind speeds as well as the specific aircraft characteris-
tics. The implementation of the system is within the framework of a larger project for optimal flight path rerouting. The 
next step is to treat even more complicated intense convective episodes with multi-cell convective systems existing 
along the flight path, while various aircraft types will be investigated. The rerouting path expert system is envisaged 
to be enriched to include also other in-flight adverse weather conditions such as turbulence and icing. The final step of 
the project is to create an intelligent system for in-flight decision making of rerouting for multi-type adverse weather 
conditions.
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Abstract: Electrical processes can have a potential key role in the life-cycle of desert dust. The dust particles can 
be charged during their long range transport, either by the attachment of atmospheric ions or by particle-to-particle 
collisions (triboelectric effect). These processes, along with the gravitational sedimentation that sorts dust particles by 
size, can develop vertical electric fields within the dust layer, enhancing the preexisting field attributed to the depletion 
of atmospheric conductivity by the dust layer presence. In the present work, we have developed a novel 3D Cartesian 
time-dependent model that takes into account several atmospheric processes, such as: (i) the ionization due to the 
galactic cosmic rays radiation, (ii) the ion-ion recombination, and (iii) the ion attachment to dust particles. The model 
is able to self-consistently calculate the time-dynamic evolution of the atmospheric conductivity, and atmospheric 
electric field, under the presence of a distribution of stationary dust particles. The results, in the steady state limit, 
are compared with recent and unique electric field measurements within lofted dust plumes, as obtained from novel 
miniature low cost field mill sensors, coupled to atmospheric radiosonde launches during planned experiments of the 
“D-TECT” ERC project.

1 Introduction
The dust Particle Size Distribution (PSD) changes rapidly after emission since the preferential gravitational settling 
quickly removes the larger particles. Observations of dust PSD gathered from experimental campaigns reveal a longer 
lifetime of coarse particles than the one estimated by dust transport models, suggesting that other processes coun-
terbalance the loss of particles via dry deposition along the transport pathway (Maring et al. 2003).  Four potential 
different mechanisms could facilitate long-range transport of large/giant particles (see e.g. van der Does et al. 2018). 
Among them are the electrical forces that could balance the gravitational force (Nicoll et al. 2010, Renard et al. 2018, 
Toth III et al. 2020).
The research  field of Atmospheric Electricity can provide insights on the electrical processes and their contribution 
to the transport of dust plumes. The Earth’s atmosphere is a conducting medium, attributed to the presence of ions, 
which are primarily created by ionization by galactic cosmic rays (GCRs) (Tinsley and Zhou 2006). Ions attach to 
atmospheric particles through the processes of ionic diffusion and Coulomb interaction (Gunn 1954, Klett 1971) and 
the polarization due to the presence of an external electric field (Gunn 1956, Klett 1971), leading to their subsequent 
charging (Zhou and Tinsley 2007, Zhou and Tinsley 2012). A review paper by Long and Yao (2010) contains a sum-
mary of all models and theories concerning aerosol charging by ions.Moreover, the dust particles can also be charged 
during collisions, a mechanism known as triboelectric process (Kamra 1972, Eden and Vonnegut1973, Kok and Lacks 
2009). When charged, dust particles experience, in turn, electrical forces in the presence of the atmospheric electric 
field, that can influence their dynamics.
Motivated by the current status of dust particle electrification and charging studies, we focus on the effects of the ion 
attachment processes to the dust particle electrical properties, as well as to the electrical properties of the atmosphere. 
That said, we have developed a novel 3D Cartesian time-dependent model that takes into account a number of atmos-
pheric processes, such as: (i) the ionization due to the galactic cosmic rays radiation, (ii) the ion-ion recombination, 
and (iii) the ion attachment to dust particles. The model is able to self-consistently calculate the time-dynamic evolu-
tion of the atmospheric conductivity, and atmospheric electric field, under the presence of a distribution of stationary 
dust particles. The results, in the steady state limit, are compared  with unique profiles of the vertical electric field 
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strength and atmospheric ion density, retrieved from implemented balloon-borne sensors during a “D-TECT” ERC 
project experimental campaign in Cyprus.

2 Data and Methodology
In the preparatory framework for the planned ASKOS 2021 (https://askos.space.noa.gr/) ESA Cal/Val activities, coor-
dinated by the NOA-ReACT team, a campaign of extensive measurements was organized in Cyprus during November 
2019. The campaign aimed, also, at monitoring the electrical activity of lofted dust layers along with meteorological 
conditions over the wider residential area of Nicosia (Cyprus Institute-CyI, 35°08’30.8”N 33°22’51.8”E) and the rural 
site of Orounda (CyI-UAV Research Laboratory site, 35°05’41.3”N 33°04’53.8”E). Measurements of the vertical elec-
tric field strength and atmospheric ion (single polarity) density were performed during balloon-borne meteorological 
radiosonde launches with tethered low-cost, portable and disposable atmospheric electricity sensors. For the specific 
study, we exploit the collected dataset from the 12th November 2019 early afternoon launch (12:38:28 UTC initializa-
tion time) during a dust event over Orounda. In this work, the dataset is compared with the results of the developed 
model in the steady state limit.

2.1 Data
The profiling of the electric field strength along the altitude within the elevated dust plumes, was achieved through the 
novel implementation of a miniature field mill electrometer, similar to the instrumentation discussed in Harrison and 
Marlton (2020). During the sounding of interest, the mill was mounted, with the rotating vane flat-ground, on a DFM-
09 Graw radiosonde for pressure, temperature, wind speed/wind direction measurements while the mill data were 
interfaced to the embedded XDATA radiosonde protocol. Complementary to the E-field measurements, atmospheric 
ion density was measured with the use of the commercially low cost KT-401 Air Ion Tester Counter. In order to have 
co-located measurements with the varying electric field, the ion counter was also mounted close to the mill during 
launch and the data were transmitted through a dedicated LoRA long-range telemetry system.

2.2 Methodology
A cartesian three-dimensional coordinate system (x,y,z) is used, for the development of the 3D model, with the z- axis 
representing the altitude. The ground (z0 = 0 km, Earth’s surface), and upper (zmax = 50 km, lower part of the iono-
sphere) boundaries are assumed to be perfectly conducting. The choice of the upper boundary is justified by the fact 
that the current flow between 50 km and the ionosphere is mainly vertical (see e.g., Mareev et al. 2008). The horizontal 
extent of the simulation domain depends on dust plume horizontal extent. At the side boundaries only the vertical com-
ponent of the electric field, Ez, is allowed (fair weather component),  and therefore they are chosen to be at least 16 km 
away from the side of the plume, so that they do not influence the results in the region within which dust particles exist.
The dust particles are assumed to be stationary, and the equations that govern the system evolution are:

where the subscript 1 refers to the positive ions and 2 to the negative ions, ni is the ion density, μi is the electrical mo-
bility, Di is the diffusion coefficient, βi is the ion attachment rate for ion species i, q is the ionization rate by GCRs, a 
is the ion-ion recombination rate, ρd is the dust particle charge density, ε0 is the vacuum permittivity, Φ is the electric 
potential, and E is the electric field.
The distributions of q and a along the altitude are adopted by Tinsley and Zhou (2006). The dependence of q on the 
geomagnetic latitude is neglected due to the local of the system domain under consideration. The electrical mobilities, 
μi, depend on the altitude, i.e. on the pressure and temperature of the atmosphere, and their vertical distribution is ad-
opted by Zhou and Tinsley (2007). The diffusion coefficients, Di, are given by Di = μi/kT, with k being the Boltzmann 
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constant, and T being the temperature. Regarding the pressure and temperature vertical distributions, we utilize the 
U.S. Standard Atmosphere 1976 (NOAA/NASA/USAF 1976), since the relative difference with the actual meteoro-
logical measurements is less than 5%. The ion attachment rates, βi, that are results of the ionic diffusion, Coulomb 
interaction and the polarization due to the presence of an external electric field, depend on the dust particle geometrical 
dimensions, number densities and charge, the atmospheric pressure and temperature, and the electric field magnitude, 
and they  are modeled according to Lawless (1996). Finally, the upper boundary value for the electric potential is set 
equal to 250 kV (Rycroft et al. 2000), representing the average value of the ionospheric potential.

3 Results
Figure 1 illustrates the comparison between the model results and the columnar distributions of the measured ion 
density and electric field strength along the altitude. In the absence of dust particle number density distribution meas-
urements, the dust plume is introduced in the model as a superposition of axisymmetric Gaussian layers (see Fig. 1a, 
Fig. 1b). The horizontal extent of the dust plume is 32 km, and any further increase does not influence the results at the 
center of the plume. Assuming that the particle radius is the same in all layers, i.e. equal to 0.1 μm, the altitudes and 
the vertical extents of the Gaussian layers have been tweaked in such a way that the calculated steady state positive ion 
distribution is very close to the measured one (see Fig. 1c). We note that the same results can be obtained using any 
value of particle radius, as long as the product between the number density and the particle radius remains constant 
(i.e. as the particle radius increases, the number density decreases and vice versa). This stems from the fact that the ion 
attachment rates are proportional to the product between the particle radius and the particle number density. The ion 
density is lower than the fair weather value, as expected, because ions attach to dust particles and are lost.
Although a very good agreement in the positive ion density distribution can be achieved (Fig. 1c), this is not the case 
for the magnitude of the vertical component of the electric field (Fig. 1d). The measured Ez vertical distribution signifi-
cantly differs from the one obtained from the model. 

Fig. 1. Comparison of the model’s results with measurements: (a) Vertical  distribution of dust particles number densi-
ty (NC [m-3]) at the center of the dust plume, (b) cross section of dust particle number density, (c) vertical  distribution 
of positive ion number density (n+ [m-3]) at the center of dust plume, (d) vertical distribution of Ez [V/m] magnitude 
at the center of dust plume.
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4 Conclusions
A novel 3D Cartesian time-dependent model, that takes into account a number of atmospheric processes, has been de-
veloped. The model is able to self-consistently calculate the time-dynamic evolution of the atmospheric conductivity, 
and the atmospheric electric field, assuming a distribution of stationary dust particles. The results, in the steady state 
limit, were compared with the ion density and electric field vertical profiles during  a recorded dust event in Orounda, 
Cyprus. Although the ion density values could be fairly reproduced by the model, there appears to be a disagreement 
in the electric field measurements. This can happen due the following reasons:

1. Although the stationary particle assumption is a first approximation to the system dynamics and can give insight 
into the system evolution, it is not quite accurate. The motion of charged dust particles can lead to additional electri-
cal currents that might influence the electric field strength. 
2. The ion attachment process alone is not sufficient to create high electric fields. For a more complete description 
of the system behavior, the triboelectric process must be included. This will modify the dust particle charge, and 
therefore the ion attachment process effects.
3. The measured system is not in a steady state. In the steady state limit, the total electrical current in the electrically 
conducting atmosphere is constant, leading to a specific relationship between the electric field and the electrical 
conductivity (and therefore the ion densities). Thus for a given ion density vertical profile, there is a unique electric 
field strength vertical profile. During the transient period until a steady state is reached, this relationship does not 
hold. This means that if Fig. 1c corresponds to temporal positive ion density vertical profile, the electric field does 
not necessarily has the calculated form in Fig. 1d (which fulfills the constant current constraint). For the verification 
of this point additional information is needed, such as the measured dust particle number density vertical profile. 
4. Charged dust particles attaching to the field mill create artificial enhancement on the measured electric field.
5. The field mill tilts under the influence of wind during the flight and additional components of the electric field 
(apart from the vertical one) are measured. 

 
In future research steps, we aim to study the above reasons extensively, for the better understanding of the dust par-
ticles electrical properties dynamics, as well as to repeat radiosonde launches with the same suite of measurements 
under various dust loads for further comparison with the model outputs.
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Abstract: A vast amount of studies on typical urban green and open spaces such as parks and urban squares does ex-
ist. Studies on small-scale clusters such as open spaces between buildings and similar design features that may provide 
passive cooling potential are, however, in general, limited. This study examines the microclimatic conditions of small-
scale open spaces such as courtyards and small backyards in Athens. Courtyards are common architectural solutions 
that can be positive or negative urban climatic elements. Backyards, the result of regulations due to the high building 
density, are irregularly shaped space, usually without plants and trees. A vegetated courtyard and two different back-
yards were appropriately monitored along with two reference sites during the summer of 2019. A detailed statistical 
analysis was performed. The maximum values of the cool island effect were found to be on the order of 8 K inside the 
more vegetated locations (i.e. Vegetated Backyard, Garden Sunlit and Garden Shade). The maximum values of the heat 
island effect were found to be on the order of 6K (Garden Sunlit, 5.9 K; Backyard, 5.7 K). 

1 Introduction
The phenomenon of Urban Heat Island (UHI) in Athens is particularly intense  with the difference in average air tem-
perature among urban and suburban locations reaching up to 4.5 K (Giannopoulou et al. 2011, Livada et al. 2002). 
Large urban green spaces have been examined extensively for their cooling effect (Bowler et al. 2010). In the case 
of Athens, large urban green spaces (i.e. parks) have been found to play a critical role in the pattern of UHI but their 
cooling effect holds only for a few meters off their perimeter due to anthropogenic heat from traffic and worse ther-
mal conditions as a result of vegetation absence (Zoulia et al. 2009). In contrast, the thermal behavior of small spaces 
(green or not) whose existence may not even be the result of intentional design, such as irregular open spaces between 
buildings, has not been investigated in relation with their potential contribution to urban microclimate. One of the first 
quantitative studies in Greece showed that under heat wave conditions, air temperature values   in small vegetated areas 
appear to be lower  by 7 K compared to the surrounding area (Tsiros and Hoffman 2014). Also, densely vegetated 
courtyards   may be used as passive cooling tools for buildings, contributing to the reduction of energy consumption 
during the summer months (Tsiros 2010). This study is aimed at quantifying the contribution of small urban green 
spaces to mitigate adverse bioclimatic conditions within the urban environment of Athens during summer, where the 
UHI phenomenon is aggravated.

2 Data and Methodology

2.1 Location and Data
Measurement sites were established in a typical neighborhood of Athens, Patisia, and included three courtyards located 
in the interior of urban blocks and one at the roof level open to the sky, all located within an 80 m radius (Fig 1). In the 
first courtyard two monitoring locations were arranged, one in the center of a rear-wooded garden characterized by sun-
lit conditions (Garden Sunlit) and one in the same garden but under tree canopy (Garden Shade). The second courtyard 
is a typical non-vegetated small backyard (Backyard) shaded mainly from the surrounding walls and the third courtyard 
is a backyard shaded from dense tree canopies along with surrounding walls (Vegetated Backyard). Such backyards are 
mainly the result of regulations due to high building density construction in the 1950–1970 period in Athens. During 
that period, the old family houses were replaced by small apartment blocks resulting to the backyard areas, irregularly 
shaped spaces, usually without plants and trees, mainly designed for daylight and ventilation to the backside rooms 
(Tsianaka 2006).The roof level location (Roof) is on the top of the two-story building next to the first courtyard. Nea 
Filadelfeia station (Hellenic National Meteorological Service - HNMS) located approximately 3.8 km from the neigh-
borhood inside a 120-acre green area with xerophytic vegetation (″Park″), was chosen as a reference site.
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Small air temperature (and air humidity) loggers (three Onset Hobo MX2302A and two Onset Hobo Pro) were in-
stalled in all five locations for simultaneous measurements of air temperature (Tair, °C). All instruments were fixed 
inside white aluminum louvered solar radiation shields, placed in approximate 1,1 m of the ground and programmed 
in five-minute interval logging. Meteorological data from the Nea Filadelfeia station were obtained from the Hellenic 
National Meteorological Service in the form of three-hour averages. Measurements were conducted in a twenty-six-
day period August 18 - September 12, 2019.

Fig. 1. Measurement positions. 1, Garden Sunlit; 2, Garden Shade; 3. Roof; 4, Backyard and 5, Vegetated Backyard. 

2.2 Methodology
All air temperature data recorded in-site were averaged in one-hour timesteps and hourly minimum and maximum val-
ues were also calculated. Data obtained from the HNMS Station where downscaled from three-hour values to one-hour 
values using linear interpolation. To examine warming and cooling patterns in the study area, hourly air temperature 
values (Tair) recorded at the monitoring sites were compared with the corresponding values of the reference site. In or-
der to quantify further the patterns, hourly air temperature differences(ΔTair) were calculated by subtracting the hourly 
air temperature in the reference site from the corresponding air temperature on each location. Thus, ΔTair negative 
values indicate cooling patterns (cool island effect) and positive values indicate warming patterns (heat island effect).

2.3 Statistical analysis 
Descriptive statistical data were calculated and evaluated for air temperature values, air temperature differences and 
meteorological conditions, measured at the reference site. Kruskal-Wallis H test was used to identify the potential sta-
tistically significant differences between the position profiles in Tair and ΔTair. Distributions of Tair and ΔTair values 
were similar for all groups, as assessed by visual inspection of a boxplot. Pairwise comparisons were performed using 
Dunn’s procedure with a Bonferroni correction for multiple comparisons. Tair data showed a non-normal distribution 
and thus Spearman correlation coefficients (rs) were used to examine the association between them. Linear regression 
used to model air temperature differences based on air temperature measured in the reference station. Assumptions for 
homoscedasticity and normality of residuals were met.

3 Results
For each location (five in urban cluster and one in reference site) the same number (n=607) of hourly Tair measure-
ments was obtained and thus five ΔTair sets (each urban positions’ Tair minus reference site’s Tair) of the same number 
were calculated. Minimum average Tair (27.3°C) recorded in the reference site outside of the examined urban cluster 
and maximum (29.3°C) was recorded in the Roof. Among the three courtyards the lowest average Tair values were 
recorded in the Garden Shade (27.6°C) and the Vegetated Backyard (27.7°C) locations (Table 1a). The highest Tair 
value was recorder in the Roof (40.2 °C, 26/8/19 16:00) and the lowest logged in the reference station (19.8 °C, 8/9/19 
03:00). The highest mean daily range of Tair was found in the Roof (9.5 K) and the lowest in the Vegetated Backyard 
(4.8 K) which is the least exposed to the sky. The daily pattern of minimum and maximum Tair values (Fig. 2) portray 
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a significantly warmer Roof considering the maximum values in contrast with the Vegetated Backyard which shows 
the lowest between all positions.
Mean air temperature differences between the reference site and the examined locations (Table 1b) range from 0.3 
K (for the Garden Shade) to 2 K (for the Roof).Hourly average air temperature differences (Fig. 3) show strong cool 
island patterns in the morning until noon with peak hour approximately 9:00 and an extended peak period of four 
hours (09:00-13:00) for Vegetated Backyard. Heat island patterns peak in the afternoon and all night with peak hours 
approximately from 18:00 to 20:00. 

Table 1. (a) Air temperature (Tair) in examined locations and the reference site during measurement period and (b) Air 
temperature differences (ΔTair) between examined locations and the reference site. Positive values indicate warming 
patterns (heat island effect).

Abbreviations: SD, Standard Deviation; Abs, Absolut; DM, Daily Mean; GSu-F, Garden Sunlit - HNMS Station; GSh-
F, Garden Shade - HNMS Station; B-F, Backyard - HNMS Station; VB-F, Vegetated Backyard - HNMS Station; R-F, 
Roof - HNMS Station.

Fig. 2. Daily minimum and maximum air temperature patterns in examined locations and reference site during the 
monitoring period. (a) Garden Shade, Vegetated Backyard and HNMS Station, (b) Garden Sunlit, Backyard, Roof and 
HNMS Station.
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Fig. 3. Hourly average air temperature differences (ΔTair) during the monitoring period. Negative values (green cells) 
indicate cool island effect and positive values (red cells), heat island effect. Values are color-scaled independently for 
every measuring position. Abbreviations: GSu-F, Garden Sunlit - HNMS Station; GSh-F, Garden Shade - HNMS Sta-
tion; B-F, Backyard - HNMS Station; VB-F, Vegetated Backyard - HNMS Station; R-F, Roof - HNMS Station.

Median Tair (p<0.001) and median ΔTair (p<0.001) were significantly different among all locations. Adjusted p-
values are presented. Between all Tair profiles Roof shows statistically significant differences with all other locations 
(p<0.001 in all cases except with Backyard, p=0.07).Backyard’s profile is significantly different with Vegetated Back-
yard (p=0.012), Garden Shade and HNMS Station (p<0.001) while Garden Sunlit’s differs significantly from HNMS 
Station (p=0.009). Between ΔTair profiles Roof showed significant difference with all other locations (p<0.001), Back-
yard appeared significant different from Vegetated Backyard (p=0.16) and Garden Sunlit (p<0.001) while Garden 
Sunlit differs significantly from Garden Shade (p=0.005). 
A strong positive correlation was found between all Tair profiles of the urban cluster (p<0.001, rs>0.8) and a weaker 
between HNMS Station profile and the cluster’s profiles, with stronger the one between Roof and HNMS Station 
(p<0.001, rs=0.68) and weaker the one between Vegetated Backyard and HNMS Station (p<0.001, rs=0.45). Strong 
positive correlations were observed also between all ΔTair profiles with stronger the one between Garden Shade’s and 
Small Backyards’ profiles (p<0.001, rs=0.96) and weaker the one between Vegetated Backyard’s and Roof’s profiles 
(p<0.001, rs=0.73).
Linear regression produced significant results between Tair in the reference site and the ΔTair of all five locations in 
the urban cluster (Table 2). The best model of ΔTair was found for the Vegetated Backyard location accounting for 
58.5 % of the variations in ΔTair and predicting -0.68 K of air temperature difference for every degree of ambient air 
temperature (Tair in reference site).

Table 2. Linear regression results for all five ΔTair profiles in relation with air temperature in the reference site (HNMS 
Station). Maximum Tair 38.8 °C was recorded at the reference site for the year 2019.

Abbreviations: GSu-F, Garden Sunlit - HNMS Station; GSh-F, Garden Shade - HNMS Station; B-F, Backyard - HNMS 
Station; VB-F, Vegetated Backyard - HNMS Station; R-F, Roof - HNMS Station.

4 Conclusions
This study analyzed data from in-situ measurements concerning air temperature patterns in typical small urban open 
spaces (vegetated and non-vegetated) for a limited period during the summer of 2019 in the city of Athens. Vegetated 
backyards show a stronger cool island pattern compared to non-vegetated open spaces. The shade effect from the sur-
rounding buildings in typical urban blocks should, however, be studied further as a separate cooling factor. Further 
studies should also focus on the correlation of meteorological parameters between a standard meteorological station 
outside the examined urban cluster and a reference location inside the cluster (i.e. a roof or a nearby square) to have a 
versatile way of modeling the thermal conditions in various urban environments. 
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Abstract Noise in urban settings is an environmental source of nuisance, which together with air pollutants and 
adverse thermal conditions, has a strong impact on human health and well-being. This study aims to examine sound 
level perception due to individuals’ exposure to urban acoustic conditions. Sound levels and micrometeorological 
conditions were monitored in five urban squares in Athens, Greece, using a mobile station installed temporarily at the 
monitoring sites. Pedestrians’ personal sound level evaluation (SLE) was reported on a five-point symmetric scale 
from very low (-2) to very high (+2) during questionnaire-based interviews. Statistical analyses included chi-square, 
analysis of variance and ordinal logistic regression models. Results from 1762 participants showed that higher sound 
pressure levels and air temperature values were associated with higher ratings of SLE. One unit increase in sound 
pressure level resulted in 1.13 (p<0.001) increase in the odds for reporting a higher SLE rating. Females (p=0.035) 
and individuals visiting the site for work purposes (p<0.001) were more likely to report higher SLE than males or in-
dividuals visiting the site for entertainment. Age, thermal sensation and comfort, health symptoms, and preference for 
urban design improvements also affected SLE. These results could be applied in urban design and mitigation measures. 

1 Introduction
Undesired sound (i.e., noise) is an environmental nuisance affecting millions of people in the EU at least during some 
hours of the day (EEA 2018). World health organization identifies noise as one of the top environmental risks to public 
health (Héroux et al. 2020). Noise exposure may cause injury to the auditory system, annoyance, stress reactions, sleep 
disturbance, poor mental health, negative effects on the cardiovascular and metabolic system, and impaired cognitive 
function in children (EEA 2018; WHO 2020). About 16600 premature deaths in EU have been associated to environ-
mental noise (EEA 2018). Regulations have been established, noise emissions are monitored, actions are developed, 
and efforts to reduce environmental noise have been made (EU 2002), however, these are counteracted by the increase 
in the number of city inhabitants and road traffic (Mourelatou 2006). The impact of soundscape on well-being, quality 
of life, and human health makes essential the research on sound level perception and acoustic comfort.
Perceptual studies on sound focus on subjective evaluation of the sound level and acoustic comfort in the context of 
indoor (Yang and Moon 2019) and outdoor environments, mainly in urban public spaces (Yang and Kang 2005). The 
relationship between several environmental parameters and sound perception has been examined (Nikolopoulou et 
al. 2011; Engel et al. 2018) suggesting that sound level evaluation varies between individuals, while  the background 
soundscape and acoustic comfort evaluation is affected by the type of the sound source (Yang and Kang 2005). An 
interaction between acoustic, thermal, visual comfort (Yang and Moon 2019) and air quality perception (Engel et al. 
2018) has been also identified. The evaluation of sound is a complex process related to several disciplines including 
acoustics, physiology and psychology (Mourelatou 2006). Thus, related research in urban environments must docu-
ment the subjective assessment of environmental sound levels along with sound measurements. This study aims at 
examining sound level perception due to individuals’ exposure to urban acoustic conditions and possible relationships 
between sound level evaluations, thermal environment and personal attributes of individuals.

2 Data and Methodology

2.1 Data collection
Measurements on urban soundscapes and questionnaire surveys were carried out during the experimental process of 
Urban Biometeorology and Planning project (UBiPlan 2020). Sound levels were measured in-situ, in five central urban 
squares; one was located in a district of the municipality of Athens, Greece (i.e., Ampelokipoi) and four were located 
in densely populated municipalities of the metropolitan area of Athens (i.e., Chalandri, Dafni, Egaleo, Keratsini). All 



| 275 Applied Meteorology / Biometeorology

squares were adjacent to road traffic whilst Αmpelokipoi, Dafni and Egaleo squares were also adjacent to metro sta-
tions. The functionality of the surveyed squares was multiple; apart from transport squares (Αmpelokipoi, Dafni and 
Egaleo), included public commercial squares (Chalandri, Egaleo, Dafni), residential squares (Keratsini, Chalandri, 
Egaleo, Dafni), an office square (Ampelokipoi) and recreational squares (Chalandri, Keratsini). The surveys were 
conducted during 15 days, in summer and autumn 2019 and winter 2020; one day for each square and season. They 
started around 9.00 am and ended around sunset.
A Casella CEL-490 sound level meter mounted on a meteorological mobile station monitored sound pressure levels 
(SPL), specifically the A-weighted equivalent continuous sound level (LAeq, dB) at the height of 1.1 m above the 
ground. The station was also monitoring several meteorological variables such as air temperature (Tair, °C), relative 
humidity (RH, %), wind speed (WS, m/sec) and grey globe temperature (Tg, °C). All parameters were measured at the 
height of 1.1 m above the ground which corresponds to the average height of the center of gravity of a standing person 
(Mayer and Höppe 1987). Data were recorded at an one-minute interval. 
At the same time, pedestrians were asked to participate in the survey and to report, during a questionnaire-based inter-
view, their evaluation on environmental stimuli. Pedestrians were asked to assess sound level (sound level evaluation, 
SLE) at the moment of the interview using a five-point scale ranging from very low (-2) to very high (+2) and thermal 
sensation using a seven-point scale from cold (-3) to warm (+3) (Table 1). Additionally, the questionnaire collected 
information on demographics (e.g., gender, age, regional unit of residence), subjective characteristics of participants 
(e.g., exposure time and history, activity during last half hour, visit purpose, medical history of respiratory/cardiovas-
cular diseases and health status, i.e., whether the participants were experiencing any health symptoms such as head-
ache, dizziness, exhaustion, nausea, breathing difficulties), thermal comfort and preference, and preference  for urban 
design improvements (Table 1).

Table 1. Questionnaire items on sound level assessment, thermal sensation assessment, thermal preference and prefer-
ence on urban design improvements. 

2.2 Data processing
All environmental data were averaged in five-minute intervals, since this was the time required to complete an inter-
view. SPL data (LAeq, dB) were first converted to sound pressures (in Pa), averaged arithmetically in five-minute in-
tervals and then converted again to SPL (in dB). The calculated five-minute averages were paired to the questionnaire 
data based on the submission time of each questionnaire. 
2.3 Statistical analysis
Statistical methods for data analysis involved descriptive statistics. Chi-squared tests, analysis of variance (ANOVA), 
and Pearson (rp) and Spearman (rs) correlation coefficients were employed in order to examine the associations be-
tween SLE, SPL and participants’ attributes. SLE were rescaled in a three-category variable (“very low/low”, “neutral” 
and “high/very high”) in cross-tabulation and ANOVA analysis due to the low frequency of responses in the extreme 
category “very low” (n=7, 0.4%) and in order to produce manageable results. Moreover, responses on preference with 
respect to urban design improvements were collapsed into two categories “change” and “no change”. 
Ordinal logistic regression was used to investigate factors independently associated with SLE. A positive regression 
coefficient for continuous independent variables indicates higher scores of SLE as the values of the variable increase 
while in the case of categorical variables implies that larger scores are more likely compared to the reference category.
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3 Results

3.1 Participants characteristics and environmental conditions
Overall, SLE was reported on 1762 questionnaires. The maximum number of interviews were conducted during win-
ter surveys (n=667, 37.9%). Chalandri square is represented by n=411 (23.3%) and Egaleo square by n=281 (15.9%, 
Table 2). The age of the participants ranged from younger than 12 years (n=19, 1.1%) to older than 65 years (n=203, 
11.6%). The majority of the participants were males (n=951, 54.8%) and the most common age was 18-24 (n=404, 
23.1%). About 31.1% (n=538) of the participants were residents of Central Athens regional unit, the most highly 
populated area of the metropolitan area of Athens. Overall, the respondents were in good physical condition (n=1450, 
82.9%) with no respiratory/cardiovascular medical history (n=1482, 84,6%), and they were not experiencing any 
health symptom at the time of the interview.

Table 2. Frequency distribution of participants in the field surveys.
Ampelokipoi Chalandri Dafni Egaleo Keratsini Total

Summer, N (%) 130 (25.9) 143 (28.5) 91 (18.1) 43 (8.6) 95 (18.9) 502 (28.5)
Autumn, N (%) 131 (26.1) 103 (20.5) 142 (28.3) 108 (21.5) 109 (21.7) 593 (33.7)
Winter, N (%) 139 (27.7) 165 (32.9) 108 (21.5) 178 (35.5) 77 (15.3) 667 (37.9)
Total, N (%) 400 (22.7) 411 (23.3) 341 (19.4) 281 (15.9) 329 (18.7) 1762 (100)

The most frequent responses on the participants’ activities, were being indoors (n=826, 47.0%) for the last half hour 
before the interview, visiting the monitoring site for less than 5 min (n=792, 45.1%) and being there for work purposes 
(n=706, 40.2%). About 61.2% (n=1074) of the participants reported thermal sensation “slightly cool”, “neither warmer 
nor cooler” and “slightly warm” and about 63.5% (n=1114) reported that they were “comfortable”. Nevertheless, 
with respect to preferences, most of the participants reported that they would prefer to be thermally either “cooler” or 
“warmer” n=961 (54.8%) and would prefer changes in the urban design of the monitoring site (n=1478, 83.9%). 
SPL ranged between 57.1 dB and 78.9 dB (Table 3). The maximum 5-minute LAeq (78.9 dB) was recorded in Am-
pelokipoi while the maximum median value was found in Chalandri square. Standard deviation was about 2 dB in all 
five monitoring sites.

Table 3. (A) Soundscape and meteorological conditions during field surveys and (B) Sound pressure level in each 
monitoring site.

Abbreviations: SPL; sound pressure level, Tair, air temperature; RH, relative humidity; WS, wind speed; Tg, grey 
globe temperature.

3.2 Analyzing sound level evaluation
SLE was mainly distributed to the categories “neither low nor high” (n=758, 43%) and “high” (n=726, 41.2%) of the 
five-point scale of SLE (Fig. 1). Analysis by site showed that the participants reported more frequently SLE as “high” 
in Αmpelokipoi square (n=212, 53%) whereas the combined frequency of SLE “high/very high” was 70.5% (Fig. 1b). 



| 277 Applied Meteorology / Biometeorology

In Dafni and Keratsini squares most participants assessed the sound level as “neither low nor high”.
There was significant difference in mean SPL and Tair between the categories of SLE “very low/low” (66.6±2.4dB, 
19.9±8.6oC), “neither low nor high” (67.1±2.5dB, 20.4±8.2oC) and “high/very high” (67.5± 2.4dB, 21.3±8.3oC) 
(p<0.001). A weak positive correlation was found between SLE and SPL (rs=0.10, p<0.001) and between SLE and Tair 
(rs=0.08, p=0.001) while SPL and Tair were negatively correlated (rp=-0.05, p=0.049).

Fig. 1. Sound level evaluation reported by the participants in the field surveys.

Females were more sensitive than males reporting in higher frequency a “high/very high” SLE (n= 410, 52.4% ver-
sus n=454, 47.7%, p=0.019). Participants 18-64 years old reported more often SLE as “high/very high” (range from 
n=142, 50.9% for 25-34 to n=126, 53.6% for 45-54) than the participants younger than 18 (n=35, 29.9%) or older 
than 65 (n=88, 43.3%; p=0.001). The prevalence “high/very high” SLE was also higher among participants visiting 
the monitoring site for work purposes (n=408, 57.8%; p<0.001), being thermally uncomfortable (n=352, 55.1% ver-
sus n=525, 47.1%, p=0.005), preferring changes in urban design of the monitored square (n=768, 52% versus n=109, 
39.5%, p=0.001) and experiencing health symptom (58.2% versus 48.3%, p=0.008). However, there was no statisti-
cally significant relationship between SLE and thermal sensation, medical history, exposure time, exposure history and 
activity during the last half hour. 

3.3 Modeling sound level evaluation
At the first step, ordinal logistic regression was applied between SLE and each variable individually producing statisti-
cally significant results for SPL, Tair, Tg, WS, gender, age, medical history, health symptoms, visit purpose, thermal 
comfort and preference for urban design improvements. At the next step, the relationship between SLE and SPL was 
examined adjusting for variables that were significant in the first step. The results showed that SLE is likely to increase 
when SPL and Tair increase (Table 4). If all the other variables in the model were held constant, an one unit increase in 
SPL would result in 0.12 (p<0.001) increase in the log odds -1.13 in the odds- of being in a higher level of SLE. Simi-
larly, an one unit increase in Tair would result in 0.015 (p=0.0005) increase in the log odds -1.02 in the odds- of being 
in a higher level of SLE. Males would report lower SLE than females (log odds -0.19, p=0.035) whereas participants 
visiting the monitoring sites for work purposes (log odds 0.83, p<0.001) or were passing by (log odds 0.5, p<0.001) 
would report higher SLE than those visiting the site for entertainment.

Table 4. Ordinal logistic regression estimates for the relationship between sound level evaluation and sound pressure 
level (SPL) and subjective characteristics.
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4 Conclusions
This study analyzed the sound level evaluation of pedestrians in five central public squares of highly populated mu-
nicipalities of the metropolitan area of Athens based on field survey data. Participants were sensitive to sound level 
variations reporting higher evaluations when sound pressure levels increased. Meteorological variables, thermal sen-
sation and comfort were also found to be associated to sound level evaluation suggesting an overall effect of environ-
mental stimuli on perception. Significant difference with respect to subjective evaluation was found between males 
and females.
Noise is an important environmental hazard by itself and combined with other environmental variables may affect the 
quality of life. Studies on sound perception can be of importance for urban design and mitigation measures. Further 
research should be undertaken on the effect of sound levels and sound level subjective evaluation on the overall com-
fort and its implication to urban design and human health. 
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Abstract: Green spaces within urban built environments could be beneficial for human thermal comfort at the micro-
scale, especially during summer period at moderate climates, by effectively reducing heat stress. The objective of 
this study is to evaluate the human thermal sensation in a green-urban area of Athens during a summer day by using 
a three-dimensional, prognostic, microscale climate model (ENVI-met V3.1) and utilizing mobile meteorological 
measurements. The experimental micro-measurements of air temperature, humidity, wind speed, globe temperature 
and global solar radiation were conducted in two routes on July 12, 2017, from 15:00 to 17:00 and from 21:00 to 
23:00 Athens local time (UTC+3:00). The meteorological parameters were recorded every 5s, using the appropriate 
sensors mounted on a cargo bicycle at 1.5m height. To gain insight of the human thermal sensation, the human ther-
mal index Physiologically Equivalent Temperature (PET) was estimated with respect to both model’s simulations and 
experimental micro-measurements. The in-situ measurements along with the model’s output results reveal the thermal 
comfort regime of the selected area and the ability of the model to illustrate the micrometeorological conditions, under 
different mitigation scenarios.  

1 Introduction
Global warming, through heat waves, which occur with greater intensity and frequency, affect human activities, public 
health and energy demand in densely populated urban areas (Nastos and Matzarakis, 2008; Nastos and Kapsomenakis, 
2015; Founda et al., 2019). Intense urbanization, given that in 2030 more than 60% of the world’s population is ex-
pected to live in cities (Bolund and Hunhammar, 1999), in synergy with climate change have caused an intensification 
of the Urban Heat Island phenomenon (UHI), with consequent effects on urban morbidity and mortality, especially 
during heat waves (Nastos and Matzarakis, 2012).
In an urban area, the lack of green space causes four basic phenomena: i) increased air and surface temperatures, espe-
cially during the summer months, enhancing the phenomenon of UHI, ii) surface runoff of rainwater, which cannot be 
absorbed by hard building materials, iii) an increase in the level of carbon dioxide in the atmosphere, which is due to 
the increase in the energy needs of the inhabitants and the decrease of the carbon stored in the biomass and iv) a reduc-
tion in biodiversity due to the modification of an ecosystem. Studies conducted using model simulations highlight the 
risks of removing green from urban complexes (Gill et al., 2007; Hu et al., 2016).
Therefore, adaptation and mitigation measures are necessary for the resilience of the urban environment. Vegetation 
has been shown to have a cooling effect on the environment and therefore the plant integration in urban areas is the 
main method to optimize the microclimatic conditions on a micro scale (Tyrväinen et al., 2005; Cohen et al., 2012; 
Yang et al., 2015). Green spaces within the urban web could significantly contribute to human thermal comfort, espe-
cially during the summer season, effectively reducing thermal stress.
The goal  of this study is twofold: on one hand, to quantify the contrast of human thermal sensation in a green-urban 
area of Athens during a summer day by using mobile meteorological measurements and the simulations by a three-di-
mensional, prognostic, microscale climate model (ENVI-met V3.1) and on the other hand, to optimize the bioclimatic 
conditions under different mitigation scenarios.

2 Data and Methodology

2.1 Area of interest and Data
The study area for our simulations concerns a green-urban area of Pagrati, which is a district of the southeastern part 
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of the Municipality of Athens. High-traffic roads are crossing the area, while concrete and asphalt are the dominant 
materials. The average height of the buildings is estimated to be around 18m, and the shape of the buildings is usually 
cubic as the balconies are narrow and do not add much volume. These buildings form the building blocks, in the center 
of which there is an uncovered space, which is usually of no use and is shaded almost throughout the day. The area 
does not have many free public areas suitable for recreation, besides the Pagrati grove, where relatively high people 
attendance appears (Figure 1).

Fig. 1. Study area of Pagrati district, along with the bicycle route (left). Configuration of the domain area in the ENVI-
met model (right).

Micrometeorological measurements of air temperature, humidity, wind speed, globe temperature and global solar ra-
diation were conducted every 5s in two routes on July 12, 2017, from 15:00 to 17:00 and from 21:00 to 23:00 Athens 
local time (UTC+3:00), using the appropriate sensors mounted on a cargo bicycle at 1.5m height (Figure 1).

2.2 Methodology
The bioclimatic conditions of the under study green-urban area were simulated by the ENVI-met model, which is a 
three-dimensional, non-hydrostatic microclimate model developed to calculate and simulate climate parameters and 
the interactions between surfaces, plants and atmospheric air in urban areas (Bruce and Fleer, 1998). During its opera-
tion, it calculates the total radiation budget, including direct, diffuse and reflected solar and long wave radiation. It 
also uses laws of thermodynamics and fluid dynamics to reflect the evolution of climatic parameters during the daily 
cycle (24 - 48 h) and approaches the state of the atmosphere, combining the influence of vegetation, buildings, the 
characteristics of surfaces, soil types and marginal climatic conditions (Figure 2).

Fig. 2. Data flow chart in ENVI-met model (Wang and Zacharias, 2015)
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A grid of 120 x 120 cells for x, y axes and 20 equidistant cells for z axis were selected with cell sizes dx = 5m, dy = 
5m, and dz = 3.75m. On the vertical axis, the first cell from the ground surface is subdivided into five sub-cells with a 
height of 0.75m each, so to visualize the microclimatic conditions prevailing in the study area for the height z = 1.5 m, 
because near this height is the center of gravity of an average person (1.1 m) and it will be easier to approach his ther-
mal sensation. The simulations started on July 11, 2017 at 06:00 local time (UTC+3:00), with 48 h ahead simulations 
time. The configuration of the study area is depicted in Figure 1 (right graph). As far as the human thermal sensation 
is concerned, the human thermal index Physiologically Equivalent Temperature (PET) and the Mean Radiant Tem-
perature (defined as the uniform temperature of an imaginary environment in which the radiant heat transfer from the 
human body is equal to the radiant heat transfer in the actual nonuniform  environment) were estimated with respect 
to both model’s simulations and experimental micro-measurements, using RayMan model (Matzarakis et al., 2007).

3 Results
The ENVI-met simulations along with the mobile micro-meteorological measurements at 1.5m height from the ground, 
on July 12, 2017, at 15:00 and 22:00 local time are depicted in Figure 3 and Figure 4, respectively. The simulations 
have been produced taking into consideration a breeze (1 m/s) blowing from the west in the configuration of the model.
Green spaces (both parks and trees along streets) appear to be cooler than the urban background by approximately 2 
oC, early in the afternoon against approximately 3 oC, in the evening, with respect to air temperature. Lower air tem-
peratures appear at the eastern of the simulation area, on one hand, due to the cooling effect of the green grove (the 
breeze, blowing from the west passing over the grove, advect cool air towards eastern parts) and on the other hand, 
over subareas covered with vegetation. The Mean Radiant Temperature appears highest values (~ 80 oC) over large 
avenues without tree planting on their sides, against green areas. This contrast decreases (~ 27 oC) during the night 
hours. The simulated human thermal index PET ranges from 33.7 oC to 69.4 oC at early afternoon hours against lower 
range (26.0 oC – 32.0 oC) during night.
The ENVI-met simulations overestimate the air temperature by approximately 1 oC at early afternoon hours against 
approximately 3 oC at night. Higher deviations appear with respect to Mean Radiant Temperature, reaching in some 
cases 25 oC, early in the afternoon against approximately 5 oC, in the evening. This reflects also to higher PET values, 
which appear to be in the class of moderate heat stress within the park area against extreme heat stress in the streets, 
mainly without tree cover. The model overestimates PET about 7 oC at early afternoon against 3 oC at night. 
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Fig. 3. ENVI-met simulations (left graphs) and mobile meteorological measurements (right graphs), for air tempera-
ture (upper graphs), mean radiant temperature (middle graphs) and PET (lower graphs), on July 12, 2017, at 15:00 
local time (UTC+3:00).
In the process, mitigation scenarios were used in ENVI-met simulations, such as a virtual replacement of the Pagrati 
grove with block of buildings, green routes and new green park subareas in order to optimize the bioclimatic condi-
tions of the urban area. The suggested interventions shed light to the beneficial effect of vegetation on the conditions 
prevailing in the urban web. There was an obvious improvement of the thermal regime of the urban environment, 
mainly concerning the last two scenarios (green routes, construction of a green park), against to the current situation 
and the first scenario. 

Fig. 4. ENVI-met simulations (left graphs) and mobile meteorological measurements (right graphs), for air tempera-
ture (upper graphs), mean radiant temperature (middle graphs) and PET (lower graphs), on July 12, 2017, at 22:00 
local time (UTC+3:00).
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4 Conclusions
The in-situ measurements along with the model’s output reveal the thermal comfort regime of the selected area and 
the ability of the model to evaluate the micrometeorological conditions. Green spaces within urban built environments 
could be beneficial for human thermal comfort at the micro-scale, especially during summer period at moderate cli-
mates. The relatively high height of the buildings, combined with the small width of the streets, creates a formation 
known as urban street canyon, which has adverse effects on the microclimate of the area (acceleration of wind flow, 
trapping of sunlight through reflection, blocking direct sunlight from reaching the surface of the ground, etc.) and con-
sequently the thermal sensation of the inhabitants. According to the mitigation scenarios of the study, the green routes 
seem to regulate better the thermal stress than the creation of green parks, within the urban structure. The ENVI-met 
simulations contribute to better understanding and improvement of the thermal urban environment. However, there are 
some limitations of ENVI-met model; namely, it is unable to support large area simulations with high resolution at the 
same time, does not support the relief and there are errors on the boundaries of the area examined.
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Abstract: Thermal sensation is used to estimate thermal environment, although its assessment is a research issue. 
This study aims to develop a method based on an Artificial Neural Network (ANN) to predict actual thermal sensa-
tion (ATS), as reported by pedestrians in field-questionnaire surveys. Meteorological variables were monitored in 
outdoor public places, at the height of 1.1 m and questionnaire-based interviews were conducted in pedestrians at the 
monitoring sites. Participants reported their thermal sensation on a predetermined seven-point bipolar scale from cold 
(-3) to hot (+3), namely ATS. A total of 1706 questionnaires were collected spanning three seasons of the year (sum-
mer, winter and a transitional season). Multilayer perceptron (MLP) based ANN models were developed and trained 
to predict ATS. Several combinations of field-measured meteorological variables were tested as inputs to the ANNs. 
The traditional feed-forward neural architecture was utilized with different number of hidden layers and neurons per 
layer. Results showed that a simple two-layered ANN is able to predict ATS with an average error of 0.7 of the seven-
point thermal sensation scale. The achieved error compared favorably to the corresponding error of the thermal indices 
Physiologically Equivalent Temperature and Universal Thermal Climate Index.

1 Introduction
Thermal environment may affect people’s behaviors (Parsons 2010) and human health (Gasparrini et al. 2015) result-
ing in social and economic impacts in tourism, urban planning, energy conservation, and public health. The thermal 
environment refers to the combination of variables that can affect heat transfer and human response. Fundamental 
variables defining the thermal environment are air and radiant temperature, humidity, air movement, metabolic heat 
generated by human activity and clothing insulation (Parsons 2003).
Several models have been developed to assess thermal environment with respect to thermal sensation or comfort, 
namely thermal indices. Since the 50s, about 162 thermal indices have been introduced varying in quality, type and 
approach (Yaglou and Minard 1957; de Freitas and Grigorieva 2015). They can be categorized as (a) devices for inte-
grated measurement such as globe thermometer, (b) single-sensor indices such as dewpoint temperature, (c) empiri-
cal indices such as Humidex, Temperature Humidity Index (THI), Physiological Index of Strain (PIS), Physiological 
Strain Index (PSI), (d) thermal stress indices such as Corrected Effective Temperature (CET) and Effective Tempera-
ture (ET), and e) indices based on energy balance approach such as Physiologically Equivalent Temperature (PET) and 
Universal Thermal Climate Index (UTCI) (de Freitas and Grigorieva 2015).
The performance of thermal indices on assessing thermal sensation has been evaluated (Pantavou et al. 2013a; Panta-
vou et al. 2020) and improvements for specific climates or populations have been suggested (Lin and Matzarakis 2008; 
Pantavou et al. 2014) mainly based on subjective thermal sensation reported during in-situ monitoring of the thermal 
environment. Results showed high variations between predicted and actual thermal sensation making the assessment 
of thermal sensation a methodological challenge.
Artificial neural networks (ANNs) have been applied to a variety of classification and function approximation prob-
lems in different scientific areas and are increasingly in use in environmental studies as well. The main advantages of 
ANNs are the generic nature of the method that allows the easy application to problems from different domains, the 
well-established theory and computational implementations and the rapidly expanding research. Nevertheless, the use 
of ANNs in studies on the assessment of thermal environment is limited, focusing on indoor environments (von Grabe 
2016; Yoon et al. 2018) and thermal comfort (Songuppakarn et al. 2014; Deng and Chen 2018). A recent study on 
thermal sensation showed that ANN models could successfully predict PET using as only inputs hourly air tempera-
ture data from a standard meteorological station (Moustris et al. 2018). The aim of the present study was to develop 
a method for the assessment of thermal sensation based on ANNs and data collected in field questionnaire surveys in 
outdoor urban public spaces in a Mediterranean climate.
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2 Data and Methodology

2.1 Field monitoring data
The data were collected during field surveys in summer and autumn 2010, and winter 2011 at three sites of the metro-
politan area Athens, Greece, i.e., at the central square and pedestrian street of the municipality of Athens, Syntagma 
square and Ermou street, and at a popular urban coastal promenade, Flisvos coast (Pantavou et al. 2013b). Air tem-
perature (Tair, oC), relative humidity (RH, %), wind speed (WS, m·s-1) and grey globe temperature (Tg, oC) were 
monitored at the height of 1.1 m above the ground by an automated mobile station. Meteorological data were stored as 
1 min averages on a CR10X Campbell Scientific Ltd data logger. Information on subjective attributes were obtained 
by questionnaire-based interviews of pedestrians who were visiting the monitoring sites. The collected information 
included gender, age, clothing description and main activity (lying, sitting, standing, walking, doing sports) during 
the last half hour (Pantavou et al. 2013b). Moreover, participants were asked to report their thermal sensation on a 
predetermined seven-point bipolar scale (ISO 10551 2001): −3, cold; −2, cool; −1, slightly cool; 0, neutral; +1, slightly 
warm; +2, warm; +3, hot, namely actual thermal sensation (ATS). 

2.2 Data processing
Clothing description was used to estimate clothing insulation (Icl, clo) in accordance to ISO 9920 (2007). The thermal 
indices UTCI and PET were estimated (Pantavou et al. 2013a; Pantavou et al. 2014) in order to compare the per-
formance of the developed ANNs model with two of the most widely used models of subjective thermal perception 
(Potchter et al. 2018). 

2.3 Artificial neural networks models
The feed-forward multi-perceptron architecture was used to model the ANNs. The hyperbolic tangent (tansig) was 
selected as the transfer function for the input layer and the pure linear function for the rest of the layers. The output 
layer consisted of seven neurons, one for each of the categories of the seven-point thermal sensation scale. Thus, the 
prediction of ATS was treated as a classification, rather than an estimation problem. The models were developed using 
ANNs with two (model ANN1), three (model ANN2) and four hidden layers (model ANN3). The two hidden layers 
of ΑΝΝ1 model had 18 and 10 neurons, the three hidden layers of ΑΝΝ2 model had 18, 8 and 4 neurons and the four 
hidden layers of ANN3 consisted of 28, 18, 14 and 9 neurons.
More formally, given feature vector fi for the ith datapoint, the ANN output of each neuron of the final layer (indexed 
from 1 to 7) was defined as [ ] ( )1 2 7, ,...,i i i i io o o ANN= =o f . The network’s prediction pi was defined as the index of the 
maximum output neuron minus the constant of four, to map the prediction to the range [-3,3], (assuming that the index 
of the neurons starts from number 1): 

( ) [ ]( )1 2 7arg max 4 arg max , ,..., 4i i i i ip o o o= − = −o .
The ANNs were trained using a number of different combinations (A to E) of input feature vectors i.e., Tair, RH, WS, 
Tg, Icl, activity and season (Parsons 2003) resulting in a dimensionality between 4 and 7 (Table 1). For each combi-
nation, the available data were split into train and test sub-datasets as following: the 75% of each category were used 
for train (and validation) and the remaining 25% for test. Overall, 15 different combinations of the three ANN models 
(ANN1, ANN2 and ANN3) and the five different input feature vectors (A to E in Table 1) were tested. The results were 
repeated 100 times for each combination. An average confusion matrix was calculated, considering the results of test 
datasets only. The prediction errors were calculated to assess the performance of the different ANN models, consider-
ing the correct class ci and using the formula: i i ie p c= − . For instance, an ATS of cold (-3) that ANN models pre-
dicted as cool (-2) had an error equal to one, whereas if the prediction for the same ATS was slightly cool (-1), the error 
would be equal to two. Since thermal sensation was assessed based on a seven-point scale, the prediction error would 
range between 0 and 6 (integers only). The average prediction error for an ANN model was calculated over Nr=100 
repetitions with a random dataset splitting using the formula:

 
1 1

1 ter NN

ij j
r te i j

e p c
N N = =

= −∑∑ , where pij is the ANN’s prediction of datapoint j at the repetition i and cj is the correct 

classification. The cumulative prediction error for the whole test dataset was calculated by: 
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Table 1. Different input feature vectors, used to train and test the ANNs models.
Feature vector Tair RH WS Tg Icl Activity Season 

A x x x x

B x x x x x

C x x x x x x

D x x x x x x x
E x x x x x

3 Results
A total number of 1706 of individuals (males n=932, 55.3%) participated in the surveys. From the available 1706 
survey questionnaires, 1642 (males n=901, 54.9%) were used in ANN modeling (64 questionnaires exhibited missing 
values and were excluded). Participants were mainly distributed to the age groups between 18 (18-24 n=355, 21.6%) 
and 54 years (45-54 n=245, 14.9%), while the most common age group was 25-34 (n=575, 35.0%). The median height 
and weight of the participants were 170±9 cm and 70±15 kg. Most of the participants reported that for the last half hour 
before the interview their activity had been light (seating, n=504, 30.7%, standing, n=656, 40.0% or walking, n=461, 
28.1%), they were outdoors (n=585, 35.6%) or in means of transportation (n=705, 43.0%), with no air-conditioning in 
use (n=1122, 68.3%), while the majority reported no medical history of respiratory or cardiovascular disease (n=1302, 
79.3%). The ATS ranged between cold (n=43, 2.6%) and hot (n=228, 13.9%, Table 2A).
Table 2Β presents mean, median, minimum, maximum values and standard deviation of the meteorological variables 
recorded during the interviews. Air temperature ranged between 7.1oC and 39.3oC and RH between 23% and 79%, 
while WS was relatively low (median=0.6 m·s-1). 
The train dataset included 1332 questionnaires and the test dataset 410 questionnaires (Table 2Α).

Table 2. A) Frequency of responses of actual thermal sensation (ATS) based on a seven-point thermal sensation scale 
and ANN modeling and B) Descriptive statistics of meteorological variables monitored during the interviews in the 
field surveys.

The average ATS prediction error of the considered ANN models, as well as the prediction error of the of UTCI and 
PET is presented in the Table 3A (averaged over 100 repetitions). ANN1 with feature vector B (i.e., Tair, RH, WS, 
Tg, Icl) achieved average ATS prediction error equal to 0.70, which is the lowest considering all tested feature vectors 
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(A to E). Moreover, Table 3A shows that ANN1 and ANN2 models outperformed both UTCI and PET. The average 
prediction error of ANN1 and ANN2 ranged from 0.70 to 0.74 while UTCI and PET between 0.74 and 0.77. Neverthe-
less, the prediction error of ANN2 was slightly higher compared to ANN1 (0.2 to 0.74 versus 0.70 to 0.73), especially 
for the cold and cool categories of ATS. ANN3 produced the highest prediction error (0.94 to 1.32), which may be 
attributed to reduced generalization ability because of the increased number of layers and neurons per layer, as well as 
to the underrepresentation of these classes in the training dataset. 

Table 3. A) Average prediction error of ANN models (ANN1, ANN2 and ANN3) and thermal indices UTCI and PET, 
calculated over 100 random repetitions for each feature vector and B) Average number of predictions for each value 
of error, using feature vector B.

Fig. 1. (a) Average prediction error for the seven different categories of actual thermal sensation, achieved by the three 
ANN models, using the combination B of feature vectors (i.e., Tair, RH, WS, Tg, Icl) and (b) average confusion matrix 
(number of data-points, each row adds to 100%), calculated using ANN1 over 100 repetitions of combination B of 
feature vectors (i.e., Tair, RH, WS, Tg, Icl).

The distribution of predictions in relation to the error (Table 3B) and for each category of ATS (Fig. 1a) verify the 
superiority of ANN1 compared to ANN2. The average prediction error of ANN1 ranged between 0.7 and 0.8 in the 
six categories of ATS while reaches the value 1.3 in the category -3 (cold). This could be due to the relatively small 
number of reported ATS in category cold (-3) of ATS. The UTCI achieved low error for categories 0 (neutral) and +2 
(warm), but it was overall outperformed by ANN1 and ANN2. PET index performed remarkably well at the extremes 
of the scale (-3 and +3) but it was also outperformed over the total of categories by both ANN1 and ANN2, since it 
achieved a higher error in the rest of the categories of ATS.
The average confusion matrix by ANN1, calculated over 100 applications, is shown in Fig. 1b. On average, 42.8% 
(175.5 out of 410) predictions of ATS were classified correctly. The highest percentage of correct predictions were 
found in category warm (+2) and the lowest in category cold (-3). 

4 Conclusions
This work investigated the suitability of a multilayer perceptron artificial neural network to predict the actual thermal 



288 | Applied Meteorology / Biometeorology

sensation, reported by pedestrians on a seven-point thermal sensation scale. Five different feature vectors were exam-
ined, in conjunction with three different neural models. The ANNs were trained and evaluated using data collected in 
field surveys. Two widely used thermal indices, UTCI and PET, were also evaluated, to provide a performance base-
line. Results show that the most simple ANN model (i.e., two hidden layers with 18 and 10 neurons) outperformed the 
more complex ones, in terms of prediction error. However, its ability to predict the extreme category of the thermal 
sensation scale cold was limited. Two out of the three examined ANN models, outperformed both UTCI and PET, 
although PET achieved very good performance in predicting ATS in the extreme categories of the thermal sensation 
scale. The low performance of ANN models to predict ATS extreme category cold can be at least attributed to the rela-
tively small number of available data in this category.
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Abstract Climate change is linked to many environmental impacts including rise in ambient temperature and more 
intense and frequent heat waves. Extreme thermal conditions constitute a significant public health problem increasing 
morbidity and mortality around the world. Exposure to heat causes heat-related illness, affects people with cardiovas-
cular and respiratory disorders, and increases death rates. This study aims to examine the association between outdoor 
thermal conditions and heat-related symptoms experienced by pedestrians. We conducted field questionnaire-based 
surveys in outdoor public spaces in Cyprus monitoring meteorological variables and ozone and particulate matter 
(less than 2.5 μm in diameter) concentrations, while asking participants to self-report whether they were experiencing 
heat-related symptoms (i.e., headache, nausea, dizziness, weakness, exhaustion, cramps, rash and breathing difficul-
ties). The questionnaire included items on demographics and participants’ characteristics (i.e., exposure history and 
duration, recent thermal experience, visit purpose, medical history, thermal sensation). Physiologically Equivalent 
Temperature (PET) was used to estimate the integrated effect of thermal environment. Logistic regression analyses 
showed that one degree increase in PET was associated with increased likelihood of reporting heat-related symptoms 
(Odds Ratio: 1.03; 95% Confidence Interval: 1.02-1.05). Given the continuously rising temperatures from climate 
change, the results of this study can be used to improve mitigation measures, health care and public health services.  

1 Introduction
The global mean surface temperature has increased from 1850-1900 to 2006-2015 by 0.87 oC while global warming is 
likely to reach 1.5°C between 2030 and 2052 (IPCC 2018). Global warming has resulted in an increased frequency, in-
tensity and duration of heatwaves, affecting human health (IPCC 2018). Hot weather has been related to adverse health 
effects, causing heat-related illness and aggravating morbidity and mortality (Petkova et al. 2014). There is evidence 
that hot weather increases hospital admissions, emergency room visits, and ambulance calls (Schaffer et al. 2012) due 
to respiratory (Lin et al. 2009) and cardiovascular (Sun et al. 2018) diseases, and all-cause and cause-specific mortal-
ity (Petkova et al. 2014). Heat-related illness has also been recorded (Pantavou et al. 2016; van Loenhout et al. 2016)
especially in the elderly. This relationship is usually assessed with outdoor temperature, even though the elderly spend 
most of their time indoors. Our study investigated the relationship between indoor temperature and heat-related health 
problems of elderly individuals. Material and methods: The study was conducted in the Netherlands between April and 
August 2012. Temperature and relative humidity were measured continuously in the living rooms and bedrooms of 113 
elderly individuals. Respondents were asked to fill out an hourly diary during three weeks with high temperature and 
one cold reference week, and a questionnaire at the end of these weeks, on health problems that they experienced due 
to heat. Results: During the warmest week of the study period (14-20 August in periods without heatwaves or extreme 
temperatures. 
Heat-related illness (i.e., heat exhaustion, heat cramps, and heat stroke) may provoke symptoms such as muscle pain, 
rash, dizziness, headache, nausea, weakness, breathlessness, fainting and rise of body temperature (CDC 2019). Heat-
related symptoms may be experienced in non-heatwave periods and may not result in hospitalization. Nevertheless, 
they affect the quality of daily life and reduce performance (Kjellstrom et al. 2016), and could be precursors of a seri-
ous heat-related illness.
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The aim of the present study is to examine the effect of ambient thermal conditions on human health during non-
heatwave periods. In particular, this study aims to assess the association between outdoor thermal conditions and 
heat-related symptoms experienced by pedestrians in Cyprus. Given the fact that minor heat-related illness may not 
result in hospitalization this study attempts to study heat-related morbidity that may not be captured by health-services’ 
statistics.

2 Data and Methodology
Field study data were collected in the Republic of Cyprus in the context of the Biometeorological Aspect of Thermal 
environment and Health (BeAT Heat) project (2019-2022). Cyprus is the third largest island (after Sicily and Sardinia) 
in size and population in the Mediterranean region. It is an island country located in the eastern basin of the Mediter-
ranean sea. The Republic of Cyprus has a total population of 840,407 citizens (Statistical Service 2020) while annually 
hosts over 2.0 million of visitors (Statistical Service 2019). The climate is overall warm of Mediterranean (Csa) and 
semi-arid (BSh) type (Kottek et al. 2006). 

2.1 Field surveys
Field, questionnaire-based surveys were conducted in outdoor public sites (i.e., square, street, promenade) in Cyprus 
in summer (between June 28th and July 6th, 2019), autumn (between September 28th and October 5th, 2019) and winter 
(between January 25th and February 2nd, 2020). The surveys were conducted in five different districts (i.e., Nicosia, Li-
massol, Larnaca, Paphos, Famagusta) and eight different locations (Nicosia, Kakopetria, Limassol, Larnaca, Paphos, 
Poli Chrysochous, Protaras, Paralimni). Meteorological and air quality variables were monitored and questionnaire-
based interviews were conducted in pedestrians. Air temperature (Tair, oC), relative humidity (RH, %), wind speed 
(WS, m·s-1), grey globe temperature (Tg, oC; PVC sphere 40 mm diameter in paint with RAL 7001), ozone (O3, ppb) 
and particulate matter less than 2.5 μm in diameter (PM2.5, μg·m-3) were recorded at the height of 1.1 m. Measurements 
were stored at 1 min intervals on a CR1000 Campbell Scientific data logger.
Pedestrians at the monitoring sites were interviewed based on a questionnaire. The average time of the interview was 
about 5 min. The participants were asked to report whether they were experiencing symptoms of heat-related illness 
such as headache, nausea, dizziness, weakness, exhaustion, cramps, rash and breathing difficulties (CDC 2020) while 
there was the option to report more than one symptom. The information collected from the questionnaires, also includ-
ed gender, age, height, weight, city of residence, clothing description, exposure time (less or more than 30 min), recent 
thermal experience (outdoors, indoors or vehicle with/without air-conditioning), purpose of visit (rest, entertainment, 
work, passing by), activity (sleeping, sitting, standing, walking, doing sports), medical history (respiratory or cardio-
vascular) and thermal sensation based on a nine-point bipolar scale (i.e., from ‘very cold’ to ‘very hot’). 

2.2 Data processing
Clothing insulation (Iclo, clo) was estimated based on participants’ clothing description (ISO 9920 2007). Tair, Tg, 
and WS were used to calculate mean radiant temperature (Tmrt, oC) (ISO 7726 2001). Body mass index (BMI, kg·m2) 
was calculated by height and weight. Physiologically Equivalent Temperature (PET, oC) (Höppe 1999)there is also 
more demand for data that are applicable and useful for everyday life. Both the perception of the thermal component 
of weather as well as the appropriate clothing for thermal comfort result from the integral effects of all meteorologi-
cal parameters relevant for heat exchange between the body and its environment. Regulatory physiological processes 
can affect the relative importance of meteorological parameters, e.g. wind velocity becomes more important when the 
body is sweating. In order to take into account all these factors, it is necessary to use a heat-balance model of the hu-
man body. The physiological equivalent temperature (PET was calculated using the Rayman software (Matzarakis et 
al. 2007) in order to estimate the integrated effect of thermal environment. Based on the calculated values in degrees 
Celsius, PET assesses thermal sensation in a nine-point scale ranging from ‘very cold’ (i.e. PET<4 oC) to ‘very hot’ 
(i.e., PET>41 oC) (Matzarakis and Mayer 1996). The input data in Rayman software were date, time, latitude, longi-
tude, altitude, time zone, Tair, RH, WS, and Tmrt. Moreover, PET estimations were based on gender and activity of the 
majority of the participants, and the median age, height, weight, and Iclo of the participants for each season.

2.3 Statistical analysis
Data analysis included frequencies for categorical variables and mean, standard deviation and minimum and maximum 
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values for continuous variables. Associations of heat-related symptoms with meteorological conditions, air quality- 
namely O3 and PM2.5 concentrations- and participants’ characteristics were examined using chi-squared tests and t-tests 
where appropriate, as well as logistic regression. The reported heat-related symptoms were collapsed into a binary 
variable (experiencing or not any heat-related symptom at the moment of the interview) in order to produce meaning-
ful results and to perform logistic regression. In multivariable logistic regression the association between experiencing 
heat-related symptoms and Tair or PET was adjusted for variables of air quality and participants’ characteristics that 
were significant in the univariable analyses. The statistical analysis was conducted in Stata v. 14 (Stata Corp., USA). 
Statistical significance was indicated with a p-value≤0.05.

3 Results

3.1 Dataset description and thermal conditions
The dataset consisted of 2597 participants (local residents 2133, 82.4%; males n=1376, 54%) who responded to the 
questionnaire item on heat-related symptoms. About 38.5% of the interviews were conducted in summer (n=999), 
33.9% (n=881) in autumn and 27.6% (n=717) in winter. The mean (±standard deviation) age of the respondents was 
37.9±18.4 ranging from less than 12 years (n=24 0.9%) to more than 65 (n=309, 11.9%). Mean BMI was 24.9±4.6 
kg·m-2 (median 24.4 kg·m-2). About 87.9% (n=2276) reported no history of cardiovascular or respiratory disease. Dur-
ing the last half hour before the interview the participants were mainly outdoors (n=1453, 56.2%) and their physical 
activity was sitting (n=1396, 54%). Most of the participants were at the monitoring sites for rest or entertainment 
(n=1615, 62.5%) and for over 30 min (n=1432, 55.5%). Participants’ characteristics were similar for all three seasons 
except for age. Mean and median age of the participants were higher in autumn (41.3±18.6 and 38 years) than summer 
(35.8±17.8 and 31 years) or winter (36.6±18.3 and 32 years).
Participants were exposed to air temperatures ranging between 6.0 oC and 36.3 oC (Table 1). PET ranged between 2.8 
oC and 42.7 oC corresponding to the categories of thermal sensation ‘very cold’ and ‘very hot’ respectively. Ozone was 
measured between 7 ppb and 95 ppb (mean 60±15ppb) and PM2.5 between 4 μg/m3 and 42 μg/m3 (mean 14±9 μg/m3).

Table 1. Mean, minimum and maximum values of air temperature (Tair), Physiologically Equivalent Temperature 
(PET) and of the ozone (O3) and particulate matter (PM2.5) concentrations during the field surveys.

3.2 Heat-related symptoms
In total, 417 (16.1%) participants reported that they were experiencing heat-related symptoms at the time of the inter-
view. About 42.0% of them (n=175) reported that they were experiencing headache, 24.7% (n=103) reported weakness 
and 15.1% (n=63) dizziness. Symptoms were more frequently reported in summer (198, 19.8%) compared to autumn 
(133, 15.1%) or winter (n=86, 12%; p<0.001; Fig 1a). Headache reports represented an almost stable percentage for all 
three seasons. Weakness was more prevalent in summer (n=63, 31.8%) than autumn (n=23, 17.3%) or winter (n=17, 
19.8%) and dizziness in summer (n=33, 16.7%) and autumn (n=22, 16.5%) than winter (n=8, 9.3%; Fig 1b).
Heat related symptoms were reported at higher mean Tair and PET values (Tair: 26.3±6.2 oC versus 24.7±6.8 oC, 
p<0.001; PET: 27.0±7.0 oC versus 25.4±7.0 oC; p<0.001). No statistically significant relationship (p>0.05) was found 
between reporting heat-related symptoms and O3 or PM2.5 concentrations. Heat-related symptoms were more often 
reported by females (n=255, 21.2%; p<0.001), participants between 18 and 24 years old (n=128, 22.1%; p<0.001), 
local residents (n=364, 17.1% versus n=52, 11.4%; p=0.003) and participants with medical history of respiratory dis-
ease (n=56, 30.1%; p<0.001). The mean age for participants reporting symptoms was 33.5±15.4 years and for those 
non-reporting symptoms 38.7±18.8 years (p<0.001). Moreover, the prevalence of heat-related symptoms was higher 
among participants visiting the monitoring site for over 30 min (249, 60.44%; p=0.03), reporting thermal sensation 
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‘hot’ or ‘very hot’ (n=48, 21.6% and n=38, 36.2% respectively; p<0.001) or visiting the monitoring site for work pur-
poses (n=136, 22.3%; p<0.001). 

Fig. 1. Frequency of (a) reporting and non-reporting heat-related symptoms by season and (b) heat-related symptoms 
by symptom and season.

Univariable logistic regression analyses (Table 2) showed that one degree increase in Tair or PET was associated 
with increased likelihood that the participants experienced heat-related symptoms (Tair-Odds Ratio (OR): 1.04; 95% 
Confidence Interval (CI): 1.02-1.05 and PET-OR:1.03; 95% CI: 1.02-1.05). Similar results for Tair (OR: 1.04; 95% 
CI: 1.02-1.06) and PET (OR: 1.03; 95% CI: 1.01-1.05) were found in multivariable analyses when the association 
between experiencing heat-related symptoms and Tair (Model 1) or PET (Model 2) was adjusted for variables that 
were significant in the univariable analyses (Table 2). Furthermore, multivariable analysis showed that females or par-
ticipants with respiratory medical history were more likely to report heat-related symptoms than males or participants 
with no respiratory/cardiovascular medical history. People aged between 18 and 24 had increased odds of reporting 
heat-related symptoms compared to people older than 55. 

Table 2. Association between the reported heat-related symptoms (modelled as dichotomous dependent variable) and 
variables of thermal environment and participants’ characteristics. Odds Ratios of variables whose confidence inter-
vals do not include 1 are in bold.



| 293 Applied Meteorology / Biometeorology

Abbreviations: OR, Odds Ratios; CI, Confidence Interval; Tair, air temperature; BMI, Body Mass Index; PET, Physi-
ologically Equivalent Temperature 

4 Conclusions
Climate change impacts are apparent in the increasing frequency and intensity of heatwaves and in rising temperatures. 
Climate is projected to continue to change over the century. Exposure to heat exacerbates pre-existing chronic condi-
tions and may pose a significant risk to human health. The present study used survey data attempting to capture mild 
heat-related health effects experienced in non-extreme thermal conditions. Air temperature and PET were associated 
with heat-related symptoms. Females, people between 18 and 24 years old, with a chronic respiratory condition and 
visiting the interview site for work were more likely to report heat-related symptoms.
The participants of the survey self-reported their health status potentially generating response bias. Nevertheless, the 
surveys permitted the simultaneous monitoring of thermal environment, and participants’ characteristics in outdoor 
conditions while heat-related symptoms were easily identified by the participants.
The results of this study can be used to improve adaptation measures, health care, and public health services.
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Abstract: Five, seven and nine-point scales have been used to report thermal sensation with the last two being more 
prominent in the literature. This study is aimed at examining the effect of the number of scale categories on the re-
ported thermal sensation. Field surveys were conducted in the metropolitan area of Athens, Greece (2019-2020) moni-
toring weather conditions and interviewing pedestrians based on a questionnaire. The participants were asked to report 
their thermal sensation in predetermined categories of a five, seven and nine-point thermal sensation scale. The scales 
included one indifference category and two opposite branches (cool and warm) with categories of increasing intensity. 
Cross-tabulation showed that the indifference category in the five-point scale corresponded, by a higher rate, to the 
cool than the warm subscale of the seven (n=375, 44.2% versus n=168, 19.8%) or nine-point scale (n=364, 42.9% 
versus n=163, 19.2%; p<0.001). The transition from the seven to the nine-point scale followed the verbal expression 
of the scales for over 53.7% of the responses. The rescaled numerical five-point scale produced a higher mean score 
than the seven and nine-point scales. Standard deviation was found to be maximized in the seven point-scale.

1 Introduction
Rating scales are popular tools for measuring behaviors, attitudes, satisfaction, and perceptions. The number and la-
bels of response categories are two important characteristics of the rating scales affecting research findings (Eutsler 
and Lang 2015). Scale width should permit the discrimination of response alternatives but avoid being cognitively 
demanding, and thus increasing the measurement error (Viswanathan et al. 2004). Scales could be fully labeled or 
labeled only at the endpoints leaving the meaning of the middle categories open to interpretation.
Five and seven-point scales are probably the most commonly used while labeling all categories minimize response 
bias and error, and maximize variance (Eutsler and Lang 2015). Although there is no optimal width of scales, the most 
favorable number of response categories is between five and nine (Cox III 1980) whilst the seven-point scale is con-
sidered to provide the greatest benefits to researchers (Eutsler and Lang 2015).
Perceptual scales are used in field-questionnaire surveys to assess the influence of thermal environment for purposes 
of urban design, energy consumption, health watch systems and alert, and tourism. The International Organization for 
Standardization (ISO 10551 2001) proposes a fully labeled seven-point scale of perception of the personal thermal 
state for temperate climates and a nine-point scale in the case of more intensely hot or cold climates. Five-point scales 
have also been used in studies (RUROS 2004) for reporting thermal sensation while rescaling methods have been ex-
amined to integrate data of surveys with different scale design (Nikolopoulou et al. 2018; Pantavou et al. 2019).
The aim of this study is to examine the differences between simultaneous responses on five, seven, and nine-point 
thermal sensation scales. The five-point scale used in the largest publicly available database on outdoor thermal sensa-
tion (RUROS 2004) and the seven, and nine-point scales suggested in ISO 10551 (2001) are compared. The results 
are useful for rescaling thermal sensation scales and also for studies on the assessment of outdoor thermal conditions.

2 Data and Methodology
Data were collected during the field surveys conducted in the context of the Urban Biometeorology and Planning pro-
ject (UBiPlan 2020). The surveys included questionnaire-based interviews of pedestrians in outdoor public sites and 
monitoring of micrometeorological conditions concurrent to the interview. The sites were located at the metropolitan 
area of Athens, Greece (i.e., Ampelokipoi and Dafni-squares of the metro stations, Keratsini–Laou square, Chalandri–
Chalandri square and Egaleo–Eleftherios Venizelos square) and complement spatially three previous similar projects 
conducted in the metropolitan area of Athens (RUROS 2004; Pantavou et al. 2013; Tseliou et al. 2016)in three urban 
areas in Athens, Greece, focusing on individual thermal sensation and its relationship with the environment in Mediter-
ranean climates. Moreover thermal acceptability by means of thermal sensation votes was assessed based on Universal 
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Thermal Climate Index (UTCI. The sites were selected based on their main use, the diversity of their environmental 
characteristics, their functionality and the daily number of visitors. Overall, the surveys were carried out for 15 days 
during a warm (July), a transitional (October-November) and a cold (January) season in 2019-2020; five days for each 
season and one day for each site. Each survey started in the morning hours (about 9:00) and ended in the afternoon, 
evening or night hours depending on the season and the attendance of people at the monitoring sites. Micromete-
orological monitoring consisted of air and grey globe temperature, relative humidity, wind speed, downwelling and 
reflected solar radiation, downwelling and ground long-wave radiation measurements. The trained members of our 
research team interviewed people willing to participate in the survey using a structured questionnaire. The question-
naire was anonymous and included items on thermal sensation as well participants’ characteristics. Ethics approval 
was obtained from the Ethics Committee of the Agricultural University of Athens (No 5, 4/2/2019).

2.1 Questionnaire items
The questionnaire used in the field surveys (https://ubiplanproject.wordpress.com/news-events/) was designed in sim-
ple language and was based on previous studies (RUROS 2004; Nikolopoulou et al. 2011; Pantavou et al. 2013; Tse-
liou et al. 2016)in three urban areas in Athens, Greece, focusing on individual thermal sensation and its relationship 
with the environment in Mediterranean climates. Moreover thermal acceptability by means of thermal sensation votes 
was assessed based on Universal Thermal Climate Index (UTCI. It contained 28 items while its estimated average 
completion time was about 5 min. The collected information was demographics, (gender, age, height, weight, place 
of residence), personal characteristics (clothing description, activity, exposure duration and history, medical history, 
health condition, smoking status), psychological factors (visit purpose, expectation, trust to the institutions, perceived 
risk, self-controllability, familiarity), as well as thermal sensation, comfort and preference.

Table 1. Part of the questionnaire used in the field surveys; Questionnaire items on thermal sensation based on the 
five, seven and nine-point scales.

The questionnaire included three items on thermal sensation dispersed in selected places in the questionnaire. The 
participants were asked to report their thermal sensation in predefined labeled scales of different number of categories. 
The items shared the same question, i.e., “How do you feel at this precise moment”. The choice of answers varied 
in each item. The scales included one indifference (neutral-neither cold nor hot) category and two opposite branches 
(cool and warm) with two, three and four categories of increasing intensity developing a five, seven and a nine-point 
scale (Table 1).
The items on thermal sensation were located in the questionnaire in places where the participant would have likely 
forgotten their previous response, however, without affecting the flow of the interview. The five-point scale was in ac-
cordance to RUROS project (RUROS 2004) while the seven and nine-point scales were in accordance to ISO 10551 
(2001). All three scales were translated and adjusted in the Greek language.

2.2 Statistical analysis
Statistical analysis was based on frequency distributions and correlation tests. Chi-squared tests were also used to 
examine associations of the reported thermal sensation between the different scales. 
Verbal scale ratings were converted to a common numerical scale from one to nine in order to make meaningful com-
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parisons (Dawes 2008) treating scales as continuous variables. At the first step, the points of the scales were assigned 
to positive numbers starting from 1 and assuming a linear scaling of the consecutive categories. Then, the scales were 
rescaled using the following formula (Felix 2011):

The scales were compared with respect to means, standard deviation, skewness and kurtosis. One-way ANOVA and 
Tukey HSD (Honestly Significant Difference) post-hoc test were performed to examine the statistically significant dif-
ference of mean scores while the equality of the variances was examined with the Levene’s test. Standard deviation is a 
measure of the dispersion of scores about the mean. Skewness is a measure of the symmetry of a distribution. Positive 
values of skewness indicate a right tailed distribution and negative values a left tailed one. Absolute skewness values 
greater than 1 indicate a substantially skewed distribution, between 0.5 and 1 moderate skewed distribution and below 
0.5 approximately symmetric. Kurtosis assesses whether a distribution tends to have a sharp peak (most responses 
in the center) compared to the normal distribution (kurtosis=Pearson coefficient-3; normal kurtosis value is equal to 
zero). Positive kurtosis indicates a relatively peaked and negative kurtosis a relatively flat distribution. Absolute values 
close to zero indicate no kurtosis - normal distribution while greater than 1 indicate kurtosis.
3 Results
A number of 1788 of participants (males n=965, 54.0%) reported their thermal sensation in all three scales, five, seven 
and nine-point. The percentage of interviews among the different sites ranged between 15.8% (n=282, Keratsini) and 
23.3% (n=416, Ampelokipoi). The participants were mainly residents of the metropolitan area of Athens (n=1686, 
94.3%) and their age ranged from less than 12 (n=20, 1.1%) to over 65 years (n=208, 11.6%) with the majority to fall 
into the age group of 18-24 years (n=406, 22.7%). 
Frequencies of the reported thermal sensation in the three different scales of thermal sensation are presented in Figure 
1. Higher rate (about double) of participants (n=849, 47.5%) reported the category ‘neither cold nor hot’ in the five-
point scale compared to the seven-point scale (n=383, 21.4%) and the nine-point scale (n=390, 21.8%). Nevertheless, 
neutral thermal sensation considered as the combined three central categories (i.e., neither cold nor hot, slightly cool 
and slightly warm) was reported more frequently in the seven (n=1088, 60.8%) or nine-point scales (n=1038, 58%) 
compared to the category ‘neither cold nor hot’ of the five-point scale (n=849, 47.5%). The percentage of reported 
warm thermal sensation (i.e., categories warm, hot and very hot) was higher in the five-point scale (n=633, 35.4%) 
than the seven (n=361, 20.1%) or the nine-point (n=379, 21.3%). Variations between the scales were also found at the 
frequencies of extreme categories [very cold/hot for five (3.1%, 6.1%) and nine-point (1.6%, 2%), and cold/hot for 
seven-point (7.7%, 8.9%)] of each scale even between the five and nine-point scale that share the same labels. 

Fig. 1. Frequency of reported thermal sensation based on the (a) five-point, (b) seven-point and (c) nine-point thermal 
sensation scale.

Cross-tabulation results (Figure 2) showed that the category ‘neither cold nor hot’ in the five-point scale was attributed 
to a higher rate (about double) to the ‘slightly cool’ (n=280, 33%) than the ‘slightly warm’ (n=147, 17.3%) category in 
the seven-point scale (chi-square p<0.001; Figure 2a). Similar results were found for the comparison between the five 
and nine-point scale (Figure 2b) as well as considering the overall cool and warm subscales. The ‘neither cold nor hot’ 
in the five-point was attributed by 29.3% (n=249) to the ‘slightly cool’ versus 16.4% (n=139) to the ‘slightly warm’ 
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category of the nine-point scale (p<0.001). Moreover, the participants who reported ‘neither cold nor hot’ thermal 
sensation in the five-point scale reported more frequently cool thermal sensation (-1 to -4) in the seven (n=375, 44.2% 
versus n=168, 19.8%) and nine-point (n=364, 42.9% versus n=163, 19.2%) scales than warm (+1 to +4) (p<0.001).

Fig. 2. Distribution of reported thermal sensation based on the five-point scale to the categories of the (a) seven-point 
and (b) nine-point thermal sensation scale, and (c) distribution of the reported thermal sensation based on the seven-
point scale to the categories of the nine-point thermal sensation scale.

The transition from the seven to the nine-point scale showed that over 53.7% of the responses followed the verbal 
expression of the scales (Figure 2c; p<0.001). In the extreme categories of the seven-point scale, ‘warm’ and ‘hot’, 
there was a shift to the higher categories of the nine-point scale ‘hot’ (n=52, 25.9%) and ‘very hot’ (n=30, 18.8%) 
respectively. 
The differences in data characteristics between the scale formats were further examined using the means, standard 
deviations, skewness and kurtosis in the rescaled scales, i.e., with responses recoded from one to nine. The relevant 
statistics are presented in Table 2. One-way Anova produced significant results (p<0.001) showing that the rescaled 
means are not equal. Tukey test indicated a statistically significant difference between the mean of the five (5.42) and 
the seven and nine-point scale (both 5.04; p<0.001). Standard deviation was higher in the seven (4.96) compared to 
the five (3.03) or nine-point scale (3.33) at a statistically significance level p<0.001 according to the Levene’s test for 
homogeneity of variances.
Seven and nine-point scales were symmetric (skewness values ≤0.06). A weak negative skewness was found for the 
five-point scale due to the existence of more warm than cold responses (Kolmogorov-Smirnov Test for Normality 
p<0.001). Kurtosis values were negative for the seven (-0.76) and nine-point (-0.59) scales.
Similar results were found when the data were analyzed by gender. Seasonal analysis showed that in summer the 
higher point scales produced lower rescaled means (6.69 for five, 6.45 for seven, 6.22 for nine-point scale; p<0.046). 
In autumn the means differed only between the five (5.57) and the seven (5.15) or nine-point (5.14) scale(p<0.001). In 
winter means of all three scales differed, with the nine-point scale producing a higher mean than the seven (3.89 versus 
3.66; five-point 4.12; p<0.009). Standard deviation was always maximized in the seven-point scale (1.94 summer, 1.82 
autumn and 1.95 winter).

Table 2. Descriptive statistics of the numerically rescaled scales. All five, seven and nine-point scales were rescaled 
from one to nine.

aZ-scores are calculated by dividing the skewness or kurtosis score, by its respective standard error of skewness or 
kurtosis. Z-scores greater than a critical value of 1.96 suggest a significant departure from normality.
bSignificant departure from a normal distribution at p<0.05.
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4 Conclusions
The present study used field survey data to assess the impact of scale’s categories on the reported thermal sensation. 
The examined scales had a five, seven and a nine-point formats. Five-point tends to obtain warmer responses than sev-
en or nine-point scales. This was evident from the analysis of the response frequencies as well as when the data were 
rescaled into scores from one to nine. The five-point scale produced higher scores’ mean and was slightly negatively 
skewed. The comparison between seven and nine-point scales showed that the responses were mainly based on the 
labels of individual categories not considering the distances between adjacent categories as implied by the respective 
labels. That would mean that ‘hot’ was used regardless of its exact position in the scale. Rescaled scores of the seven 
and nine-point scales were similar in terms of mean, skewness and kurtosis. This could suggest that seven-point scales 
can be easily transformed to nine-point tones. Moreover, standard deviation was maximized for the seven-point scale 
indicating the larger spread from the ‘neither cold nor hot’ category in the seven-point scale. 
This study has certain limitations. There was a time interval one to two minutes between the responses of the partici-
pants to the three questionnaire items on thermal sensation. This could influence the respondents’ thermal sensation 
due to the rapid changes that characterize an outdoor environment. However, to the best of our knowledge this is the 
first attempt to compare the three thermal sensation scales, two of them suggested in ISO 10551, using data collected 
in field surveys. Further research could be conducted in different climatic settings and with the relevant questionnaire 
items ordered sequentially in the questionnaire. The results can be used in questionnaire designing and in studies on 
subjective thermal sensation for rescaling purposes finding application in the assessment of thermal conditions. 
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Abstract: Pollen grains are well-known for their effect on public health, in the form of allergy-related diseases, in-
cluding asthma, atopic eczema and rhinitis. In the present work a synoptic circulation-to-environment classification 
approach is used to shed light in the relationship between synoptic climatology and pollen concentrations for 11 taxa 
in Thessaloniki, Greece, for the 15-year period 1987-2001. It is concluded that the NW1 cyclonic weather type is 
linked to high Carpinus spp., Corylus spp., Cupressaceae, Platanus spp., Pinaceae, Quercus spp. and Urticaceae pollen 
levels, forming the so-called “low winter pollen season”, as opposed to the “high spring-summer season”, character-
ized by high Oleaceae and Urticaceae pollen levels formed during the SW1 depressional weather type. Anticyclonic 
weather is linked to the so-called “summer-autumn pollen season” giving high levels of Poaceae and Chenopodiaceae 
pollen, while a strong anticyclonic system centered over Italy and resulting in light NE winds over northern Greece is 
associated with regional transport of Alnus pollen. These findings underline the importance of synoptic climatology 
in understanding the mechanisms of pollen release and accumulation and could be used to feed early-warning systems 
for protecting known asthmatics from exposure to elevated pollen levels.

1 Introduction
Many studies have demonstrated the adverse effects of airborne pollen on human health, especially for children and 
adolescent, in the form of allergic diseases like bronchial asthma, allergic rhinitis and atopic eczema (Werfel et al. 
2015). The intensity of allergic effects depends on various factors such as the pollen species, the latitude and various 
climatological parameters (Damialis et al. 2019b). Moreover, climate change is expected to affect plants’ blossom and 
pollen production, and thus, worsen the severity of allergies (Frei and Gassner 2008). For instance, high temperature 
can trigger earlier flowering and can increase the concentrations of various pollen species in the atmosphere (Frenguel-
li et al. 2014). In addition, pollutants, especially CO2, have been correlated with increased pollen production (D’Amato 
et al. 2007; Albertine et al. 2014).
Airborne pollen either comes from local sources (i.e. natural vegetation, ornamental plants, crops) (Charalampopoulos 
et al. 2018) or is transported from distant sources (Sikoparija et al. 2013). It is noteworthy that small grains, like birch 
pollen, can remain in the atmosphere for a few days and can be transported through pathways of over 103 km away 
from their source (Veriankaitė et al. 2010). Furthermore, pollen concentration has been linked to other factors, such as 
the time of the year, meteorological parameters (i.e. temperature and precipitation) (Pérez-Badia et al. 2011) and the 
height above ground level (Fernández-Rodríguez et al. 2014). 
For the aforementioned reasons, pollen concentration forecasts are crucial for preventing allergic diseases’ outbreaks 
and protecting public health. Observations of phenology and in-situ aerobiological monitoring should be, therefore, 
combined with predictions of long-range transport. Atmospheric dispersion models examining long-range transport 
depend on pollen emission fluxes which, in many cases, are not available. Therefore, a useful alternative could be a 
synoptic climatological approach. The aim of this study is to shed light in the climatological association between pol-
len concentration and various air mass types for the region of Thessaloniki, Greece.

2 Data and Methodology

2.1 Data
This study is focused on the city of Thessaloniki, in Northern Greece which has a rather typical Mediterranean climate. 
The region has rich flora consisting of a variety of plant species (oaks, cypresses, pines, olive and hazel trees, grasses 
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etc.). Regarding the topography, Hortiatis, Seich Sou and Kouri mountains stand out to the East side of the region 
which is mainly mountainous, while the West side is rather flat. 
Pollen data for the period of 1987-2001 were collected from seven monitoring sensors placed on 30m-high stations 
in the city center of Thessaloniki. The data consist of 11 taxa, namely Alnus spp., Carpinus spp., Chenopodiaceae, 
Corylus spp., Cupressaceae, Oleaceae, Pinaceae, Platanus spp., Poaceae, Quercus spp. and Urticaceae, which are his-
torically recorded to present the highest air concentrations or/and sensitization rates for the region studied (Damialis 
et al. 2019b, Gioulekas et al. 2004).

2.2 Methodology
In order to elucidate the relationship between synoptic circulation types and high pollen concentrations, the classi-
fication software developed by the COST-733 “Harmonization and Applications of Weather Type Classifications for 
European Regions” (http://www.cost733.eu) group was used. Specifically, the 10th domain of the software, covering 
the region between 34–49°N and 7–30°E, and the CKM (a k-means by dissimilar seeds) Optimization Algorithm were 
selected to perform the classification. The aforementioned Algorithm resulted in the formation of nine classes, using 
mean sea-level pressure as the clustering variable; each one describing different air mass types. Afterwards, pollen data 
were summarized across these nine classes.
Then, the PI sign-test was performed, in order to test whether the occurrence of high pollen concentration is more/less 
frequent in each class (Paschalidou and Kassomenos 2016, Paschalidou et al. 2017):

where Ci stands for the various classes (i=1,…,9). More (or less) frequent occurrence of high pollen concentration in 
a class is denoted by positive (or negative) PI values (respectively). PI values equal to 0 indicate that pollen levels are 
equally spread among classes, while PI values equal to −100 indicate “pollen-free” classes.
Finally, the synoptic climatology of pollen was explored by studying the centroid maps created by the COST-733 tool.
3 Results
Firstly, the mean annual concentrations of all taxa studied were estimated for the period 1987 to 2001. The most abun-
dant taxa were Cupressaceae, Quercus, Urticaceae, Oleaceae and Pinaceae, in decreasing order, comprising more than 
80% of the total annual pollen load in the area of Thessaloniki. Cupressaceae, Oleaceae and Urticaceae are known to 
be the highest allergenic taxa in the Mediterranean (D’Amato et al. 2007), presenting sensitization rates equal to 15%, 
72% and 28%, respectively, of the general atopic population per study area (Damialis et al. 2019b). 
Fig.1 illustrates the results of the PI sign-test. In view of the fact that there is an association between pollen load in the 
atmosphere and health effects on patients with allergies (e.g. Ziello et al. 2012) that worsen with increasing air pol-
len concentrations (Damialis et al. 2019a), higher positive PI values denote more severe conditions for public health 
regarding allergies. It is apparent that C4, C5 and C9 are the most severe classes for the majority of taxa (Carpinus, 
Corylus, Cupressaceae, Oleaceae, Pinaceae, Platanus, Quercus and Urticaceae, and Chenopodiaceae and Poaceae). 
Furthermore, C1 and C2 seem to be the most severe classes for Chenopodiaceae and Poaceae, while Alnus shows the 
highest PI values in C7 and C8. 
Fig 2 demonstrates centroid maps of surface atmospheric pressure for the most severe classes described above. The 
C1 centroid map presents a high-pressure system located over western Europe, with flows from NNE directions over 
northern Greece and a low-pressure system located to the far Eastern part of the Mediterranean Sea and Cyprus island 
(possibly an extension of the SW Asian thermal low). This atmospheric pattern occurs in mid-late summer in Greece 
and is related to the local Etesian winds (Paschalidou and Kassomenos 2016). Furthermore, it is characterized by high 
Poaceae and Chenopodiaceae concentrations between August and October, reflecting the “summer–autumn pollen 
season” (D’Amato et al. 2007). The above are in agreement with the high levels of Poaceae and Chenopodiaceae pol-
len estimated for C1.
In the C4 centroid map, an anticyclonic system is located over Eastern Europe and Russia coupled with a cyclonic 
system over central Europe. This atmospheric pattern, which is typical for autumn and spring, is similar to the SW-
1weather type (Maheras 1988) and is characterized by flows from N directions. It represents the “high spring-summer 
pollen season” (April–July) (D’Amato et al. 2007) which is associated with high pollen levels of Parietaria and Olea. 
This “high spring-summer pollen season” is confirmed by the high pollen levels of Oleaceae and Urticaceae in C4.
The C5 and C9 centroid maps present similar patterns; a low-pressure system over Italy and central Europe combined 
with a high-pressure system over Eastern Europe and Russia giving westerly flows (W or SW) over Greece. This at-
mospheric pattern approximates the NW1 depressional weather type (Maheras 1988) and it usually occurs between 
December and Mach. It is related to the “low winter pollen season” presenting, in accordance with the results of the PI 
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sign test above, high concentrations of Cupressaceae, Corylaceae, etc (D’Amato et al. 2007). In addition, Damialis et 
al. (2005) pointed out that W winds as the ones shown in C5 and C9 favor long-distant transport of many pollen taxa. 
Finally, in the C7 centroid map, a high-pressure system is located over Italy resulting in light NE flows over Northern 
Greece. This atmospheric pattern is usually referred to as “Alcyone days” by locals, and is responsible for sunny, 
fair weather prevailing for a few days between mid-December and mid-February. C7 has previously been related to 
increased levels of Alnus pollen. As there are no alder trees (Alnus taxon) in the area of Thessaloniki, high Alnus con-
centrations are probably the result of regional/long range transport favored by light NE winds (Damialis et al. 2005

Fig. 1. PI values per class and taxon for the 15-year period 1987-2001.

Fig. 2. Surface atmospheric pressure regimes prevailing over the Eastern Mediterranean for C1(a), C4(b), C5(c), 
C9(d), C7(e)
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4 Conclusions
This study aimed at examining the impact of synoptic climatology on pollen levels in Thessaloniki, by studying the 
11 most important taxa for this region. Results show that Cupressaceae, Quercus, Urticaceae, Oleaceae and Pinaceae 
are the most abundant taxa. Estimations of the PI sign-test revealed that all 11 taxa studied can be grouped into three 
distinct atmospheric patterns. Specifically, during C1 the Etesian winds (N-NE) dominate and the highest pollen lev-
els are observed for the Poaceae and Chenopodiaceae taxa. C4 reflects the SW1 cyclonic type of weather occurring 
during autumn and spring and is characterized by high pollen levels from Oleaceae and Urticaceae. C5 and C9 reflect 
the NW1 depressional weather type which occurs in winter and present high pollen concentrations of the Carpinus, 
Corylus, Cupressaceae, Platanus, Pinaceae, Quercus and Urticaceae taxa. Finally, the light NE winds occurring during 
C7 promote long-range transport of Alder resulting in the highest levels of Alnus.  
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Abstract: It is well documented that the Urban Heat Island (UHI) phenomenon has important implications in terms 
of summertime building energy consumption and thermal comfort of occupants. In this context, passively designed 
urban forms need to be considered along with their main design concepts of shading, thermal mass and orientation. 
In the present study, the microclimatic and thermal sensation conditions of a vegetated courtyard in the city of Ath-
ens along with its adjoining semi-open spaces are estimated and evaluated. Three locations inside the courtyard and 
two verandas (small galleries) along courtyard’s northern and southern sides, respectively, were monitored. Thermal 
sensation and comfort levels are evaluated by the use of the PET index appropriately adapted for the Mediterranean 
climate conditions. Results showed that, under typical Mediterranean summer conditions, urban design elements such 
as courtyards with dense vegetation and appropriately oriented semi-open spaces, despite the existence of the heat is-
land effect during night, are associated with significant daytime cooling patterns. In addition, the bioclimatic analysis 
showed that such patterns may be able to effectively mitigate high human thermal stress levels and to also extend the 
duration of less strong thermal stress conditions under Mediterranean typical summer conditions.

1 Introduction
It is well documented that the Urban Heat Island (UHI) phenomenon has important implications in terms of summer-
time building energy consumption and thermal comfort of occupants. In addition, mitigation of the UHI and reductions 
of green house (GHGs) emissions are interrelated since decreased UHI effects may result in decreased energy demand 
and thus decreased GHG emissions. In this context, passively designed urban forms need to be considered along with 
their main design concepts of shading, thermal mass and orientation e.g. (Sharlin and Hoffman 1984, Swaid and Hoff-
man 1990)”type”:”article-journal”,”volume”:”7”},”uris”:[“http://www.mendeley.com/documents/?uuid=c9b63a81-
b21a-3cfc-b91b-358e45c78c9f”]},{“id”:”ITEM-2”,”itemData”:{“DOI”:”10.1016/0378-7788(90. In many cases, such 
effects are integrated altogether into urban design elements and features such as courtyards, patios, galleries, colon-
nades, and verandas (porticos) and therefore there is also a need to re-visit and re-evaluate the passive cooling potential 
of traditional designs e.g. (Givoni 1998, Szokolay 2004).
In the present study the microclimatic and thermal comfort conditions of a vegetated courtyard in the city of Athens 
along with its adjoining semi-open spaces are estimated and evaluated based on field measurements. Thermal sensa-
tion and comfort levels are evaluated by the use of the physiologically equivalent temperature (PET) index appro-
priately adapted for the Mediterranean climate conditions. The considered spaces are then evaluated to identify their 
potential effects for passive cooling and for thermal comfort enhancement in the urban environment.

2 Data and Methodology
Τhe study area includes the garden of a relatively large courtyard inside the urban fabric of the city of Athens along 
with its adjacent semi-open spaces. The sites are associated with a private two-story high mass building located in the 
wider area of Athens center (Patissia) quite close to downtown Athens. In Athens, in general, courtyards are mainly 
the result of regulations due to high building density construction during the 1950–1970 period where the old fam-during the 1950–1970 period where the old fam-
ily houses have been replaced by small apartment blocks. The result was a so-called ‘courtyard’ area, an irregularly 
shaped space, with or without vegetation, mainly designed for daylight and ventilation to the backside rooms (Tsi-
anaka 2006). The garden of the courtyard is a densely wooded area of about 250 m2 with high coverage of irrigated 
vegetation (more than 85% of the floor area). The adjacent semi-open spaces are two ground floor verandas (galleries, 
‘porticos’), formed by structurally extending the roof beyond the building’s walls. Representative locations inside the 
garden were monitored: a location with dense vegetation canopy (‘Dense foliage’); a location with a relatively sparse 
foliage (Sparse foliage’); and a location with minimum shade, i.e. a more or less sunlit location (‘Sunlit’). In addi-
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tion, the two verandas were also monitored (sites: ‘Northern Veranda’ and ‘Southern Veranda’). Micrometeorological 
measurements were carried out during a summer period of about 40 days. First, continuous measurements of both air 
temperature and relative humidity were carried out using Hobo Pro type sensors appropriately housed in makeshift 
mini meteorological multi-plate screens. The screens consisted of six, 165-mm diameter, aluminium foil reflective 
radiation protective shields, maintaining also an about 25-mm gap between two consecutive shields to allow sufficient 
natural ventilation. In addition, for selected days, an integrated mini meteorological station was also placed inside the 
area to provide data for other micrometeorological parameters such as solar radiation and wind regime. 
To estimate the potential cooling effect of the examined sites, the air temperature patterns measured at the sites were 
compared to the corresponding patterns of a reference site. For this purpose, ambient meteorological data was obtained 
from the official meteorological station of the Agricultural University of Athens (AUA) located inside the university 
campus, close to downtown Athens where the examined residential neighbourhood is located, and they were used in 
the present study as reference meteorological stations. 
For the thermal comfort and thermal stress assessments, the Physiological Equivalent Temperature (PET) was used 
(Höppe 1999)there is also more demand for data that are applicable and useful for everyday life. Both the perception 
of the thermal component of weather as well as the appropriate clothing for thermal comfort result from the integral 
effects of all meteorological parameters relevant for heat exchange between the body and its environment. Regulatory 
physiological processes can affect the relative importance of meteorological parameters, e.g. wind velocity becomes 
more important when the body is sweating. In order to take into account all these factors, it is necessary to use a heat-
balance model of the human body. The physiological equivalent temperature (PET. PET, designed for outdoor use, is 
based on the climate-chamber analysis of the human energy balance and takes into account the four most important 
meteorological parameters influencing thermal comfort (air temperature, relative humidity, mean radiant temperature 
and wind speed). PET and the mean radiant temperature (MRT) are calculated using the Ray-Man software (Matzara-
kis et al. 2010) since a number of testing studies of this model showed that it is able to calculate reasonably values of 
radiation fluxes within typical urban complexes.
In the present study, instead of using the original PET classification scale for thermal sensation and comfort, we use 
the PET’s classification developed in (Tsiros and Hoffman 2014)attached to the NNE side of a two-storey building is 
evaluated with measurements performed during a hot weather summer period in Athens. Results revealed a well de-
fined and strong daytime cool island between the buildings rear garden (with about 85% canopy covering adapted to 
Mediterranean climate conditions. Using this classification, the ‘slightly cool’ class corresponds to PET range 13-19 
oC, the ‘neutral’ class to PET range 19-25 oC,  the ‘slightly warm’ class to PET range: 25 - 31 oC, the ‘warm’ class to 
PET range 31 – 37 oC  and the hot class to PET range 37 – 43 oC. The value of 43 oC indicates the start of extreme heat 
stress. It should be noted that the most important values are the benchmark between the subjective perceptions of warm 
and hot, 37 oC, indicating the start of strong heat stress and also the benchmark between the subjective perceptions of 
comfortable and warm, 31 oC, indicating the start of moderate heat stress (Tsiros and Hoffman 2014). The above values 
are in general agreement with values reported in other similar studies (Cohen et al. 2013, Pantavou et al. 2013, Tseliou 
et al. 2016, 2017)by applying the Physiologically Equivalent Temperature (PET).  

3 Results

3.1 Overview of microclimatic patterns: heating and cooling patterns
To estimate the microclimatic (cooling and warming) patterns of the various locations of the monitored site, air tem-
perature values obtained at the locations are compared to the corresponding values of air temperature recorded at the 
reference site (AUA campus). The diurnal patterns of the hourly values of air temperature differences between the vari-
ous locations and the reference site are shown in Figures 1 and 2, in the form of box plot diagrams. Note that positive 
values indicate warming patterns - (‘heat island’ effect); negative values indicate cooling patterns, i.e. ‘cool island’ 
effect. Figure 1a shows the patterns for the dense foliage case inside the courtyard. It is shown that a quite strong cool-
ing effect is formed during a time course of about 12 hours (from 07:00 to 19:00 LST) whereas a distinctive heat island 
effect is evident from 21:00 to 06:00 LST due to limited radiative exchange, resulting to a decreased radiative cooling 
process of the site. The significant cooling pattern is due to the fact that the site, located on the north side of the build-
ing, takes full advantage of its solar protection by shading combined with low temperature surrounding buildings wall 
surfaces’ regime. (Pérez de Lama and J.M. 1999) found that the coolest points within a Mediterranean courtyard cor-



| 307 Applied Meteorology / Biometeorology

respond to the facing east-northeast areas whereas (Etzion 1994) showed also that most of the positive features Medi-
terranean courtyards are associated with cases of northern orientation. The effect of vegetation is, however, significant. 
Figure 1b shows the pattern in the case of the courtyard under sparse foliage. As it can be seen, the cooling effect is, 
in general, quite weak and lasts less hours compared to the one developed in the case of the dense vegetative canopy. 
This, as it will be presented later, has important implications in terms of thermal sensation and thermal comfort. It 
is interesting also to note that even in this case, under sparse vegetative canopy, the radiative cooling is less intense 
compared to that of the reference station and thus a heat island effect is being developed.

Fig. 4 Air temperature differences in hourly values between locations inside the courtyard and the Agricultural Uni-
versity Campus reference site: (a) dense foliage, (b) sparse foliage. Negative and positive values indicate cooling and 
warming patterns, respectively.

Sunlit location (not shown) was inside the courtyard. The surrounding buildings provide limited shading of this loca-
tion and only during early morning hours (around 08:00LST). Then, the location receives large amounts of solar radia-
tion and, due to the lack of any type of appropriate shading, a heat island effect starts to be developed and continues 
to increase, reaching a median value of about 4K at 13:00 LST. From 14:00 LST there is a decrease of the heat island 
effect due to the shade provided from the high building to the west and the location rapidly starts to cool down due to 
radiative exchange with the sky. This exchange is, however, not quite enough to avoid the formation of a heat island 
effect after sunset and throughout the night up until almost sunrise (06:00 LST). These results agree with other studies 
of Mediterranean courtyards, showing that the lack of vegetation inside a courtyard leads to significant trapping of 
the heat and thus to a significant heating process (e.g. Etzion 1990). In addition, as in the case of the sparse vegetative 
cover, the increased temperature values along with the radiaton regime, as it will be presented later, have important 
implications in terms of thermal sensation and thermal comfort.

Fig. 5  Air temperature differences in hourly values between the semi-open spaces the Agricultural University Campus 
reference site: (a) northern veranda and (b) southern veranda. Negative and positive values indicate cooling and warm-
ing patterns, respectively.
 
In Figure 2a the patterns for the northern veranda which is a small gallery facing north are shown. This semi-open 
space, due to its northern orientation, receives reduced insolation and as a result after sunrise a cooling effect is being 
developed. This cooling pattern can be observed through the daytime, until almost 20:00 LST. The diurnal pattern and 
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intensity of this cooling effect is on the order of 2K whereas maximum values may reach 6K during the hours 13:00 
to 16:00 LST. After sunset (20:00LST) and up until 07:00 LST, the trapped heat leads to the development of a typical 
heat island pattern with median values on the order of 3-4K. It is interesting to note that the pattern of the northern 
veranda is quite comparable to that observed in the adjacent vegetated courtyard, implying possibly cooling from the 
courtyard. It should be kept in mind that the courtyard presents low air temperature values due to the combined effect 
of shading and evaporative cooling by the vegetation whereas in the case of the northern veranda the cooling process 
is due to the efficient shading provided by the surrounding walls of the building and the possible contribution from 
courtyard’s cooling. During nighttime hours, however, both locations have inhibited nocturnal radiative cooling due to 
their narrow sky view, leading thus to the formation of a heat island effect. 
Contrary to the northern veranda, the pattern for the southern veranda (a small gallery facing south) presents an almost 
continuous heat island effect during the whole day combined with a very weak cooling effect during a few hours in 
the morning (Figure 2b). The heat island effect is remarkable; between sunset and early morning hours, this semi-open 
space very effectively traps heat within the formed enclosure, resulting thus to a heat island effect that lasts for several 
hours with intensity on the order of 5K. In addition, during some early daytime hours, a weak cooling pattern is being 
formed (on the order of less than 1K) and soon (around noon) an increasing heat island effect is being developed that 
lasts until the next morning. This microclimatic pattern has important implications in terms of thermal sensation and 
thermal comfort that totally differentiates the two examined semi-open spaces, the southern and the northern veranda 
(see next section). 

3.2  Patterns of bioclimatic behavior: thermal sensation and comfort patterns

Fig. 3  Frequency of PET index values per hour (24h) in A) sparce foliage location, B) dense foliage locations, C) 
northern veranda and D) southern veranda.

Between locations with scarce and dense foliage (Fig.3 A & B) PET index classifies as «Very Hot» by far more fre-
quent in scarce conditions (from 10 to 18 LST, max frequency at 11 LST, 64.3%) in comparison with dense (from 10 
to 16 LST, max frequency at 12, 25%) in which «Hot» conditions mainly develop during midday. «Neutral» PET class 
appears from 21 LST to 8 LST in both cases. Between north and south veranda (Fig.3 C & D)  there is a clear differ-
ence in PET values, with «Very hot» values appearing only in south veranda (from 11 to 19 LST, max frequency from 
13 to 15 LST, 43.5%). «Neutral» values appear only in north veranda from 6 to 9 LST (frequency 4.3%) and «Slightly 
warm» values frequently appear in early morning. Between sunlit and shady locations (not shown) «Very hot» PET 
values appear during midday mainly in sunlit from 9 to 19 LST (max frequency at 12 LST, 90%) versus 10 to 19 LST 
(max frequency from 12 to 14 LST, 42.5%). «Neutral» PET values appear also more frequently in sunlit location 
(mainly 21 to 7 LST, max frequency from 5 to 7 LST, 35%). 

4 Conclusions 
The dense vegetation location inside the courtyard and the semi-open space of the northern veranda were found sig-
nificantly to contribute to the moderation of the extremely high air temperature regime occurred in normal summer 
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conditions. They were also found to ameliorate quite effectively the increased human thermal stress conditions associ-
ated with urban environment’s microclimatic patterns during the Mediterranean summer. Future studies should focus 
on in-situ monitoring during other seasons to further assess the effectiveness of such open and semi-open spaces on 
thermal comfort conditions for the occupants and also as passive cooling design features for buildings to save energy.
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Abstract: In view of the global warming, there is a growing awareness that both adaptation and mitigation measures 
should be used to eliminate the impacts of climate change in cities by improving thermal conditions in open urban 
areas. This paper presents a preliminary study of the effects of various design elements of urban areas on thermal 
sensation. The aim of this study is to identify patterns of micrometeorological characteristics which are caused due to 
area’s layout and lead to unfavorable human thermal conditions. The spatial and temporal distribution of microme-
teorological characteristics are examined in a warm summer day in Syntagma square, the central square of Athens, 
Greece, and thermal conditions are assessed using the Physiologically Equivalent Temperature index (PET). The latest 
version of the three-dimensional model ENVI-met (ENVI-met 4.4.4) was applied to simulate the daily micrometeoro-(ENVI-met 4.4.4) was applied to simulate the daily micrometeoro-ENVI-met 4.4.4) was applied to simulate the daily micrometeoro-
logical variation across the examined area. Results showed that among the examined design elements (i.e., tree, grass, 
fountain and pavement), areas affected by fountain and trees produce lower PET values throughout the day, yet above 
the comfortable levels for the most of the hours. Τhe maximum PET value, 57.4oC (15:00LST), was found at the areas 
affected by pavement, whereas the minimum PET value 17.8oC (06:00LST) was found at the areas affected by foun-
tain. These findings imply the potential of spatial planning to enhance favorable thermal conditions during the day and 
should be considered when designing urban outdoor areas in cities with Mediterranean climate.

1 Introduction
Outdoor urban areas are essential features of cities improving the quality of life of their inhabitants. In view of global 
warming, urban open areas may mitigate climate change impacts and reduce thermal load in cities. Although geo-
graphical location and local climate are essential contributors of the microclimatic conditions, the geometry and the 
materials of open spaces may modify cities’ microclimatic conditions and the environmental outcome (Chatzidimitriou 
and Yannas 2016). Previous research has shown that the proportion of vegetation within a square affects microclimatic 
variables such as air temperature, wind speed and relative humidity and consequently thermal sensation (Tseliou and 
Tsiros 2016). Vegetation affects ground surface temperature through shading and evapotranspiration (Taha et al. 1997). 
In addition, water surface and ground surface albedo may also influence the thermal sensation of pedestrians (Chatzi-
dimitriou and Yannas 2016). The above-mentioned findings suggest that appropriate design of the urban environment 
can ameliorate thermal sensation conditions.
In the present work, ENVI-met model is applied to simulate the micrometeorological conditions in Syntagma Square, 
the central square of Athens, Greece during a warm summer day. The spatial and temporal distribution of selected 
micrometeorological parameters is studied across the square and they are assessed in terms of thermal sensation based 
on Physiologically Equivalent Temperature (PET) (Hoppe 1999). This study considers the effects of essential urban 
design elements on the urban microclimate to allow an evaluation of their respective influence on the resulting thermal 
sensation.

2 Data and Methodology
The effect of four urban design elements (i.e., tree, grass, fountain and pavement) was examined on air temperature 
(Tair, oC) and thermal sensation across Syntagma square, during July 15th, 2010 (Pantavou et al. 2013). The total size 
of the square covers an area of approximately 10000 m2. Four groups of distinct points were selected within the square. 
Each group was affected by one of the examined design parameters and covered an area of approximately 140m2. Fig.1 
shows the four groups selected, namely: (a) group F, i.e., points above the water surface of the two fountains (4 meters 
depth; 2 sites), (b) group P, i.e., points located over a non-shaded pavement area (albedo: 0.8, emissivity: 0.9; 1 site), 
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(c) group G, i.e., points located within non-shaded grass areas (grass height: 25cm; 2 sites were selected in order to en-G, i.e., points located within non-shaded grass areas (grass height: 25cm; 2 sites were selected in order to en- points located within non-shaded grass areas (grass height: 25cm; 2 sites were selected in order to en-points located within non-shaded grass areas (grass height: 25cm; 2 sites were selected in order to en- located within non-shaded grass areas (grass height: 25cm; 2 sites were selected in order to en-located within non-shaded grass areas (grass height: 25cm; 2 sites were selected in order to en- non-shaded grass areas (grass height: 25cm; 2 sites were selected in order to en-non-shaded grass areas (grass height: 25cm; 2 sites were selected in order to en- (grass height: 25cm; 2 sites were selected in order to en-
sure a non shaded area of 140m2) and (d) group T, i.e., points located under tree canopy with Leaf Area Density (LAD) 
that varies from 1 to above 2 (44 points within the square). In Fig. 1a, the yellow rings around the green dots represent 
the points of group T. More information regarding the type of vegetation and the properties of pavement in the square 
may be found in Koletsis et al. (2019). The urban microclimate model ENVI-met 4.4.4 (2019) was then applied to 
simulate a case study in the examined area whereas human thermal sensation was evaluated using the Physiologically 
Equivalent Temperature (PET, oC) (Hoppe 1999).

Fig. 1. (a) 2-D area input file for ENVI-met (green dots: trees, grey objects: buildings, white shapes: water fountains, 
multicolor rectangles: terrain levels relative to the lowest height per 1m height) (Source: Koletsis et al. 2019). The 
examined groups of points are presented in the figure [F: points affected by fountain, P: points affected by pavement, 
G: points affected by grass and T: points affected by tree canopy with LAD greater than 1 (yellow rings around green 
dots)], and (b) Satellite view of Syntagma square (red dot represents the mobile weather station location).
 
2.1 Study area and climatic conditions
Syntagma square is the epicenter of Athens city (37°58΄N 23°43΄ E). Athens has a Mediterranean, mild humid climate 
with dry and hot summers, characterized as Csa According to Koppen’s climatic classification (Beck et al. 2018). The 
climatic monthly mean air temperature (1961-1990) for July is 27.0oC, while the average maximum and minimum 
climatic monthly values are 32.6 °C and 22.5oC, respectively (NOA 2020).

2.2 Microclimate simulation model and evaluation of thermal sensation
ENVI-met (Bruse 2004) is a three-dimensional model, based on computational fluid dynamics (CFD) and thermody-
namics. The model simulates the small-scale interactions between individual buildings, surfaces and plants, reproduc-
ing the actual microclimatic conditions within the urban canopy layer.
In a recent complementary work, the ENVI-met simulated results were evaluated against in-situ micrometeorological 
measurements at the examined area, monitored at the height of 1.1m (Koletsis et al. 2019). The position of the portable 
weather station is shown in Figure 1b. The results revealed that, proper model set-up and material specifications, can 
give very good validation scores for both Tair and RH, which are critical parameters for thermal sensation (Koletsis et 
al. 2019). The date examined in the current work, was one of the dates that micrometeorological measurements and 
model validation had taken place.

BioMet ENVI-met tool (ENVI-met/BioMet 2019) was applied to calculate PET. BioΜet is a post-processing tool 
that summarizes the impact of radiative temperature, air temperature, humidity and wind speed to calculate selected 
biometeorological indices. The estimated values of PET assess thermal sensation based on a nine-point bipolar scale 
ranging from very cold to very hot (Table 2A).

Table 2. A) Original and modified for the Mediterranean climate assessment scales of the Physiological Equivalent 
Temperature (PET); B) Meteorological conditions on July 15th, 2010.1Source: Matzarakis and Mayer 1997; 2Source: 
Pantavou et al. 2014; 3Source: Environmental Research and Sustainable Development, National Observatory of Ath-
ens (www.meteo.noa.gr/).
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2.3 Simulations Set-up
The examined area was set to 150m×150m×60 m (Length×Width×Height) divided into 100×100×30 cells with a 
resolution of 1.5m×1.5m×2.0m (Fig. 1a). As far as it concerns the vertical dimension of the model area, the grid cells 
followed the equidistant method, except for the lowest grid box which was split into 5 cells resulting in 0.4m layer 
resolution. Further details regarding the digitization of the examined area, as well as, the surface materials, plants and 
built infrastructure that were included to describe accurately the model area can be found in Koletsis et al. (2019). The 
simple force method was applied. Hourly dry bulb air temperature, relative humidity and wind speed records from the 
nearest meteorological station were used for the model initial conditions. July 15th was selected as a warm summer 
day for the simulation of the daily micrometeorological variation of the examined area. Meteorological characteristics 
of the examined date are shown in Table 2B. The start time of simulations was set at 01:00am and the total simulation 
time was 24 hours. Additionally, ENVI-met results represent values at 1.4m above ground surface. The variation of air 
temperature and human thermal sensation simulated across the study area was evaluated from 02:00LST to 24:00LST 
for the four selected group of points (i.e., F, G, P and T; Fig. 1a). 

3 Results
The effect of four urban design elements (i.e., tree, grass, fountain and pavement) on the hourly ambient air tempera-
ture (Tairfountain, Tairgrass,Tairpavement and Tairtrees respectively) is shown in Fig. 2a along with the hourly air temperature 
data obtained by the National Observatory of Athens (NOA) for the examined date. Hourly PET values were calculated 
at all the points of the four examined design elements and were averaged separately to produce an overall PET that 
represents each element. Fig. 2b presents the respective effect of the elements on thermal sensation (PETfountain, PETgrass, 
PETpavement and PETtrees), according to the Mediterranean scale of PET.

Fig. 2. The effect of the selected design elements (trees, grass, fountain, pavement) on (a) air temperature (Τair) and 
(b) PET (Physiologically Equivalent Temperature).
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Figure 2a shows that the fountain design element induces lower air temperature values (Tairfountain) throughout the day 
compared to grass, trees or pavement. The air temperature obtained at the points affected by grass (Tairgrass) and pave-
ment (Tairpavement) presents only small differences, consistent throughout the day. The fact that the obtained air tempera-
ture above pavement (Tairpavement) is not higher comparing to the air temperature above grass (Tairgrass), can be explained 
by the high reflectivity (albedo= 0.8) of the pavement material that is used in the largest part of the square including 
the selected group of points. The daily average air temperature values that were obtained from 02:00LST to 24:00LST 
were 20.8oC, 31.4oC, 31.6oC and 29.8oC for the points affected by fountain, grass, pavement and trees respectively. 
The maximum daily air temperature values were obtained at 16:00 LST for all the examined points. The maximum air 
temperature value, 34.9oC, was indicated over the grass elements (Tairgrass). On the other hand, Tairfountain maintains the 
minimum air temperature value, that is 17.8 oC, obtained at 06:00LST. 
Figure 2b presents the effect of fountain, grass, pavement and trees on PET from 02:00LST to 24:00 LST for the four 
selected group of points, namely PETfountain, PETgrass, PETpavement and PETtrees, respectively. Figure 3 shows the spatial 
distribution of PET at 15:00LST across Syntagma square. In Table 3, the daily average (02:00LST to 23:00LST), 
minimum and maximum PET values for the examined points are presented along with the average PET fοr 08:00LST 
to 18:00LST and the hourly PET values at 11:00LST and 18:00LST. These two hours were chosen indicatively to 
represent time periods, during the day, when the square is usually crowded. The daily average PET values for grass, 
pavement and tree fall into the hot category of the original PET thermal sensation scale, while the average PET foun-
tain falls into the warm category. According to the Mediterranean PET thermal sensation scale, the daily average PET 
values for fountain, grass and tree fall into the warm category, while the average PET pavement falls into the hot 
category. It is worth mentioning that PET values lie within the hot category from 08:00LST to 18:00LST for all the 
examined design elements (Mediterranean scale). 

Fig. 3. The spatial distribution of PET within the Syntagma square at 15:00LST.

Table 3. Average, maximum, minimum PET (oC) values and the PET (oC) values produced at 11:00LST and 18:00LST 
per design element.
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The maximum daily PET was obtained at 15:00LST for the grass, pavement and tree elements and at 16:00LST for 
the fountain design element. The maximum PET value (very hot, for both the original and the Mediterranean thermal 
sensation scale), was calculated over the pavement elements. On the other hand, PETfountain maintains the minimum 
daily PET (slightly cool, for both thermal sensation scales), obtained at 06:00LST. 
4 Conclusions
The present study suggests that, according to the biometeorological index PET, the current design of Syntagma square 
does not improve the unfavorable ambient thermal conditions, typically occurring on a usual summer day under Medi-
terranean climate conditions. Among the four selected design elements, the points affected by fountain and trees give 
lower PET values throughout the day, yet above the comfortable levels for most of the hours. The reduced PET values 
are likely to occur because of the vicinity of the selected group of points to the fountain surface where evaporative 
cooling is more intense. Despite the selection of high reflectivity pavement materials for the largest part of the square, 
which maintain the micrometeorological air temperature relatively low and similar to that of grass, the point affected 
by pavement yields the highest PET values. Based on the current results there is evidence that an alteration to the 
current design of the square, by adding more trees, could possibly improve the current thermal sensation. However, 
further investigation of the effect of the various design parameters on the micrometeorological and thermal conditions 
is required. 
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Abstract Snow parameters of snow coverage, snow depth and snow water equivalent constitute essential variables 
for hydrological models and the study of climate variability, groundwater recharge and preservation of basic flow of 
rivers. However, few studies have analyzed both the spatial and temporal trends in snow-covered areas of Greece using 
ground-based or satellite observations. The aim of this work is to analyze time series of the snow parameters focusing 
over representative geographical areas of Greece and to examine their seasonal variability, in terms of region and ge-
ography. This will provide a unique opportunity to better understand the spatial snow distribution and the seasonality 
of snow coverage which could be crucial for long term groundwater management, by combining snow data trends from 
in situ data and satellite statistics. The information is crucial to represent distributions of the snow water equivalent and 
their seasonal patterns to further improve the water resource management.

1 Introduction
Snow consists a critical parameter in the hydrological balance and is often the form of precipitation with a particularly 
significant inflow rate. It is a very important source of supply for the enrichment of groundwater and the surface runoff 
of rivers and torrents, especially during the spring period (Sturm, 2015; Wesemann et al., 2018). Snow is therefore 
necessary to be taken into account in the hydrological planning and is necessary to accurately calculate the amount 
of snow height and its accumulation due to the affection morphological conditions, the climatic conditions and the 
vegetation cover (Pistocchi et al., 2017). At the same time, the snow parameters constitute critical input data in models 
for calculating the inflow and outflow in a basin (the volume of water stored in the snow is calculated as inflow), thus 
the accurate calculations from field measurements, with a small error rate is essential. For instance, snow depth (SD) 
and snow water equivalent (SWE) are key variables in many hydrological models and studies involving groundwater 
recharge rates, basic flow preservation of rivers and hydropower dam sustainability.
Snow measurements can be performed both with in situ measurements and satellite monitoring. Advantages of the 
satellite monitoring are the greater spatial and temporal coverage. However, it is necessary to use field measurements 
from ground stations to calibrate the results (Raleigh et al., 2013). On the other hand, collecting in situ measurements 
at large scales remains challenging and usually these techniques remain costly and do not provide continuous observa-
tions.
To the best of our knowledge, few studies have analyzed both the spatial and temporal trends of the afore mentioned 
variables in snow-covered areas of Greece using ground-based and satellite observations. Measurements of snow 
properties carried out both by terrestrial (in situ) and satellite dataset (it is achieved mainly with passive microwave 
sensors) are taken into account in this study. Aim of this work is to establish time series based on the snow analyses 
focusing over representative geographical areas of Greece.

2 Data
The dataset processed in the study are described below in Sections 2.1 and 2.2.

2.1 In situ dataset
Coordinated field measurements of snow height have been performed in different geographical regions over Greece, 
from December 2018 up to now. Two representative areas have been selected in the northern Greece (Kozani and 
Mount Athos) with different hydrogeological and climatological characteristics. The meteorological stations in Mount 
Athos (40°12’40.60”N, 24°15’48.36”E) and Kozani (40°24’0.77”N, 22°5’20.04”E) are located at an altitude of 1302m 
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and 889m, respectively (Figure 1). Field measurements of snowfall, snow accumulation and melting rate are daily pro-
vided. The snow height measurements are recorded and analysed every hour from the stations. The weather stations in 
Zoodochos Pigi and Mount Athos are part of the Laboratory of Engineering Geology and Hydrogeology, belonging to 
the Department of Geology of the Aristotle University of Thessaloniki.

Fig. 1: Meteorological stations in Kozani and Mount Athos regions.

2.2 Remote sensing of the snow parameters
Satellite data were also processed to fill the gap in the snow monitoring over Greece. The dataset used in this study 
is public available at https://search.earthdata.nasa.gov/search. The goal of the Global Land Data Assimilation System 
(GLDAS) is to ingest satellite- and ground-based observational data products, using advanced land surface modeling 
and data assimilation techniques, to generate optimal fields of land surface states and fluxes (Rodell et al., 2004). The 
high-quality, global land surface fields provided by GLDAS support several current and proposed weather and climate 
prediction, water resources applications, and water cycle investigations. The products processed in high resolutions 
(2.5- degrees to 1 km), providing monthly mean values of snow depth and snow water equivalent.

3 Results
In the first research area, the Zoodochos Pigi station in Kozani was used as a ground station to monitor snowfall, snow 
accumulation and melting rate. Figure 2 shows the changes in the height of the snow compared to the average daily 
temperature values for the period of operation of the meteorological station in Zoodochos Pigi until December 31, 
2019 and the height of the snow compared to the average daily temperature values for the meteorological station in 
Mount Athos for the same time period. Specifically, during January the first snowfall episodes were recorded in the two 
meteorological stations. Concerning the Zoodochos Pigi meteorological station, a total of four snowfall episodes were 
recorded with a cumulative snow height of 40.7 cm. The first episode occurred on 4/1/2019, while the total snow cov-
erage lasted throughout the month. During February, three episodes of snowfall were marked, less intense compared 
to January, with cumulative snow height of
25.2 cm and mean snow height of 3 cm. The first episode occurred from 7/2/2019 to 11/2/2019 (4.6 cm), the second 
one lasted from 16/2/2019 to 17/2/2019 (8.5 cm) and the third episode lasted from 24/2/2019 to 27/2/2019 (12.1 cm). 
The mean snow height recorded for March is 8.9 cm (in an episode lasted from 13/3/2019 to 14/3/2019). During 
December 2019, three episodes were marked on between 12/12/2019 and 13/12/2019 and between 29/12/2019 and 
31/12/2019. No snowfall was recorded during the April-November.
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In the Mount Athos research area, during January many intense episodes were recorded with maximum snow height of 
137.4 cm and a cumulative snow height of 1981.2 cm. During February, less intense episodes were marked, compared 
to January, and maximum snow height of 28.7 cm. The mean snow height recorded for March is 8.55 cm, while dur-
ing December 2019, the mean snow height is equal to 6.82 cm. No snowfall was recorded during the April-November, 
same as above.
The altitude of Zoodochos Pigi station in Kozani is much higher compared to the altitude of the station on Mount 
Athos, while there is an inverse relationship between the height of the snow and the altitude. Thus, the two study areas 
are of particular interest in terms of geographical location and the prevailing climatic conditions.
Figure 3 presents the remote sensing data from satellite missions in monthly averages.

Fig. 2: Changes in the snow height compared to the average daily temperature values for the meteorological stations 
in Zoodochos Pigi (above) and Mount Athos (below) between January 31, and December 31, 2019.

Fig. 3: Mean monthly snow depth for the period 1/1/2019 – 1/2/2019 (GLDAS dataset), https://search.earthdata.nasa.
gov/search. Mean montly snow depth values for the two study areas are reported in the text.
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From the satellite data the corresponding monthly mean snow depth for January is 65 cm, while for the February is 2.8 
cm calculated for each station. The mean value is calculated from the days, where snowfall was reported. The monthly 
mean value for March for the Zoodochos Pigi station in Kozani is
0.2 cm. The corresponding value for December is 1.4 cm, while no snowfall was recorded during the April-November 
period. The satellite dataset follows the in situ dataset, with an overestimation during January.
The snowfall density (ρ) is another quantity of interest in many hydrological models and studies involving ground-
water recharge rates. It will be included in snow melting modeling process to determine the groundwater recharge for 
each selected region. The snowfall density can be calculated from the following relation:

   ρ = SWE / SD (1)

where SWE is in kg/m2, SD in m and ρ in kg/m3.
The parameters of snow water equivalent and snow depth, as they recorded from the satellite dataset during the period 
from 1/2/2019 to 1/3/2019 (averaged monthly value), were as follows:
i) SWE = 0.9221878 kg/m2 and
ii) Snow depth = 0.00274375 m
From equation 1, the averaged value of snow density was calculated for this period equal to 336.1 kg/m3.

Typically, the density of snow is derived following the bibliography as ρ = 0.1ρ w (the average density of snow is 1000 
kg/m3), and usually ranges from 100 to 500 kg/m3 (Meløysund et al., 2007). However, the snow density is generally 
larger (due to the subsidence under the influence of gravity and other mechanisms), depending on the residence time 
of snow and the snow depth.

4 Conclusions
This study is part of an ongoing work aiming to provide a comprehensive study of snow parameters modeling within 
Greece. Once satellite data will be evaluated against the ground based meteorological observations, a gridded high-
resolution dataset including daily snow cover, albedo and snow water equivalent will be constructed for each study 
area. Seasonal variability and spatial distribution of the above-mentioned snow parameters will also be conducted. 
Generally, we conclude that the snow cover extent reaches its maximum in January-February, and minimum in Decem-
ber, with more intense snow episodes observed on Mount Athos, compared to the Kozani station.
The present study will evaluate and strengthen our understanding about the importance of estimation of the spatial 
snow distribution which could be crucial for long term groundwater management, by combining meteorological (snow 
data trends), hydrological and satellite statistics. This information is crucial to represent distributions of the snow wa-
ter equivalent, to examine the level of repetition from year-to-year and to improve water resource management.
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Abstract: The availability of ground-based observations continues to be a serious constraint. Although reanalysis 
datasets constitute an alternative source, its evaluation is crucial, especially in regions with complex topography, be-
fore the gridded data are applied in climate research. The appropriateness of such products is assessed in this study by 
exploring the performance of five datasets: ERA-Interim, Agri4Cast, UERRA MESCAN-SURFEX, ERA5-Land and 
E-OBS, in reproducing the spatio-temporal characteristics of air temperature measured at 19 wine production regions 
in Greece during 1981-2012. The results highlighted the abilities of E-OBS and Agri4Cast, whose performance varied 
with the specific task in question. On one hand, the former product reproduced best the spatial patterns of observed 
Tmax and Tmin exhibiting the lower discrepancies. On the other hand, the latter product is the best alternative if tem-
poral analysis is required. 

1 Introduction
Although observational datasets remain the primary source of temperature data, gridded data sets represent a valuable 
source of information particularly over regions with sparse observational data (e.g., Ceglar et al. 2017) because they 
are spatially complete and include finescale variations due to topography and other features (e.g., Walton and Hall 
2018). The abilities of E-OBS and Agri4Cast were recently highlighted (in contrast with ERA-Interim) in reproducing 
spatiotemporal characteristics of precipitation and drought at 20 wine production regions in Greece during 1981-2012 
(Mavromatis and Voulanas 2020).
This study will compare five reanalysis datasets (ERA-Interim, Agri4Cast, UERRA MESCAN-SURFEX, ERA5-Land 
and E-OBS) in reproducing selected spatiotemporal characteristics of air temperature measured at 19 wine production 
regions in Greece during 1981-2012. 

2 Data and Methodology
Daily observations of air temperature from 19 weather stations were obtained from the Hellenic National Meteoro-
logical Service (HNMS) (Fig. 1). Each weather station in this study was selected due to its proximity to a principal 
winegrape area in Greece covering a wide range of ‘terroirs’ considering elevation, geology and legislation on varieties 
and cultivation methods. Specifics regarding the data quality control and homogeneity tests can be found in Koufos et 
al. (2018). 
Regarding the gridded datasets used: (a) ERA5-Land (ERA5L afterwards) is a reanalysis dataset produced by replay-
ing the land component of the ERA5 (the fifth generation of ECMWF global reanalysis at a spatial resolution of about 
31 km, released in 2019) climate reanalysis, but with a horizontal resolution of 9 km. The atmospheric forcing in 
ERA5-land is provided by the land fields of ERA5 air temperature, air humidity and pressure corrected, the lapse rate 
correction was used to account for the differences in altitude between the grid of the ERA5 forcing and the higher-
resolution grid of ERA5-Land. Further information about the ERA5-Land can be found at https://confluence.ecmwf.
int/display/CKB/ERA5-Land%3A+data+documentation; (b) The UERRA-HARMONIE (https://www.uerra.eu/) is a 
data assimilation system implemented and optimized for the European area with a resolution of 11 km and 65 height 
levels. Its boundary conditions are provided by the ERA40 and ERA-Interim reanalysis PR. A complementary surface 
analysis system, named MESCAN-SURFEX, combines downscaled UERRA-HARMONIE reanalysis fields and ad-
ditional surface observations, to produce a coherent surface analysis over Europe with a spatial resolution of 5.5 km 
(UERRA afterwards) (Schimanke 2020). Information related to ERA-Interim, Agri4Cast and E-OBS products can be 
found at Mavromatis and Voulanas (2020). 
Only the grids that contained the locations of the weather stations shown in Fig. 1 were used in this study. The growing 
season (April to October) for viticulture in all datasets was divided in spring (SP) (April and May), summer (SUM) 
(June, July, and August) and autumn (AUT) (September and October). The spatiotemporal characteristics of the five 
gridded datasets have then been examined for its efficiency in reproducing a variety of seasonal and monthly charac-
teristics of measured air temperature during 1981-2012 across Greece. Three statistical indicators (the centered root 
mean squared error (RMSE), standard deviation (σ) and the correlation coefficient (r) between observed (O) and rea-
nalysis (Re) data) were used to test the skills of gridded products in reproducing temporal characteristics of observed 
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air temperature on seasonal basis:

The Radial Basis Function Network, a kind of Artificial Neural Network widely used in hydrology (e.g., Luo et al. 
2010), was utilized for the spatial interpolation of air temperature since its accurate and stable for many computational 
applications.

3 Results
With regards to Tmax, E-OBS also presented the lower mean monthly deviations from the observations. Agri4Cast is 
the second-best alternative although it consistently overestimated the observed averages by less than 0.5°C. In contrast, 
the other products constantly underestimated the station-based mean values showing the lower deviations in SPR. 
The spatial distribution of mean monthly Tmax in SPR (Fig. 1) and AUT presents its lower values over the NNW and 
NNE corners (Florina and Alexandroupoli, respectively), while the remaining domain is relatively warmer. E-OBS 
and Agri4Cast are the better products: (a) the former one displays better the colder NNE region but produces by more 
than 1°C colder conditions at the NNW corner; (b) the latter one reproduces better the cooler NNW corner but does 
not capture the lower temperatures at the NNE region. The same datasets display better the relatively colder western 
coastal areas and Crete in SUM, with EOBS being better in Crete and colder over the NNW corner. The other reanalysis 
datasets are considerably colder at most of the Greek domain displaying higher discrepancies. 
The spatial distribution of mean monthly Tmin in SPR (Fig. 2), AUT and particularly in SUM is marked by the rela-
tively higher values in Aegean islands, Crete, Evia and east coast of Attica. While E-OBS, ERA5L and Agri4Cast dis-
played a similar pattern, the former product showed the lower biases with the latter product performing particularly well 
in SPR. The other reanalysis datasets exhibited even larger discrepancies.

 Fig. 1. Mean monthly maximum air temperatures (°C) in spring with reanalysis (Re) and Observation (Obs) datasets. 
The contours show the differences (Re-Obs).
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The spatial distribution of mean monthly Tmax in SPR (Fig. 2) and AUT presents its lower values over the NNW and 
NNE corners (Florina and Alexandroupoli, respectively), while the remaining domain is relatively warmer. E-OBS 
and Agri4Cast are the better products: (a) the former one displays better the colder NNE region but produces by more 
than 1°C colder conditions at the NNW corner; (b) the latter one reproduces better the cooler NNW corner but does 
not capture the lower temperatures at the NNE region. The same datasets display better the relatively colder western 
coastal areas and Crete in SUM, with EOBS being better in Crete and colder over the NNW corner. The other reanaly-
sis datasets are considerably colder at most of the Greek domain displaying higher discrepancies. 
The spatial distribution of mean monthly Tmin in SPR (Fig. 3), AUT and particularly in SUM is marked by the rela-
tively higher values in Aegean islands, Crete, Evia and east coast of Attica. While E-OBS, ERA5L and Agri4Cast 
displayed a similar pattern, the former product showed the lower biases with the latter product performing particularly 
well in SPR. The other reanalysis datasets exhibited even larger discrepancies.

Fig. 2. Mean monthly minimum air temperatures (°C) in Spring with Reanalysis (Re) and Observation (Obs) datasets. 
The contours show the differences (Re-Obs).
The mean monthly bias between the observations and the gridded products over the 19 stations during the baseline 
period is illustrated in Fig.3. Except for E-OBS which presents the lower discrepancies, the reanalysis products consis-
tently overestimate the observed average Tmin. Agri4Cast is the second-best choice and the ERA-Interim the worse. 
The former one overestimated by more than 0.5°C and the latter one by almost 3°C, on average.

Fig. 3. Mean monthly temperature differences between Reanalysis (Re) and Observation (Obs) (°C) (Re-Obs) datasets.
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The three statistical indices (correlation coefficient (r), root mean squared error (RMSE) and standard deviation ratio 
(STD = (STDRe/STDObs)) between reanalysis (Re) and observation (Obs) datasets confirm the superiority of Ag-
ri4Cast as alternative to observed Tmin in all seasons (the results for SPR are shown in Fig.4). UERRA was the worse 
choice for SPR and SUM, and the E-OBS for AUT (not shown). The results also varied with season for Tmax: the 
Agri4Cast was the best choice for SPR (Fig. 4), the ERA5L for SUM, the Agri4Cast, ERS5L and E-OBS for AUT. 
UERRA was the worse choice for Tmax.

Fig. 4. Statistical indices (correlation coefficient (r), root mean squared error (RMSE) and standard deviation ratio 
(STD = (STDRe/STDObs)) in spring between reanalysis (Re) and observation (Obs) datasets.

4 Conclusions
Gridded climate datasets are among the most used datasets in the study of weather and climate due to their homog-
enous nature and high spatial and temporal resolution compared to the raw observations. This study evaluated the 
skills of five reanalysis products in reproducing spatiotemporal characteristics of air temperature (on seasonal basis) 
measured at 19 wine production regions in Greece during 1981-2012. The results suggested that the performance of 
E-OBS and Agri4Cast, which is the best to the one of the other products, varied with the specific task in question. The 
former product performed better the spatial patterns of observed Tmax and Tmin, exhibiting the lower discrepancies. 
On the other hand, the latter product is the best alternative of observations if temporal analysis is required.
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Abstract: Agriculture is perhaps the most dependent sector of the economy from the weather. From planting to har-
vesting, all the farming decisions are influenced by weather conditions, and weather intelligence plays a key-role in the 
farm decision-making process. Numerical weather prediction models, such as the Weather and Research Forecasting 
model (WRF) can provide weather information in a high spatial and temporal resolution. The accuracy of this infor-
mation is determined not only by the spatial resolution and the physics representation but also from the initial state 
of the model. This study focuses on combining the forecast model with satellite (Global Precipitation Measurement 
(GPM)) and weather stations observations (Meteorological Assimilation Data Ingest System (MADIS)), through a 
4D-var data assimilation scheme with the goal of improving the initial state of the model and the subsequent model’s 
forecasts.  An ingest scheme of GPM data into the assimilation scheme is implemented and both the value of MADIS 
and GPM data on weather forecasts are examined. A case study of intense precipitation event in Greece is selected 
and the related weather forecasts are studied. Verification techniques based on the Model Evaluation Tools (MET) are 
applied and the improvements of the forecasts are quantified. The evaluation showed that the precipitation forecasts 
are boosted, especially for the initialization on 12 UTC and for the finer resolution domain. Two-meter temperature, 
ten-meter wind speed and two-meter relative humidity benefit from the assimilation of surface observations and seem 
to improve their forecast when IMERG is included for the finer resolution domain. A degradation of the forecast skill 
of the variables is observed, especially for the coarser domain resolution, when both IMERG and surface data set are 
included in the assimilation.    

1 Introduction
The agricultural sector seeks reliable weather forecasts to manage farming decisions. These include not only  plan-
ning the everyday field tasks but also the actions to be taken in case of extreme weather events. The frequency of 
these events has risen over the last 36 years with flooding events being more often even compared to the past 7 years 
(EASAC, 2018). The societal and economic impact of these events are of great concern and their predictability has 
been of interest to the scientific community. Subsequently, the ability to simulate and predict the magnitude of these 
events is of great importance and one of the tools to achieve this is by reliable simulations that take advantage of the 
state-of-the-art methods. 
Numerical weather predictions models and their ability to simulate meteorological conditions have been tested with 
various configurations in the past years and in different parts of the world (Emmanouil et al. 2020).  Research conduct-
ed with the Weather Research and Forecasting model (WRF) showed a dependence of the performance in simulating 
heavy rainfall linked to location, grid spacing, initial conditions, planetary boundary layer and cumulus parametriza-
tion (Emmanouil et al. 2020).  For example, in  Efstathiou et al. 2013, with a horizontal grid spacing of 3km centered 
over Chalkidiki peninsula they found that the Yonsei University scheme (YUS) produced more localized areas of 
intense precipitation compared to Mellor-Yamada-Janjic (MYJ) scheme.
In this study, beyond the parameterization schemes, the initial conditions of the weather prediction model WRF 
(Skamarock et al. 2019) come in focus. For this reason satellite precipitation data and conventional ground based 
observations are ingested and together with meteorological information from the model they correct the initial condi-
tions. The area of focus of the simulations is Greece and with the telescoping nest formation with WRF, finer horizon-
tal resolutions are achieved. The medicane Ianos that hit Greece on September 2020 is the examined case study. The 
configuration is evaluated against available ECMWF’s Reanalysis Data (ERA5-Land) data with the help of the Model 
Evaluation Tools (MET, 2021) software.    
In section 2 the model set-up is described, followed by the assimilation and verification data. Finally, the description 
of the case study and the evaluation skill scores are described. The results are shown in section 3 and are followed by 
the conclusions.      
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2 Data and Methodology 

2.1 Model set-up
The weather forecasts are performed by the Weather and Research Forecasting System (WRF-4.2.1) while the data 
assimilation part is performed by the WRF Data Assimilation model (WRFDA-4.2.1). WRF is able to provide atmo-
spheric simulations suitable for a broad range of applications and WRFDA provides the analysis. That is the atmo-
spheric fields taking into account satellite and ground based observations to be used as initial conditions for WRF. 
Both models are configured in order to provide a coupled system of analysis/forecasts at high spatial resolutions 
enclosing Greece.
 The WRF model is integrated in time to produce weather forecasts for time horizons of 4 days at 18km spatial resolu-
tion down to 2 days for a domain of a 2km spatial resolution.  The telescoping method is used for the nests creation, 
in which the meteorological information is communicated between the nests. The boundary and initial conditions 
for the model run are provided from the Global Forecasting System (GFS) at 0.25 degrees (NCEP GFS, 2020).  The 
initial conditions, interpolated in the 18km domain, are then improved by ingesting observations with the help of the 
assimilation model. 
The vertical resolution for each of the domains expands to 39 terrain following eta levels, up to 50hPa. The physics 
utilized is the New Thompson et al. scheme with ice, snow and graupel processes suitable for high-resolution simula-
tions. The  YSU  was adopted for the boundary layer simulation.  

2.2 Assmilation and Verification Data
For the ground-based observations, the Meteorological Assimilation Data Ingest System (MADIS) has been used. It 
is a meteorological database of quality checked observations that covers the globe.  Observations from METeorologi-
cal Aerodrome Reports (METAR) and Rawinsonde Observations (RAOB) have been ingested into the assimilation 
scheme of WRFDA. They provide observations of wind, temperature and relative humidity. 
The data sets are accessed through the MADIS Application Program Interface (API). WRFDA system expects the 
data-set to be in LITTLE-R format, which is an ASCII-based file format. The conversion from MADIS netcdf files to 
LITTLE-R was done via a provided fortran routine.  The space borne component of precipitation observations is pro-
vided from the Global Precipitation Measurement (GPM) constellation. Precipitation estimates are made from Passive 
Microwave sensors (PWM), intercalibrated, merged and interpolated with microwave-calibrated IR satellite estimates 
and precipitation guage analyses. The final product, the Integrated Multi-satellitE Retrievals for GPM (IMERG), 
provide  0.1x0.1 gridded precipitation fields (IMERG, 2020). The multiple observations of 30 minutes precipitation 
rate was converted to 6-hour accumulation in millimeters (mm). The average value of the observation errors of the 30 
minutes precipitation rates, converted to mm, was assigned to the observations. 
Regarding the verification, ECMWF’s reanalysis data (ERA5-Land) are used and they are available from the Coperni-
cus Data Store (CDS) (CDS, 2020). The reanalysis data follow the same principle as in the anlysis but at lower reso-
lutions in order to allow data sets spanning back decades to be included. ERA5-Land is the fifth generation ECMWF 
reanalysis at a 0.1 resolution with global coverage and hourly data-sets. 

2.3 Methodology
The forecast/analysis scheme is applied for the three days 17.-19.09.2020, during which medicane Ianos hit Greece. 
The medicane formed as an area of low pressure over the Gulf of Sirti that boosted the cyclogenesis as it was moving 
over warm waters. Then the system moved eastwards, crossing the Ionian Sea at 17.09.2020. It swept across central 
Thessaly and then moved south towards Crete while losing intensity in its south-eastward shift. (https://marine.coper-
nicus.eu/news/following-cyclone-ianos-across-mediterranean-sea).  The impacted areas suffered from life loss, flood-
ings and sustained wind speeds reaching 120 km/h.
In the applied scheme the forecasts/analyses are initiated twice per day, namely at 00 and 12 UTC in order to capture 
the boundary layer at stable and full growth during the course of the day. In the cycling procedure, the forecasts are 
initiated using the analysis and the produced forecasts serve as background information in the next cycle for the data 
assimilation procedure. 
The assimilation performed is the 4D-VAR, in which a predefined cost function that takes into account the observa-
tions and the background information is minimized. A window of six hours to use the available observations in defined 
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and the initial conditions are sought for which the fit between the model and the observations is optimal. The rainfall 
data are assimilated directly at the end of the window and the assimilation of precipitation has feedback to all the con-
trol variables via the constraint of the linearized physics package (Junmei Ban et al., 2017).
In order to examine the impact of the assimilated observations on the quality of the forecasts, three experiments 
were conducted. Experiment 1, included all the observational data-set in the assimilation, experiment 2, excluded the 
IMERG data only and finally experiment 3 with no assimilation procedure (control). In this case the forecasts were 
initialized by the GFS forecasts interpolated in the WRF defined domain. Each experiment comprises six forecast/
analysis cycles and forecast lengths of 4 days. Each child domain is initialized with a time lag of six hours from its 
parent domain, in order to provide some relaxation time. 
The MET software is utilized to quantitatively assess the results and especially those meteorological fields vital to ag-
ricultural sector like two meter temperature and precipitation. The hourly produced forecasts in the three experiments 
are compared to ERA5 reanalysis data and the skill of the forecasts is measured for the three defined domains. For 
continuous variables the Mean Absolute Error (MAE) is calculated:    

For the precipitation the Fraction Skill Score (FSS) is calculated according to

Where at the nominator is the Fraction Brier Score (FBS) and the denominator represents the worst case scenario of 
no overlapping between forecast and observations.  is the proportion of grid boxes that have forecast events and  is the 
proportion of grid boxes that have observed events.  The score ranges between 0 and 1, with 0 representing no overlap 
and 1complete overlap between forecast and observed events. 
The Skill Score (SS) is then calculated as: 

The reference is the control experiment, without assimilation. The performance of the other two experiments is evalu-
ated against the control. For example, if the selected score is MAE then a perfect forecast would have 0 MAE.  
After the skill score calculations, the percentage difference of experiment 1 in comparison to experiment 2 is com-
puted:

Where: FSSexp.1 , FSSexp.2  represent the average Fraction Skill Score for experiment 1 and 2 respectively for each ini-
tialization time and domain. Positive percentages, in this case, indicate superior forecast performance in experiment 
1, where the IMERG data were also assimilated, whilst negative percentages reveal the exact opposite, meaning better 
forecast performance without the IMERG assimilation.

3 Results
The hourly forecasts from the three experiments are evaluated against the ERA5-Land reanalysis data and then the 
skill score is calculated-using as reference the experiment 3. The MAE skill score of the 2m temperature, 2m rela-
tive humidity and 10m wind speed has an upper bound equal to 1 with negative values implying worse performance 
than the reference and positive, better performance. Values close to 0 imply small improvement. The skill score of the 
hourly precipitation accumulation is shown in terms of FSS. The FSS was calculated with a >0 mm threshold and 1x1 
gridpoint area.
The FSS skill score of the hourly precipitation accumulation is calculated for each of the three domains with initializa-
tions at 00UTC and 12UTC for 17 to 19-09-2020.
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The results showed that domains 02 and 03 benefit significantly from the inclusion of IMERG data in the assimilation 
process, considering that the positive values of the skill score in experiment 1 increase in number and maximum values 
in comparison to experiment 2.
In addition, according to the Integrated Multi-satellitE Retrievals for GPM (IMERG) data, the most intense precipita-
tion events during the medicane examined in this paper, took place on the 17th of September 2020 (Fig.8, not shown 
here).
Therefore, in order to quantify the impact of the IMERG inclusion in the assimilation, the percentage difference of 
the average FSS skill score from experiment 1 (with IMERG) and experiment 2 (no IMERG) is calculated for both 
initializations times (00 and 12 UTC) and each of the three domains (Table 1, Table 2, not shown here). The average 
percentage difference (+13% for 00 UTC, +865% for 12 UTC) revealed that the inclusion of the IMERG dataset in the 
assimilation boosted the performance of the precipitation forecasts for this specific meteorological event, especially 
those initiated at 12 UTC.  Moreover, the maximum improvement by the IMERG inclusion is accomplished for d03 
during the day of the most catastrophic rainfall, showing an improvement of  +52% for 17/9 at 00 UTC and  +9150% 
for 17/9 at 12 UTC. 
Similarly, the skill score of 2m temperature in terms of MAE is calculated for the same three domains, initialization 
hours and three-day period. The difference percentages for 2m temperature in terms of MAE skill score are presented 
in Table 3 and Table 4 (not shown here). What is noteworthy for the aforementioned variable is that the inclusion of 
IMERG data in the assimilation had a positive impact only in d03, whereas in d01 and d02, instead of improvement 
there was a consistent degradation of the forecast performance for both of the 00 and 12 UTC cycle. The average per-
centage difference (-180% for 00 UTC, -25% for 12UTC) confirms the negative impact of the IMERG dataset, while 
highlighting that forecasts in experiment 1 initiated at 12 UTC still performed better compared to those initiated at 00 
UTC. 
The skill score of wind speed at 10m in terms of MAE is calculated for the same three domains, initialization hours and 
three-day period. Notably, in this case, the IMERG inclusion in the model set-up, despite delivering some improve-
ment mainly for d03 at the 00 UTC cycle,  impacted  negatively the overall forecast performance for each initialization 
at 12 UTC. This becomes rather conspicuous when examining the average percentage difference as well: +2.6% and 
-62% for the 00 UTC and 12 UTC cycle respectively.  
Lastly, the skill score of relative humidity at 2m in terms of MAE is then calculated for the same three domains, ini-
tialization hours and three-day period. 
The IMERG inclusion concerning the relative humidity forecasts almost exclusively harmed their accuracy, as is evi-
dent from the negative range value of the percentage difference. Instead, the assimilation only of conventional data 
provided more robust results.
The fact that for this case study, the rainfall assimilation boosted the precipitation forecast but did not provide satisfac-
tory results for the other examined variables could be possibly traced back to the way the assimilation of these data 
affects, through the tangent linear model, the rest of the control variables. It can be that through the simplified physics 
packages in the 4d-var assimilation, the outer domain does improve the precipitation fields but does not the same for 
the rest of the variables.  Then going to the forecast part, through the provided relaxation time of six hours per child 
domain, the model physics has time to stabilize and provide more coherent results.     

4 Conclusions
A coupled system of data assimilation and weather forecasting system has been set-up and tested for intense precipi-
tation. Satellite precipitation and conventional observations are assimilated. In order to examine the impact of the 
assimilated observations on the forecast improvement, three experiments are conducted. The control experiment that 
includes no assimilation is tested against experiments with both satellite and conventional data and only conventional 
data. The case study examined is Ianos medicane that hit Greece and caused severe floodings. The skill scores for two 
meter temperature, precipitation, wind and relative humidity are calculated on hourly basis and the performance of 
the set-up is evaluated. The skill scores of precipitation showed that the inclusion of IMERG data can benefit the rain 
forecasts, especially for the finest resolution domain. Although these findings are promising for precipitation, the other 
examined variables did not benefit as much from the inclusion of the IMERG data, probably related to the assimilation 
of rainfall and the relationship to the control variables of the simplified physics package. An evaluation of the set-up 
on more cases of intense precipitation would make clearer how the assimilated atmospheric variables are affecting the 
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forecasting skill of the weather prediction model. 
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Abstract:   In this work, the effects of aerosols, clouds and tropospheric NO2 on surface solar radiation (SSR) are stud-
ied over urban and rural areas in Greece by performing simulations with the Santa Barbara DISORT Atmospheric Ra-
diative Transfer (SBDART) model for the period 2005-2019. Ground-based and satellite observations are used as input. 
More specifically, aerosol optical properties are taken from Moderate Resolution Imaging Spectroradiometer (MODIS) 
aboard the EOS Aqua satellite, the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) sensor aboard the 
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite and the MACv2 climatology, 
cloud optical properties are taken from MODIS/Aqua, O3 and NO2 vertical column data from the Ozone Monitoring 
Instrument (OMI) aboard the EOS Aura satellite and surface albedo data from the CLARA-A2 satellite product. The cal-
culated SSR values are compared against satellite-based observations from the Satellite Application Facility on Climate 
Monitoring (CM SAF) and measurements from ground stations. In order to assess the radiative effect of each parameter 
on SSR, simulations with and without the presence of aerosols, clouds and tropospheric NO2 are performed discussing 
the observed differences between rural and urban areas.

1 Introduction
Surface solar radiation (SSR) affects many climatic elements including the evapotranspiration, the hydrological cycle, 
the photosynthesis and plant productivity, the atmospheric and oceanic circulation, the global energy budget, etc. (e.g. 
Wild et al. 2008, Mercado et al. 2009). The importance of solar radiation led to the monitoring of SSR levels since the 
first decades of the 20th century, the first station being established in 1923 in Sweden. Today, SSR measurements are 
available via global ground-based radiation networks (e.g. GEBA, BSRN). Obviously, these networks cannot measure 
SSR consistently at every single spot on Earth, a gap filled by satellite measurements during the last four decades (since 
the early 1980s). Various satellite missions played a vital role in improving our knowledge on the Earth energy balance. 
Down and up-welling solar radiation at the top of the atmosphere (TOA) is measured directly by satellite sensors while 
the surface solar radiation fluxes are estimated indirectly with the synergistic use of radiative transfer models, empirical 
models or machine learning techniques with satellite and ground-based measurements of various physical parameters. 
Some of the most popular SSR satellite products (e.g. CM SAF) are derived taking into account aerosol climatologies 
rather than measurements and hence they cannot capture accurately the temporal variability induced by interannual or 
abrupt changes in atmospheric aerosol loading. This could be crucial for regions like the Eastern Mediterranean which is 
at the crossroads of different transport pathways that bring air masses from Europe, Africa and Asia leading to significant 
aerosol variability (Lelieveld et al. 2002).
SSR in the area depends on a number of parameters, the most important being clouds, aerosols, and water vapor (Alex-
andri et al. 2017). This study was based on climatological data showing that clouds are responsible for a decrease of the 
solar radiation of ~63 W/m2 on an annual basis, with aerosols (~18 W/m2) and water vapor (~9 W/m2) following. SSR 
might also be affected by ozone (O3) levels and some trace gases (e.g. nitrogen dioxide - NO2) depending on the season 
and the local human activities. Specifically, for the effect of NO2 on SSR to our knowledge there are only a couple of 
studies which suggest that this gas may potentially play a significant role in local radiative forcing under certain condi-
tions and over heavily polluted areas (Solomon et al. 1999, Vasilkov et al. 2009). 
Here, we study for the first time the radiative effect of aerosols and tropospheric NO2, two basic air quality indexes, and 
clouds together. This research is implemented within the project “Long-term variability of solar radiation in Greece: 
effect of air quality and clouds” and focuses on Greece for the period 2005-2019. Within the project, a system that incor-
porates satellite-based observations, climatological data and a radiative transfer model has been developed. The system 
allows for calculating the radiative effect of aerosols, clouds and tropospheric NO2. In this paper, we show selected re-
sults for two areas in Greece, Thessaloniki, a typical coastal city in the heart of Eastern Mediterranean (urban area) and 
a rural area close to Herakleion, Crete (at the premises of Hellenic Center for Marine Re-search).      
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2 Data and Methodology

2.1 Data
A core product of this research is the MODIS/Aqua Collection 6.1 Level-2 aerosol and cloud product (MYDATML2). 
For aerosols, the merged “Dark Target” and “Deep Blue” algorithm aerosol optical depth (AOD550) dataset is used while 
for clouds, the cloud fraction (CF), cloud optical thickness (COT), cloud effective radius (CER), cloud top pressure 
(CTP), cloud phase (CP; liquid, ice, undetermined), and precipitable water (PW; near-infrared algorithm) datasets are 
used. Apart from AOD550, the other optical properties are taken from the MACv2 aerosol climatology, namely single 
scattering albedo (SSA), asymmetry factor (ASY) and AOD at eight different wavelengths (350, 450, 550, 650, 1000, 
1600, 2200 and 3000 nm). To account for the vertical variability of aerosols with the atmosphere, aerosol extinction 
coefficient profiles at 532 nm from the CALIOP/CALIPSO monthly Level-3 product are used. From OMI/AURA we 
take O3 total column data (Level-3, OMTO3d) as well as tropospheric and stratospheric NO2 data (Level-2, QA4-ECV). 
Broadband surface albedo (SAL) data are taken from the CLARA-A2 satellite product which is based on measurements 
from the AVHRR sensors onboard polar orbiting NOAA and METOP satellites while surface topography is from the 
Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010) elevation model. Finally, SSR data from the CM 
SAF SARAH-2 satellite dataset and ground stations were used for validation purposes.

2.2 Methodology
For the scope of this research an updated version of the SBDART radiative transfer model has been developed (hereaf-
ter denoted as SBDART-NO2). More specifically, NO2 absorption cross-sections from Burrows et al. (2008) have been 
incorporated in the model so that absorption of solar radiation by NO2 at the 231-794 nm spectral range is taken into ac-
count. SBDART has been used in aerosol and cloud studies in the past and hence a more detailed representation of NO2 
absorption in the spectral region where the gas primarily absorbs was missing. On top of that, we have also modified the 
original code so that it accepts tropospheric (0-10 km) and stratospheric (10-100 km) NO2 column data. The NO2 column 
input data modify the SBDART predefined profiles based on US standard atmosphere pressure data.
An IDL automated programming tool was developed that “feeds” the SBDART radiative transfer model with vari-
ous monthly gridded datasets at a uniform spatial resolution (here 0.125o x 0.125o ~ 12.5 km) and executes the model, 
assuming a monthly mean daily solar zenith angle (SZA) and daytime duration based on geometrical calculations. 
SBDART-NO2 is executed 3 times per month, one assuming clear skies, one assuming skies covered by liquid clouds 
and one assuming skies covered by ice clouds. To account for the relative contribution of each of the three runs to each 
grid cell’s monthly SSR value the system weights with the liquid and ice cloud fraction and the clear sky part of each 
grid cell.
As mentioned above the data used here were gridded at a common 0.125o x 0.125o spatial resolution. This was selected 
as a good compromise between the pixel resolution of the different core products used here, namely the MODIS aerosol 
dataset (10 km at nadir), the cloud datasets (5 km at nadir) and the OMI/AURA NO2 data (13 km x 24 km at nadir). A 
common gridding methodology was followed for those 3 products on a daily basis. Each observation was weighted by 
its fractional area (%) within the grid cell when averaging on a daily basis. Finally, the data were averaged on a monthly 
basis. For all the other products a bilinear interpolation has been used and climatological monthly means were calcu-
lated.
Our system is used here for the grid cells covering two areas in Greece an urban (Thessaloniki) and a rural one (Her-
akleion). Our SSR calculations are compared against satellite-based observations from the CM SAF and pyranometric 
measurements from the stations located in the two areas. The radiative effect of aerosols (direct), clouds and tropo-
spheric NO2 (direct) on SSR is shown along with the radiative efficiency of aerosols and tropospheric NO2. The radiative 
effect of each component is equal to the difference between two simulations, one with and one without this component.      

3 Results
Our SSR monthly data were compared against ground-based pyranometric observations from the stations of Thessa-
loniki and Herakleion for the period 2005-2013. Overall, there is a good agreement between our SBDART simulated 
data and the ground data with a correlation coefficient R of 1 and a normalized mean bias (NMB) of -12% and -8%, 
respectively. We performed various tests, including changes in the aerosol profile, using ground-based ASY, SSA and 
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Ångström exponent measurements from the AERONET, using climatological values for O3 and water vapor, etc. The 
observed underestimation persisted, leading us to the conclusion that it could possibly be related to the cloud retrievals 
from MODIS/Aqua and the fact that these data, which are retrieved at noon, are assumed to be representative for the 
whole day. 
Our results for Thessaloniki are very close to the values (bias of ~10%) given for the same station in the electronic sup-
plement of Papadimas et al. (2012) where a similar approach with the one we use was followed. The comparison with 
CM SAF SARAH-2 returns similar results with an R of 1 and a NMB of -13% and -9%, respectively.
The radiative effect of aerosols (ARE) on annual basis is estimated at ~-12 W/m2 over Thessaloniki and ~-13 W/m2 over 
Herakleion while in both cases the radiative effect of tropospheric NO2 is negligible, 0.11 and 0.05 W/m2 respectively. 
The radiative effect of liquid and ice clouds is estimated at ~-39 and ~-24 W/m2 over Thessaloniki and ~-36 and ~-17 
W/m2 over Herakleion in line with Alexandri et al. (2017). These results are shown in Figure 2. We see that despite that 
Herakleion is a rural station ARE is comparable to that over Thessaloniki as it accepts pollution from the North and the 
local sources but most importantly it is heavily affected by episodic Sahara dust events. ARE values calculated here 
are comparable to the average values calculated for the whole Mediterranean Basin (-16.5 W/m2) by Papadimas et al. 
(2012). 
The radiative efficiency of aerosols (AReff) and tropospheric NO2 (NO2Reff) is shown in Figure 3. Over Thessaloniki 
AReff is estimated at -92 W/m2 per unit AOD while over Herakleion at -62 W/m2 per unit AOD. The corresponding 
values for NO2Reff are -0.0049 W/m2 and -0.0879 W/m2 per 1 x 1015 molecules/cm2.

Fig. 1. Evaluation of our simulations against ground-based measurements for the period 2005-2013 for Thessaloniki 
(upper left panel) and Herakleion (upper right panel). The lower panels show a comparison against data from the CM 
SAF SARAH-2 satellite dataset.  
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Fig. 2. Radiative effect of aerosols, tropospheric NO2, and liquid and ice clouds over Thessaloniki and Herakleion on an 
annual basis for the period 2005-2019. 

Fig. 3. Radiative efficiency of aerosols over Thessaloniki and Herakleion on an annual basis for the period 2005-2019 
(upper panel). The same for tropospheric NO2 is shown in the lower panel.

4 Conclusions
Here we show for the first time the radiative effect of aerosols and tropospheric NO2, two basic air quality indexes, and 
clouds together over two areas in Greece, Thessaloniki (urban) and Herakleion (rural). For the scope of this research 
a system based on a modified version of the well known SBDART radiative transfer model that accounts for NO2 ab-
sorption in the UV/VIS was developed. Our SSR simulations show a good agreement with ground and satellite-based 
observations. ARE is estimated at ~-12 W/m2 over Thessaloniki and ~-13 W/m2 over Herakleion with the radiative effect 
of tropospheric NO2 being negligible. The radiative effect of liquid and ice clouds is estimated at ~-39 and ~-24 W/m2 
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over Thessaloniki and ~-36 and ~-17 W/m2 over Herakleion. Over Thessaloniki and Herakleion, AReff is estimated at 
-92 W/m2 and -62 W/m2 per unit AOD, respectively, while NO2Reff is very low. Concluding, it is shown that clouds and 
aerosols are driving the radiative balance in the area while NO2 has a negligible effect.
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Abstract: This study investigate the stable isotopes (d18O and d2H) in the precipitation (rain, hail, snow) of Patras 
which is located in western Greece. The choice of this city was based on previous similar research in various areas of 
Greece, including Patras. The stable isotopes of Oxygen and Hydrogen are one of the cornerstone of meteorological, 
climatic and hydrological research during recent years. However, despite the significant hydrological studies in our 
country, there are only a few surveys on isotopes in rainfall. All existing data (d18O, d2H, Precipitation, Air Temperature 
and Vapour pressure of water, per month) recorded at the Patras weather station from October 15, 2000 to December 
15, 2016 are presented in this study.  Through their editing, the effect of the various parameters are investigated, such as 
the temperature, the height and the speed of the precipitation, the seasonality and the combination of continentality and 
topography. Results showed that the lower the air temperature, the more the precipitation decreases, while the higher the 
air temperature, the higher it occurs, as well as the values of δ18Ο and δ2H that are directly affected by these factors.

1. Introduction
The isotopic composition (δ18O and δ2H) of the precipitation has proven to be particularly important and useful in applications 
related to meteorology, climatology and hydrology. Isotopic hydrology is able to provide such information as the spatial and 
temporal variation of the isotopic composition of precipitation is caused by isotopic fragmentation during evaporation of sea 
water and condensation of water vapor during transport generated by atmospheric circulation systems (Dansgaard, 1964). 
Constant isotopes can be used to investigate precipitation conditions, as well as their impacts on water resources, in rela-
tion to observed and expected climate changes.
 
The isotopic composition of hydrogen and oxygen in water is expressed in units of δ2H and δ18O, respectively. During 
precipitation, these quantities generally follow the so-called meteorological equation: d2H = 8d18O + d ‰, where d called 
“deuterium surplus” (Dansgaard, 1964). It’s a parameter depends on location. The meteoric line for the eastern Mediterra-
nean is estimated to be on average d2H = 8d18O + 20 ‰ (IAEA, 2001; Bowen and Revenaugh, 2003; Aouad et al., 2004). 
The Mediterranean basin area is sensitive to climatic conditions (IPCC, 2001). Therefore, it is important to be able to predict 
the availability of water resources under both current and future climatic conditions. In general, atmospheric circulation 
models are able to simulate synoptic circulation of systems and through them predict temperature and rainfall. However, 
these require extensive verification. This can be achieved using the stable isotope composition of sedimentation, which is 
a very useful tracer for atmospheric moisture transfer (Hoffmann et al., 2000; Yoshimura et al., 2004). The precipitations in 
Greece are generated by atmospheric masses coming from either the Atlantic Ocean or the Mediterranean Sea. Therefore, 
it is expected that the isotopic signature of sedimentation will vary significantly depending on the origin of the water vapor. 
The International Atomic Energy Agency (IAEA) has funded a three-year program with the aim, in-
ter alia, of establishing a common isotonic rainfall database with data around the Mediterranean basin. 
This dissertation examines the data collected and studied during this systematic period, together with data ob-
tained thereafter up to 2016 for the Patras region, representing Western Greece. The spatial and temporal varia-
tions of the constant isotopes of oxygen and hydrogen in the precipitation of this region are investigated in order 
to provide basic information and identify locally important parameters affecting the stable isotope distributions. 
Precipitation in an area is significantly influenced by its altitude and relative location on the prevailing weather systems. 
In mainland Greece most of the barometric systems arrive from the west, pumping water from the overland seas. In 
this way, the largest amounts of precipitation in Greece are concentrated primarily in the western parts of this country 
(including the city of Patras), due to the Pindos mountain range favoring precipitations, mainly in the windward areas of 
the western horizon and to a lesser extent in the islands of the Eastern Aegean due to the significant evaporation of water 
vapor from the warm Aegean Sea and the feedback of the systems.
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2. Data
The study area is the city of Patras. The data relates to a station located in Patras and collected from the ISOHIS-GNIP 
database.
In the table below, you can see the average data collected to complete this survey.
These data refer to δ18O (‰), δ2H (‰), monthly precipitation (mm) and mean air temperature (°C) from October 15, 
2000 to December 15, 2016.

 

Table 1.  “Average data for each month from 2000 to 2016”
3. Results
In this thesis, a great deal of knowledge of a programming language was required to analyze data (δ18O, δ2H, precipita-
tion) and to create corresponding charts that would reflect the research results. The programming language of the survey 
is none other than «Python».

3.1 “Precipitation isotopic composition (δ18O, δ2H) – LMWLs”

Monthly δ18O values ranged between + 2.62 ‰ and -13.51 ‰, while δ2H values ranged between + 23.45 ‰ and -100.7 
‰ and it was anticipated due to the latitude of Patras. The three most enriched δ18O cases (+ 0.14 ‰, + 1.08 ‰, + 2.62 
‰), seen in Figure 1, correspond to a light summer with intense evaporation of raindrops below cloud surface air tem-
peratures around 21°C and above.
Figure 1 illustrates the best fit line (simple linear regression – calculated by the least squares method), that is, the local 
meteoric water line (LMWL), with a positive linear correlation defined by the equation: 
y = a • x + b 
where
a is the slope of the line (a = 6.973838 ± 0.158).
b is the constant ordinate (b = 6,174627 ± 0,856).
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Comparing the above results with those of Argyriou and Lykoudis in 2005, who presented data for the period 10/2000 - 
09/2003 for a range of areas including Patras, it is found that most of the Patras data are below the local meteorological 
line (LMWL). This practically means that during this time period there is a climate warming with increased evaporation 
and less humid climatic conditions. In particular, it appears that the amount of rainfall has increased, especially dur-
ing the summer months, which is confirmed by the database, while from 2004 onwards values appear to be returning 
to normal levels. According to the present study, such an increase appears to occur again in the years 2014-2015 with 
an increase in rainfall mainly in the summer months. In addition, the Patras station located in western Greece has low 
Deuterium values   probably because it receives relatively larger amounts of precipitation from the Atlantic or Western 
Mediterranean barometric systems.

3.2 “Correlation of isotopic composition with air temperature and seasonality”

The variation in the constant isotopes shows a pattern similar to surface air temperature. In particular, it seems that stable 
isotopes have a peak towards the end of summer, as does the temperature of the air, and a minimum at the end of the 
winter season. In the spring and fall, isotopic fractions increase sharply. Therefore, a seasonal distribution of the stable 
isotopes of 18O and 2H is seen. 
In addition, one conclusion drawn from the above is that the lower the air temperature, the lower the precipitation, while 
the higher the air temperature, the higher the precipitation and consequently the values of δ18O and δ2H in precipitation 
directly affected by these factors. The above observed behavior is as expected, because it relates to medium latitude sta-
tions with a large temperature range, especially in the transitional seasons (spring, autumn).
According to the description of the mechanism of changes of the isotopic composition of the hydrogels from the be-
ginning of their formation until the time they leave the cloud over a continental area, a good correlation between the 
temperature of the cloud and the isotopic composition of the precipitation is expected (Rindsberger et al., 1983). This 
correlation was even better when the rainfall was grouped according to their cause. However, the effort made to use 
cloud peak temperatures, estimated from Meteosat satellite images rather than radiolabels, has not yielded satisfactory 
results (Argyriou et al., 2002; Argiriou & Lykoudis, 2005).
In addition to the influence of temperature (air and clouds), the height of the precipitation and its intensity (thunder-
storms) appear to be equally important factors in determining the seasonal variation of the isotopic composition of the 
precipitation.

3.3 “Effect of precipitation on monthly isotope composition”



338 | Atmospheric Physics

Focusing on Figure 3, it is obvious that up to about 130 - 150mm of rain there is a steady depletion of δ18O values as the 
precipitation increases monthly, but the correlations are not particularly significant. Thus, looking at the correlation at 
the seasonal level, the following are observed:
a. During the winter season the coefficient of depletion with increasing precipitation is small, up to -0.2‰ per 100 mm 
for δ18O.
b. During the summer the coefficient is much higher, up to -2.5 ‰ per 100 mm of precipitation for δ18O.The slope of 
the straight line indicates the existence of differences in the mechanisms responsible for the formation of precipitations 
in the Patras area.
Rainfall during the winter mainly comes from the barometric lows that have been created either in the Atlantic or the 
Mediterranean Sea and give considerable amounts of precipitation to the area due to its geographical location (west of 
the Pindos Mountains), while the rainfall that they are marked during the summer season are reduced and mainly come 
from some thermal instability that will give a very fast but short duration snow.

4. Discussion & Conclusion
The area of   Patras, essentially represents Western Greece, where it is located. Most of the data was obtained from the 
ISOHIS / GNIP database and relates to dates from 2000 to 2016. From the research done with the help of the program-
ming language ‘Python’ which used the data to create the charts, it was found that the δ18O values   for precipitation range 
between + 2.62 ‰ and -13.51 ‰ and δ2H from + 23.45 ‰ to -100.7 ‰ and consistent with the expected values for   
the latitude where Patras is located. In addition, both seasonality and the combination of continental and sea contribute 
significantly to the isotopic composition of precipitation in the region. Unlike the eastern mainland where the Pindos 
mountain range acts as a brake on frontal systems, Patras stands lucky with an average annual rainfall of 662.7mm.  
Given the relative uncertainties, LMWL for its annual rainfall Patras isotopic results seems to be no different from GMWL 
in terms of slope, whereas they differ in terms of the constant term which indicates the existence of situations in which at-
mospheric circulation transports water vapor from different sources. The LMWL slope, which is derived from the monthly 
data for Patras station, ranges between 6.8 and 7.1, while for Greece (7.37 ± 0.11), in agreement with corresponding values   
for Turkey (Dirican et al., 2005), indicating the effect of kinetic fractionation either on the evaporation of water vapor or 
due to the strong evaporation of hydrogels between clouds and soil, mainly during the summer months, or in the event of 
heavy rain. In addition, the variation of the stable isotopes is directly correlated with the surface air temperature. In par-
ticular, it appears that stable isotopes have a maximum in summer, such as air temperature, and a minimum in winter with 
intermittent changes (fluctuations). Therefore, a seasonal distribution of the stable isotopes of 18C and 2H is distinguished. 
The conclusion therefore drawn is that the lower the air temperature, the lower the precipitation, while the higher the air tem-
perature, the higher the precipitation, and consequently the δ18Ο and δ2H values   were directly affected from these factors. 
Evaporation of precipitation below the cloud appears to play an important role in shaping the δ18Ο and δ2H isoto-
pic composition in the Patras area. Controlling the coefficients (slope) of MWLs is able to indicate the occur-
rence of a phenomenon in a group of precipitation episodes. Rainfall samples in which the drops have evapo-
rated during transport from the cloud to the ground have a smaller slope than the non-evaporating droplets. 
Therefore, it appears that the rain evaporates until the air through which it moves is saturated with water vapor. 
Finally, the mixing of air mass of different nature that shapes the distribution of heavy stable isotopes over light is also 
important.
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Abstract: Although Ioannina is a medium size provincial Greek city, since the onset of the recession it faces frequent 
occurrences of smog in winter, with high PM concentrations, due to the shift of fuel use towards biomass burning for 
domestic heating. The problem is exacerbated by the prevailing winter low temperature and calm conditions in the lake 
basin surrounded by quite high mountains. 
The existing instrumentation located at a downtown station, namely a reference-grade Optical Particle Counter, is insuf-
ficient for monitoring and characterizing the fine biomass burning aerosols in the city. In order to gain a better knowl-
edge of the PM2.5 regime and its spatiotemporal characteristics, also providing an insight into the particle chemical 
composition, a synergy of instrumentation (reference and low-cost PM monitors, high volume sampling on quartz filters, 
aethalometer), in the frame of the PANACEA project, was deployed in the city and operated for a two-month period, 
from 10/12/2019 to 07/02/2020. In addition, for the first time, information about the vertical profiles of particulate mat-
ter and tropospheric NO2 and HCHO vertical column densities over the basin was obtained by the AUTH MAX-DOAS 
and NTUA aerosol depolarization lidar systems operating from 12/01/2020 to 07/02/2020. An overview of the winter 
campaign measurements is provided in this study.  

1 Introduction
Atmospheric air pollution causes serious premature death and diseases, accounting for an estimated 4.2 million deaths 
per year and being the single largest environmental health risk in Europe (EEA 2020, WHO 2016). Air pollution, in 
particular PM2.5, is a leading cause of cancer (IARC 2016) driving the most significant health problems and premature 
mortality (EEA 2020). In spite of an estimated improvement of air quality in Europe and an average reduction of 22 % 
in annual mean concentrations of PM2.5 between 2009 and 2018, the European Environmental Agency (EEA) estimates 
that, in 2018, approximately 379,000 premature deaths were attributable to PM2.5 in the 27 EU Member States and the 
United Kingdom, while the Eastern and South-eastern Europe countries are characterized by higher levels of PM2.5 and 
numbers of premature deaths attributed to air pollution. Especially in Greece, an average number of 50-150 premature 
deaths per 100,000 inhabitants is reported, with the highest numbers being for northern Greece (EEA 2020). The high 
and dangerous PM2.5 levels are related to the financial recession in Greece, since 2010, which led to a shift in the fuel 
used for domestic heating in the cold months of the year, as many people burn the less expensive wood/biomass (Theo-
dosi, 2018). It has been documented that the financial crisis was accompanied by a doubling of the price of conventional 
fuel used for residential heating, a reduction of household income, and an extensive use of biomass (primarily wood and 
also other types, e.g., pellets) for residential heating, which led to elevated concentrations of PM levels not only in the 
two largest Greek cities, i.e. Athens and Thessaloniki, but also in smaller Greek cities. Indeed, in Ioannina, a medium-
sized city (120,000 inhabitants) in NW Greece, during cold winter days and under unfavorable meteorological and phys-
ico-geographical conditions the measured PM10 and PM2.5 levels exceed the European Union’s standards and guidelines 
(Sindosi et al. 2021). Ioannina, which is a hot-spot location in Greece with regards to the smog phenomenon in winter, 
has been selected as the focus city (among 6 urban centers across Greece, namely Athens, Thessaloniki, Patra, Ioannina, 
Xanthi, Volos, and the regional background location/station, i.e. Finokalia-Crete, Fig. 1) of the winter campaign of the 
PANhellenic infrastructure for Atmospheric Composition and climatE chAnge (PANACEA). During this campaign, a 
synergy of instrumentation made available by PANACEA (reference and low-cost PM monitors, high volume sampling 
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on quartz filters, aethalometer, MAX-DOAS and aerosol depolarization lidar), was deployed in the city (Fig. 1) and op-
erated for a two-month period, from 10/12/2019 to 07/02/2020, in order to gain a better knowledge of the PM2.5 regime 
and its spatiotemporal characteristics.

Fig. 1. The six urban centers across continental Greece, and the regional background location/station in Crete (left), 
and the four measurement sites in the Ioannina city and basin (orange: Vilara-urban, blue: Kiafa-suburban, red: Anatoli-
background, yellow: University of Ioannina-background) where the operating instruments have been deployed during 
the winter PANACEA campaign (10/12/2019-07/02/2020).

The present study provides an overview of the PANACEA winter campaign, emphasizing the PM2.5, black carbon (BC), 
NO2 and O4 measurements.
2 Instrumentation and Data
The deployed instrumentation in the Ioannina city (Fig. 1) that operated during the period 10/12/2019-07/02/2020, i.e. 
the winter PANACEA campaign, consisted of (i) two permanent environmental stations, installed at the suburban Kiafa 
site and the downtown Vilara street location, (ii) three PANACEA low-cost PM monitors (Purple-air samplers), and 
(iii) the PANACEA instrumentation, namely a reference PM monitor, a high volume sampling on quartz filters, and an 
aethalometer from the National Observatory of Athens (NOA), a MAX-DOAS instrument from the Aristotle University 
of Thessaloniki (AUTH) and an aerosol depolarization lidar system at 532 nm from the National Technical University 
of Athens (NTUA). 
The instruments were installed at four (4) locations (colored circles in Fig. 1), distributed within the Ioannina basin in 
a way to ensure the best possible spatial coverage of the basin and conditions for their operation, e.g. open view for the 
MAX-DOAS and lidar systems. The deployed operating instruments in four sites of the Ioannina city during the winter 
PANACEA campaign are given in Table 1.

Table 1. Measurements sites (cf. Fig. 1) and operating instruments in the Ioannina basin during the PANACEA winter 
campaign from 10/12/2019 to 07/02/2020.
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3 Results
A brief overview of the obtained results during the winter PANACEA campaign in Ioannina (10/12/2019-07/02/2020) 
is given in this section. Specifically, indicative results from selected measurements are presented, aiming to provide 
information about the temporal and spatial variability of PM2.5 in the city. More specific and detailed results focusing on 
various particulate and gaseous pollutants are given in other PANACEA related works.
Fig. 2a displays the month-to-month and hourly variation of PM2.5 concentration at the background Anatoli location 
recorded by the Purple-Air sensor. A very strong increase is observed, from about 13.6 μg/m3 in July to 91.9 μg/m3 in 
January (summer to winter ratio equal to 6.8). This gradual increase, which leads to values larger than 50 μg/m3 in De-
cember 2019 and January 2020 is attributed to increased emissions from biomass burning used for residential heating, 
which overlaps with the cold period of the year in Ioannina. These values are slightly larger than the corresponding ones 
(11.5 and 78.8 μg/m3) recorded by the downtown Vilara environmental station of the Epirus Region (Michaelidis 2020). 
However, the January value (91.9 μg/m3) is by far larger than the maximum January PM2.5 concentration (32.0 μg/m3) 
recorded at the Kiafa environmental station of the Epirus Region during the period 2008-2011 (Sindosi et al. 2019). This 
clearly shows the effect of the financial crisis that led to a shift in use of biomass burning for household heating from 
other conventional materials (e.g. heating oil). The daily cycle of PM2.5 (Fig. 2b) reveals a distinct night maximum in 
the cold months, reaching values up to about 70, 90 and 140 μg/m3 from 8 p.m. to midnight, for November, December, 
and January, respectively. A secondary maximum is also observed in the morning, around 8-9 a.m., in December and 
January, which is attributed either to the traffic or to the morning emissions from residential heating (biomass burning).
The time-series of minute-level PM2.5 concentrations recorded at the background Anatoli and the Vilara street urban lo-
cations in Ioannina (Fig. 3a) during the PANACEA winter campaign period reveal a significant covariation (coefficient 
of determination r2=0.66). This indicates that the PM2.5 concentrations in Ioannina during winter may exhibit spatially 
homogeneous characteristics, which can be explained by the relatively limited geographical coverage of the city and 
basin, which are surrounded by mountains (Fig. 1). The values are very high, systematically exceeding 100 μg/m3, and 
often become extremely high, between 200 and 300 μg/m3. Yet, the concentration of fine aerosols at the background 
location is larger than the one at the urban site (Fig. 3b). This can be explained by the fact that biomass burning is less 
intense in downtown, where old apartment buildings do not have fireplaces or stoves, as do detached houses mainly 
found in background and sub-urban locations.

Fig. 2. Month-to-month (left) and hourly (right) variation of PM2.5 concentrations (in μg/m3) measured by the low-cost 
(Purple-Air) sensor located at the Anatoli background site (red circle in Fig. 1). The hourly variation is given per month 
for the summer and winter periods.

Fig. 3. Day-to-day variation (left) and scatterplot comparison (right) of the hourly values of PM2.5 (in μg/m3) measured 
by the low-cost (Purple-Air) sensors located at the background Anatoli and the urban Vilara sites (red and orange circles, 
respectively, in Fig. 1).
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The hourly variation of black carbon (BC) from biomass/wood burning (BCwb) and fossil fuel (BCff) averaged during 
the winter PANACEA campaign in Ioannina (Fig. 4) corroborates the conclusions drawn before, i.e. that during cold 
winter months, biomass burning is extensive in the night, presenting a distinct peak around 9-10 p.m., while both traf-
fic and biomass burning are responsible for the morning (around 8 a.m.) peak. It is worth noting that in Ioannina, the 
contribution of biomass burning to total BC is very high, ranging from 60% in the early morning up to 95% in the night, 
largely exceeding the corresponding contribution in the other Greek cities of the winter PANACEA campaign, such as 
Athens (Liakakou et al., 2020).
Fig. 5 shows the diurnal variation of NO2 and oxygen collision complex O4 differential Slant Column Densities (dSCDs) 
measured by the MAX-DOAS system at the University of Ioannina on January 19th, 2020. The dSCDs were derived by 
applying the DOAS technique (Platt and Stutz 2008) to the spectra measured at different elevation viewing angles rang-
ing from the horizon to the zenith. The elevation angles are presented in different colors (hotter colors represent lower 
elevation angles) and larger dSCD values are observed at elevation angles close to the horizon, since the light path in-
creases in the trace-gas layer. The jagged pattern that is observed is attributed to the different azimuth viewing directions.

Fig. 4. Hourly variation of: (left) black carbon (BC) from biomass/wood burning (BCwb) and fossil fuel (BCff) com-
bustion (in μg/m3) and (right) percent contribution of BCwb to the total BC. Values are averaged during the winter 
PANACEA campaign in Ioannina.

Fig. 5. Hourly variation of NO2 and O4 based on measurements taken for different elevation angles with the MAX-
DOAS instrument at the University background site in Ioannina on January 19th, 2020.

Fig. 6. Temporal variation of vertically resolved breathable PM1-PM10 as observed with the NTUA depolarization lidar 
system at the Kiafa suburban site in Ioannina on January 19th, 2020.
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In Fig. 6 we present the spatio-temporal evolution of the vertical profile of the range-corrected lidar signal obtained by 
the mobile aerosol depolarization lidar system of NTUA at 532 nm on 19.01.2020 at the Kiafa suburban site. This figure 
shows that high concentrations of the breathable PM1-PM2.5 aerosols are trapped inside a very shallow (~ <500 m thick) 
Planetary Boundary Layer (PBL), with lower concentrations over the top of the PBL (500-1300 m a.g.l.) during day and 
early afternoon hours (13:12-15:36 UTC).

4 Conclusions
This study presents an overview of the PANACEA campaign that took place in Ioannina during the period 10/12/2019-
07/02/2020 is presented. A synergy of various in-situ and remote sensing instruments in the framework of PANACEA 
was deployed and operated at different locations of the basin, an urban, a sub-urban and two background sites. The 
obtained PM2.5 measurements provided evidence and quantified the smog phenomenon, which is characterized by very 
high concentrations and homogeneous distribution in the basin. Very high values, up to 300 μg/m3 are systematically 
recorded either at downtown or at background conditions during the months of December and January, with distinct 
night (9-10 p.m.) maxima reaching 140 μg/m3 on average. The aethalometer measurements confirmed the strong contri-
bution of biomass burning in PM, which is largely attributed (by more than 90% in the night) to wood burning. The lidar 
measurements show very high concentrations of fine aerosols, confined in a very shallow (~ <500 m thick) planetary 
boundary layer during the day and early afternoon.
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Abstract: Large scale forest fires can eject biomass burning aerosols in the upper troposphere/lower stratosphere 
(UTLS) affecting radiation and climate for extended periods after their emission and in great distances. In this study 
we use lidar observations from the PANhellenic GEophysical observatory of Antikythera (PANGEA) of the National 
Observatory of Athens (NOA) to study the optical and microphysical properties of biomass burning particles transported 
in the UTLS from devastating wildfires raging North America in 2019 and 2020. Focus is given in the microphysical 
properties of the particles, since it has been recently noticed that they present an enhanced depolarization capability in 
comparison to advected forest fire plumes in the lower troposphere, with Particle Linear Depolarization Ratio () values 
reaching up to 20% for stratospheric smoke measured at 532 nm.  Using numerical simulations, we show that a simple 
model of compact near-spherical particles is capable to reproduce their measured optical properties and characteristics. 
We further examine whether an extension of the current Aerosol Robotic Network (AERONET) scattering model to 
include the near-spherical shapes could be of benefit to the AERONET retrieval for UTLS smoke cases associated with 
enhanced . 

1 Introduction
Over the last few years, record breaking wildfires have been reported, injecting massive amounts of biomass burning 
particles into the upper troposphere/lower stratosphere (UTLS), with yet unveiled results on the planetary radiative equi-
librium. Biomass burning aerosols, being of particularly complicated structure when initially emitted, tend to alter their 
shape significantly through atmospheric processing. Due to their hydrophilic nature, in the troposphere these particles 
usually rapidly result in small, almost spherical shapes that do not significantly depolarize the incident radiation. On the 
contrary, it has been observed that when particles of the same nature are found at UTLS heights they present strongly 
wavelength dependent Particle Linear Depolarization Ratio (), of the order of 15-20% at 532nm (Burton et al.; 2015; 
Haarig et al., 2018; Hu et al., 2019; Ohneiser et al.; 2020). In order to reproduce lidar measurements of the depolariza-
tion of the backscattered light, many past studies have adopted simpler or more complicated particle shape models of 
smoke, frequently depicted as coated or bare soot fractal aggregates which are associated with excessive light scattering 
computations. For our study we assume a much simpler model of compact near-spherical particles that have been shown 
to be strongly depolarizing (Mishchenko and Hovenier, 1995; Bi et al., 2018).  As study cases we use lidar measure-
ments of UTLS smoke acquired from the PANhellenic GEophysical observatory of Antikythera (PANGEA).

2 Data and Methodology
To retrieve the smoke microphysical properties, appropriate look-up-tables were constructed using the T-matrix code 
(Mishchenko et al., 1998) and assuming spheroids of nearly spherical shape. The size distributions considered were 
mono-modal and lognormal with geometric radii () and standard deviation () values seen in Table 1. The particles were 
also assumed to follow a normal shape distribution with mean axial ratio  and standard deviation . Finally, a wavelength-
indented complex refractive index  was used, with values adopted from previous studies of smoke particle properties 
(i.e. Dubovik et al., 2002). The methodology followed is depicted in Fig. 1, while the range of values used for the size, 
shape and complex refractive index of the particles is presented in Table 1.  

Fig. 1. General scheme of the methodology followed for the construction of look-up-tables with T-matrix code and the 
retrieval of smoke microphysical properties.
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Given the multi-parametric nature of the problem, a single solution is difficult to acquire. Instead, for each case study 
there are several possible solutions which are selected from the pre-calculated T-matrix look-up-tables based on Eq. (1), 
while the final solution is selected based on the minimization of the cost function presented in Eq. (2): 

Here M denotes to the lidar measured values of  and Lidar Ratio ( at 355 and 532nm, S denotes to the corresponding 
simulated values and e denotes to the measurement error. To demonstrate the applicability of the near-spherical shape 
model, we use lidar measurements collected at the PANGEA station (35.86N, 23.31E, 193m a.s.l.). PANGEA is an AC-
TRIS background station, with low aerosol concentrations in the boundary layer (PBL) (typical AODs of 0.05 at 532 
nm). Hence, the station is considered ideal for studies of elevated aerosol plumes (e.g. Saharan dust, advected forest 
fires, volcano plumes).

Table 1. Parameters considered to model the size, shape distribution and composition of near-spherical particles.

3 Results

3.1 UTLS smoke observations from PANGEA
An example of UTLS smoke detected above PANGEA on 26 – 27 October, 2020, is shown in Fig 2 (case study 1; CS1). 
Smoke layers for this period extend from 9 to 14km, approximately 1.5 – 2km above the local tropopause as calculated 
by radiosonde measurements in Athens (~200km from Antikythera) and indicated by the dashed purple line on the plot. 
By analyzing the period 18:30 to 20:00 UTC on 26 October, 2020, we derive the profiles of smoke backscatter (), extinc-
tion () coefficient and . Profiles of  at 355, 532 and 1064nm are overlaid on attenuated backscatter coefficient time-height 
plot in Fig. 2. Similar advected UTLS smoke layers were observed on 14 September 2020 (case study 2; CS2) and on 19-
20 July 2019 (case study 3; CS3) (curtain plots can be found at: http://polly.tropos.de/ along with all available PANGEA 
lidar measurements) with  smoke particles residing in the upper troposphere up to 10km. The non-typical values and the 
pronounced spectral dependence are also observed for these cases. In Fig. 3 we present the layer integrated values of  
and  for the 3 cases along with their associated uncertainties. 
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Fig. 2. Time-height plot of lidar measurements at PANGEA (26/10/2020, 00UTC – 27/10/2020 18UTC). UTLS smoke 
layers are visible in bright orange colors, while triple wavelength  profiles are overlaid on the curtain plot. Tropopause 
height is indicated by the dashed purple line at approximately 12.5km. 

Fig. 3 Mean values and uncertainties of UTLS smoke  (on the left panel) and  (on the right panel). Light blue color de-
notes to the first case study (CS1); pink color denotes to the second case study (CS2) and light green color to the third 
case study (CS3) at PANGEA. 
Following the methodology presented in Fig. 1, approximately 40 possible solutions were found to reproduce the lidar 
measurements within the measurement uncertainty for CS1, CS2 and CS3. The solutions that were found to minimize 
the cost function calculated with Eq. (2) are listed in Table 2 along with the retrieved near-spherical particle characteris-
tics. For CS2 low signal-to-noise ratio at the height of the smoke plume prohibited the computation of  value at 532nm. 
The size and refractive index of the particles in all cases suggests a strong accumulation mode, with sufficiently small  
so as the characteristic enhancement in  does not wash out due to the strong absorption (Bi et al., 2018). Apart from the 
PANGEA case studies, a limited amount of UTLS smoke observations has also been reported in Central Europe, North 
and South America. In Table 2 we demonstrate that the near-spherical shape model can reproduce the measurements in 
all these cases.

Table 2. Retrieved size, shape and refractive index, along with the of  and  measurements of CS1, CS2, CS3 and Burton 
et al. (2015 – B15), Haarig et al. (2018 – H18), Hu et al. (2019 – H19), Ohneiser at al. (2020 – O20). All cases refer to 
Canadian fire smoke, apart from Ohneiser et al. (2020) which refers to Australian bushfire smoke.
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3.2 The possibility to enhance AERONET products
Since the simple near-spherical model can adequately reproduce the optical properties of UTLS smoke as well as their 
spectral dependence, herein we further examine whether this model could be of use as an integration to the current 
AERONET scattering model and thus to be used operationally. The current non-spherical particle model of AERONET 
is optimized for dust with particles modeled as spheroids with axial ratios of 0.33 – 0.7 and 1.44 – 2.99 (Fig. 11 in Dubo-
vik et al., 2006), thus excluding the near-spherical particles. Indicative of the AERONET limitation on reproducing the 
UTLS smoke cases, are the retrievals of the volume size distribution from Lindenberg (link) and Punta Arenas (link) 
sites, associated with fitting residuals for the measurements higher than 5% (i.e. higher than the threshold of a success-
ful AERONET retrieval; Holben et al., 2006). For both these cases, the sun-photometer measurements are affected by 
smoke found in the UTLS as revealed by lidar measurements presented in Haarig et al. (2018) and Ohneiser et al. (2020). 
We demonstrate that on a first-level approximation -assuming only single scattering and not accounting for the mul-
tiple scattering along the atmospheric column- the near-spherical particle phase function () cannot be reproduced by 
the non-spherical AERONET model. Discrepancies between the two models are presented in Fig. 4a, where we use 
the AERONET scattering model to compute for particles of  = 0.25 μm at 440nm for a large suite of  values. A more 
complete comparison is presented in Fig. 4b, showing the mean residual  (Eq. 3) when using the AERONET spheroid 
model for reproducing the  of the near-spherical particles at AERONET wavelengths.  and denote to values calculated 
with the near-spherical and the AERONET non-spherical model respectively, and is the number of values, in terms of 
wavelengths and scattering angles. Minimum  is found to be 9.4% for all AERONET wavelengths (Fig. 4b), meaning 
that such retrievals could possibly be rejected.

In Fig. 4b eight values of  (1.35 – 1.69), seven values of  (0.0 – 0.5) and thirteen values of  (0.15 – 4 μm) were used (Gi-μm) were used (Gi-m) were used (Gi-
alitaki et al., 2020). Despite the fact that this comparison serves as a good indication for the current AERONET scheme 
limitation for UTLS smoke, we should again note that this limit denotes to multiple scattered light, which may mask the 
differences seen in the single-scattering properties in Fig.4.

Fig. 4 Comparison of the optical properties calculated for near-spherical particles with mean axial ratio of  = 1.4 and 
the particles considered in AERONET non-spherical model. Panel (a): the phase function () of near-spherical particles 
with log-normal size distribution with mean geometric radius = 0.25μm, standard deviation =0.4 and complex refractive 
index  = 1.55 + i0.03 (purple line). Blue lines indicate the of the particles with the non-spherical shapes considered in 
the AERONET scattering model, with same size distribution and various refractive indices, as these are indicated in the 
legend. Panel (b): the mean residual error () when using the AERONET non-spherical model for reproducing the of the 
near-spherical particles at 440, 675, 870 and 1020nm. The microphysical properties for the near-spherical particles are 
the ones indicated for panel (a), whereas for the AERONET spheroids they are indicated in the axes of panel (b).

4 Conclusions
The optical properties of transported smoke found in the UTLS above a remote station in Greece, is reproduced using 
T-matrix simulations and assuming near-spherical shapes for smoke. Such results are consistent with previous stud-
ies showing that  values of near-spherical particles can reach up to 100% and that partly coated or even encapsulated 
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smoke aggregates can induce significant light depolarization with strong spectral dependence. We show the possibility 
to enhance AERONET retrievals using the near-spherical particles. Our analysis does not intend to generalize on the 
performance of the AERONET retrieval on tropospheric biomass burning cases, but is rather focused on cases when 
smoke particles are found in the UTLS. To draw any strong conclusions further analysis is imperative by means of a 
numerical inversion of the UTLS smoke measurements and investigation of the corresponding residuals, which is part 
of our future work.

Acknowledgments The research leading to these results was supported through the European Research Council (ERC) 
under the European Community’s Horizon 2020 research and innovation framework programme – ERC grant agreement 
no. 725698 (D-TECT). �his research was supported by data and services obtained from the PANhellenic Geophysi-�his research was supported by data and services obtained from the PANhellenic Geophysi-his research was supported by data and services obtained from the PANhellenic Geophysi-
cal Observatory of Antikythera (PANGEA) of the National Observatory of Athens (NOA), Greece and by the project 
“PANhellenic infrastructure for Atmospheric Composition and climatE chAnge” (MIS 5021516), which is implemented 
under the action “Reinforcement of the Research and Innovation Infrastructure”, funded by the operational programme 
“Competitiveness, Entrepreneurship and Innovation” (NSRF 2014–2020) and co-financed by Greece and the European 
Union (European Regional Development Fund). The NOA team acknowledges the support of the Stavros Niarchos 
Foundation (SNF).

References
Bi, L., Lin, W., Liu, D., and Zhang, K.: Assessing the depolarization capabilities of nonspherical particles in a super-

ellipsoidal shape space, Opt. Express, 26, 1726-1742, https://doi.org/10.1364/OE.26.001726, 2018. 
Burton, S. P., Hair, J. W., Kahnert, M., Ferrare, R. A., Hostetler, C. A., Cook, A. L., Harper, D. B., Berkoff, T. A., Sea-

man, S. T., Collins, J. E., Fenn, M. A., and Rogers, R. R.: Observations of the spectral dependence of linear particle 
depolarization ratio of aerosols using NASA Langley airborne High Spectral Resolution Lidar, Atmos. Chem. Phys., 
15, 13453–13473, https://doi.org/10.5194/acp-15-13453-2015, 2015.

Dubovik, O., Holben, B., Eck, T. F., Smirnov, A., Kaufman, Y. J., King, M. D., Tanré, D., and Slutsker, I.: Variability of 
absorption and optical properties of key aerosol types observed in worldwide locations, Journal of the atmospheric 
sciences, 59, 590–608, 2002.

Dubovik, O., Sinyuk, A., Lapyonok, T., Holben, B. N., Mishchenko, M., Yang, P., Eck, T. F., Voltne, H., Munoz, O., 
Veihelmann, B., Van der Zande, W. J., Leon, J.-F., Sorokin, M., and Slutsker, I.: Application of spheroid models 
to account for aerosol particle nonsphericity in remote sensing of desert dust, J. Geophys. Res., 111, D11208, 
doi:10.1029/2005JD006619, 2006.

Gialitaki, A., Tsekeri, A., Amiridis, V., Ceolato, R., Paulien, L., Kampouri, A., Gkikas, A., Solomos, S., Marinou, 
E., Haarig, M., Baars, H., Ansmann, A., Lapyonok, T., Lopatin, A., Dubovik, O., Groß, S., Wirth, M., Tsichla, 
M., Tsikoudi, I., and Balis, D.: Is the near-spherical shape the “new black” for smoke?, Atmos. Chem. Phys., 20, 
14005–14021, https://doi.org/10.5194/acp-20-14005-2020, 2020.

Haarig, M., Ansmann, A., Baars, H., Jimenez, C., Veselovskii, I., Engelmann, R., and Althausen, D.: Depolarization 
and lidar ratios at 355, 532, and 1064 nm and microphysical properties of aged tropospheric and stratospheric Ca-
nadian wildfire smoke, Atmos. Chem. Phys., 18, 11847–11861, https://doi.org/10.5194/acp-18-11847-2018, 2018.

Holben, B. N., Eck, T. F., Slutsker, I., Smirnov, A., Sinyuk, A., Schafer, J., Giles, D., and Dubovik, O.: AERONET’s 
Version 2.0 quality assurance criteria, in: Proc. SPIE, Remote Sensing of the Atmosphere and Clouds, 6408Q, htt-
ps://doi.org/10.1117/12.706524, 2006. 

Hu, Q., Goloub, P., Veselovskii, I., Bravo-Aranda, J.-A., Popovici, I. E., Podvin, T., Haeffelin, M., Lopatin, A., Dubo-
vik, O., Pietras, C., Huang, X., Torres, B., and Chen, C.: Long-range-transported Canadian smoke plumes in the 
lower stratosphere over northern France, Atmos. Chem. Phys., 19, 1173–1193, https://doi.org/10.5194/acp-19-
1173-2019, 2019.

Mishchenko, M. I. and Hovenier, J. W.: Depolarization of light backscattered by randomly oriented nonspherical par-
ticles, Opt. Lett., 20, 1356–1358, https://doi.org/10.1364/OL.20.001356, 1995. 

Mishchenko, M.I., and Travis, L. D.: Capabilities and limitations of a current FORTRAN implementation of the T-
matrix method for randomly oriented, rotationally symmetric scatterers. J. Quant. Spectrosc. Ra., 60, 309–324. 
https://doi.org/10.1016/S0022-4073(98)00008-9, 1998.

Ohneiser, K., Ansmann, A., Baars, H., Seifert, P., Barja, B., Jimenez, C., Radenz, M., Teisseire, A., Floutsi, A., Haarig, 
M., Foth, A., Chudnovsky, A., Engelmann, R., Zamorano, F., Bühl, J., and Wandinger, U.: Smoke of extreme Aus-
tralian bushfires observed in the stratosphere over Punta Arenas, Chile, in January 2020: optical thickness, lidar 
ratios, and depolarization ratios at 355 and 532 nm, Atmos. Chem. Phys., 20, 8003–8015, https://doi.org/10.5194/
acp-20-8003-2020, 2020.



| 349 Atmospheric Physics

Validation of TROPOMI/S5P total ozone using ground-based DOAS meas-
urements in Thessaloniki, Greece 

Gkertsi F. 1, Bais A. F.  1, Koukouli M. E. 1, Garane K. 1, Balis D. 1, Roozendael M. V. 2, Lerot C. 2

1 Laboratory of Atmospheric Physics, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
2 Belgian Institute for Space Aeronomy (BIRA-IASB), Brussels, Belgium  

*corresponding author e-mail: fgkertsi@physics.auth.gr 

Abstract:  Total Ozone Column (TOC) measurements are performed routinely in the Laboratory of Atmospheric Phys-
ics in Thessaloniki, Greece, using the Phaethon DOAS/MAX-DOAS system. More than two years of ground-based data 
are used to validate the TOC over Thessaloniki, monitored by the Tropospheric Monitoring Instrument (TROPOMI) 
operating on board the Copernicus Sentinel-5 Precursor (S5P) satellite, which was launched in October 2017. S5P TRO-
POMI total ozone column data derived with the GODFIT_v4 CCI algorithm developed within ESA’s Climate Change 
Initiative (CCI). The high spatial resolution of TROPOMI/S5P allows the investigation on the effect of temporal differ-
ences between the measurements, as well as other contributing factors, as, for example, the atmospheric temperature 
profile on ozone absorption cross sections.

1 Introduction
Ozone is an important atmospheric gas. In the stratosphere, it absorbs the harmful solar ultraviolet radiation protecting 
humans and the natural ecosystems (Lucas et al., 2015). In contrast, ozone in the troposphere is an air pollutant and can 
be harmful to humans, animals and vegetation (Hader et al., 2015; WHO, 2008). Moreover, throughout the atmosphere, 
ozone is the key ingredient that initiates chemical cleansing of the atmosphere of various pollutants, such as carbon 
monoxide and methane, among others, which could otherwise accumulate to harmful levels or exert a stronger influence 
on climate (WMO, 2018; Erickson III et al., 2015; Solomon et al., 2007). Therefore, changes to ozone anywhere in the 
atmosphere can have major impacts on the Earth.
Observations of atmospheric ozone are made by remote-sensing techniques using both ground-based and satellite-borne 
instruments. Over several decades, ground-based instruments such as Dobson (Dobson, 1931) and Brewer (Brewer, 
1973) spectrophotometers have been used widely to obtain stable and high-accuracy long-term measurements of the 
ozone column amounts. Satellite observations started in the early 1970s by a series of satellite borne instruments, pro-
viding long-term, global datasets with high accuracy (Fleig et al., 1986; McPeters et al., 2013). Recently, diode-array 
or CCD equipped spectrographs are being tested for their ability to provide measurements of total ozone with accuracy 
comparable to Dobson and Brewer instruments, such as the Pandora system (Herman et al., 2015, Tzortziou et al., 2012) 
and the Phaethon system (Kouremeti et al., 2013). 
The Phaethon system is a ground-based monitoring instrument that was developed in the Laboratory of Atmospheric 
Physics, in the Aristotle University of Thessaloniki, Greece. It is an array detector instrument for simultaneous and 
continuous spectral radiance observation with wide spectral range to retrieve concentrations of trace gases in the atmos-
phere, including ozone (Gkertsi et al., 2018; Drosoglou et al., 2017).  
In this study, the Phaethon ozone data over Thessaloniki are compared with TROPOMI/S5P satellite datasets more than 
2 years. 

2 Instrumentation and data 
Phaethon is a mini DOAS/MAX-DOAS system developed in the Laboratory of Atmospheric Physics in the Aristotle 
University of Thessaloniki, Greece for measuring direct solar irradiance and sky radiance at several elevation angles, 
including the zenith, in the UV-visible region (277-455 nm). It consists of a thermoelectrically cooled miniature CCD 
spectrograph (AvaSpec-ULS2048LTEC) and an optical system mounted on a 2-axes tracker. Phaethon operates regu-
larly on the roof of the Physics Department building of the Aristotle University of Thessaloniki, Greece. The data of 
direct-sun spectral radiance used in this study have been acquired at Thessaloniki from November 2017 until June 2020.
The TROPOspheric Monitoring Instrument is the satellite sensor on board of the Copernicus Sential-5 Precursor satel-
lite (TROPOMI/S5P) which is the first of the atmospheric composition Sentinels, launched on 13 October 2017, planned 
for a mission of seven years (Veefkind et al., 2012). GODFIT (GOME-type Direct FITting) is an algorithm jointly 
developed by the Royal Belgian Institute for Space Aeronomy, RT Solutions and the German Aerospace Center whose 
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main aim is to retrieve Total Ozone Columns from satellite-borne nadir-viewing hyperspectral spectrometers (Lerot et 
al., 2014). GODFITv4 is also the baseline algorithm for generating the offline, OFFL, operational total ozone from S5P/
TROPOMI (Lerot et al., 2018).

3 Data analysis and methodology 
The methodology for the retrieval of the total ozone column from Phaethon direct-sun radiance spectra is described in 
detail in Gkertsi et al., (2018). Briefly, it is based on the estimation of the Differential Slant Column Density (DSCD) 
that is derived from the Differential Optical Absorption Spectroscopy (DOAS) analysis of each spectrum with respect to 
a selected reference spectrum using the QDOAS software developed by Belgian Institute for Space Aeronomy (BIRA-
IASB) (Danckaert et al., 2017).
The following equation gives the TOC by combing the measured DSCD with the ozone slant column density of the 
reference spectrum SCDREF and the corresponding air-mass factor (AMF):

TROPOMI/S5P observations have been compared with the ground-based measurements of the Phaethon system. For the 
comparison, the satellite data were screened for clouds and for the distance from the ground-based site. Only data with 
cloud fraction ≤ 20% were used and for distances between the central pixel and the ground-based site of up to 50 km. 
Each satellite observation is compared with the mean value of the ground-based measurements recorded within 1 hour 
centered at the satellite overpass time.
In the left panel of Figure 1, a scatter plot between the ground-based TOC [x-axis] and TROPOMI/S5P TOC [y-axis] is 
shown. The data are evenly distributed close to the x=y line with high correlation coefficient, equal to 0.98. The slope 
is equal to 1.01 and the y-intercept equal to 3.7 D.U. The frequency distribution for their percentage differences [right 
panel] is symmetric and very close to zero. About 79.8% of the data are within ±2%, suggesting a very good agreement.

Figure 14: Scatter plot (left) between TROPOMI/S5P and ground-based TOC and histogram (right) of the differences 
(satellite – ground-based).

Figure 2 shows the mean monthly percentage differences between Phaethon and satellite derived TOCs over Thessaloni-
ki. The comparisons between ground-based and satellite observations are excellent, with mean differences equal to -0.03 
% and associated standard deviation of 1.62 %. These results are well within the Ozone-CCI+ product requirements, 
denoted as shaded areas in Σφάλμα! Το αρχείο προέλευσης της αναφοράς δεν βρέθηκε. for the mean difference [in 
beige] and the variability [in grey]. There appears to exist a mild seasonal dependency, with positive differences in the 
winter months and negative differences for the summer months.  
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Figure 15: The monthly mean percentage TOC difference between TROPOMI/S5P and the ground-based system. The 
beige area denotes the Ozone-CCI+ project accuracy requirements for the mean differences to standard instruments and 
the gray area the same for the variability, shown here as the standard deviation. 

4 Conclusions
In this study we compared total ozone column measurements derived by ground-based Phaethon instrument and the 
TROPOMI/S5P satellite instrument. The total ozone column from Phaethon is based on the DOAS analysis of direct 
solar radiance spectra relative to a reference spectrum recorded by the same system. The total ozone column from TRO-
POMI/S5P is based on the GODFITv4 baseline algorithm. 
When the total ozone column for Phaethon and TRPOMI/S5P is compared, the coefficient of determination is 0.98 sug-
gesting a very good agreement with average difference of less than 0.5%.  
Finally, a seasonal dependency is also observed, with positive differences in the winter months and negative differences 
for the summer months. TROPOMI/S5P shows on average about 1% higher values in winter and about 1% lower values 
in the summer.
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Abstract:  Long-term nitrogen dioxide (NO2) slant column density measurements, using the MAX-DOAS (Multi Axis 
Differential Optical Absorption Spectroscopy) technique, are used in order to demonstrate the temporal and horizontal 
variability of the trace gas in Athens for the period October 2012-September 2017. Measurements at different elevation 
angles are also shown as a primary indicator of the vertical distribution of NO2 at the urban environment. The results are 
compared with in-situ chemiluminescence measurements from the National Network for Atmospheric Pollution for ur-
ban, urban background and suburban conditions, towards evaluating the trends and the spatial representativeness of the 
MAX-DOAS fields. NO2 predictions from a high resolution air quality model are utilized to infer on the role of vehicle 
emissions on the urban NO2 levels.

1 Introduction
The most important anthropogenic source of nitrogen dioxide (NO2) is the high-temperature fossil fuel combustion oc-
curring in vehicle engines and industrial plants (EEA, 2013). It has been found that almost 50% of the NO2 emission 
sources in Athens are attributed to road traffic (Markakis et al., 2010). At present, a network of spatially sparse in-situ 
monitors (National Network for Atmospheric Pollution) is mainly used for the long-term monitoring/measuring of NO2 
levels in the Athens basin.
Over the last years, MAX-DOAS technique has been widely applied for monitoring air quality species (e.g. Heckel et 
al., 2005, Schreier et al., 2020) and can be a promising technique for the long-term monitoring of the urban environment 
of Athens on a city-wide scale. Through the off-axis viewing geometries, information on the spatial distribution - hori-
zontally and vertically - of the trace gas can be retrieved. Comparison between surface NO2 concentrations and MAX-
DOAS measurements has already been reported for some urban areas (e.g. Kramer et al., 2008).
This study presents 5-year measurements from a MAX-DOAS instrument located on a hill (527 m a.s.l.) at the NE side 
of the city and comparison of the retrieved tropospheric NO2 slant columns with in-situ measurements from three moni-
toring stations. The location of the stations coincide with the two main MAX-DOAS lines of sight and are representative 
of urban, urban background and suburban conditions.

2 Data and Methodology

2.1 MAX-DOAS
The MAX-DOAS instrument, part of the BREDOM network of the University of Bremen, has been operating at the 
premises of the National Observatory of Athens (NOA, PEN in Fig.1) since October 2012. A description of the instru-
ment and its operational principles can be found in Gratsea et al. (2016). In brief, it consists of a telescope - pointing at 
different azimuthal and elevation angles – and a grating spectrometer equipped with a CCD detector. The DOAS tech-
nique (Platt and Stutz, 2008) is used to analyse the spectra from each viewing direction and derive the NO2 differential 
slant column densities (DCSDs). In this study we show the tropospheric DSCDs which were produced by subtracting the 
concurrent zenith measurement from each measurement. For the purposes of this study, we have chosen two azimuthal 
viewing directions (white lines in Fig.1), one that points towards the city centre and is representative of the urban atmos-
pheric conditions and one pointing towards to the sea (east-southeast) and is representative of remote areas conditions 
(Gratsea et al., 2016). The off-axis elevation angles of +1o and +30o were used as a primary indicator for the vertical 
distribution of NO2.
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2.2 In-situ measurements
Surface NO2 hourly concentrations for this study were obtained from chemiluminescence measurements performed at 
three monitoring stations of the National Network for Atmospheric Pollution. Two stations (PAT and SMY in Fig.1) are 
characterised as urban and urban background, respectively, and coincide with the MAX-DOAS urban direction and one 
(KOR in Fig.1) is characterized as suburban and coincide with the remote direction.
2.3 Model
The air quality fields over the urban area of Athens were simulated using TAPM V4 (The Air Pollution Model) (Hur-
ley et al., 2005). TAPM is a prognostic meteorology-dispersion model, capable of predicting the flows important to 
local-scale air pollution, utilizing a background of larger-scale meteorology provided by synoptic analyses (here from 
ECMWF ERA5 reanalysis). More details on TAPM – overview, equations, physic-chemical parameterizations and 
verification results – can be found in Hurley et al. (2003), Lunar and Hurley (2003), Karl et al. (2020). The setup and 
configuration of the model for Athens is well described in Grivas et al. (2020). For the current study, the model was 
applied for January-June 2016. A baseline scenario was implemented, using conventional emissions. Then, a scenario 
excluding vehicle emissions was applied to identify the contribution of road transport on the urban levels of NO2.

Fig. 1. The model domain for the current simulations of air pollution in Athens. The three in situ monitoring stations (PAT, 
SMY and KOR) and the location of MAX-DOAS (PEN) are indicated, as well as the two azimuthal viewing directions of 
MAX-DOAS (white lines). Contours show the contribution (%) of road traffic to NO2 concentration values, averaged 
for the whole simulation period.
3 Results
A main issue arising when comparing ground based remote sensing with in situ measurements is the different spatial 
representativeness. In areas with inhomogeneous spatial distribution of the NO2, such as large urban areas, this may lead 
to differences between the two datasets in certain cases.
The in situ monitoring stations provide continuous measurements on hourly basis, while MAX-DOAS performs meas-
urements only during daylight. Therefore, in order to compare the measurements from the two different techniques, 
daily averages were calculated taking into account only the daylight measurements. The results of the comparison for the 
5-year period (Fig. 2) show a moderate correlation, with correlation coefficients r≈0.55 and r≈40 for the urban and the 
remote area, respectively. In some cases, increased NO2 is recorded by the in situ instruments, while the MAX-DOAS 
values are still low. This is expected since the in situ measurements are close to the urban sources and highly affected by 
traffic emissions, while MAX-DOAS measures NO2 in the boundary layer. Overall, the degree of agreement is satisfac-
tory, given the differences in the spatial sampling of the two measurement techniques.
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Fig. 2. Scatter plot between daily averaged MAX-DOAS retrieved NO2 DSCDs and in situ measurements from three 
stations; (a) urban, (b) urban background and (c) suburban.

Seasonal variation of NO2 has been calculated from MAX-DOAS and in-situ measurements (Fig.3). The results dem-
onstrate the expected seasonal characteristics, with lower concentrations in summer due to decreased anthropogenic 
emissions and high photolysis rate, and enhanced concentrations during winter due to increased emissions (residential 
heating and traffic). Although the direct comparison of the two techniques is ambiguous due to the different principles 
and measured quantities (concentration vs. density), both techniques show a 50% decrease of NO2 in the remote area, 
all year long. In addition, very good correlation (r=0.86) between the urban direction of MAX-DOAS and the urban 
background in-situ station is found, suggesting that the MAX-DOAS can provide reliable information on NO2 variation 
in the air masses over the city.

Fig. 3. NO2 monthly averages for the period October 2012 - September 2017 for the urban (left panel) and the remote 
area (right panel).

The winter and summer hourly averages for the 5-year period (Fig. 4) reproduce well the morning rush hours for Athens 
with a characteristic peak at 10:00LT. The results are in agreement with other studies showing that the rush hours in 
Athens are from 08:00 LT until 11:00 LT (e.g. Kourtidis et al., 1999). The difference of an order of magnitude between 
the +1o and the +30o elevation angles (Fig. 3) can be interpreted as confirmation of the assumption that the absorption by 
NO2 in the boundary layer dominates the retrieved tropospheric signal in the polluted urban environment.

 Fig. 4. Hourly averages in LT for winter (blue curves) and summer (red curves). Solid and dashed lines correspond to 
measurements at the +1o and +30o elevation angles, respectively.
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As a further insight to the contribution of the NO2 urban sources, the DSCDNO2 levels over the remote area were subtract-
ed from the urban measurements for two months, one characteristic of winter conditions (Jan 16) and one for summer 
conditions (Jun 16). The contribution of the urban sources (mainly traffic emissions) to the urban pollution was found 
35% and 65% for January and June, respectively. This difference is expected due to high temperatures and intense pho-
tochemistry during summer, when in presence of high NO emissions, the photochemically produced ozone leads to more 
intense conversion of emitted NO to NO2. The simulations of the city-scale model showed that over the urban center 
of Athens most of this fraction (20-35%, Fig. 1) is due to road transport, which does not vary between January to June, 
according to the specific set of simulations.

4 Conclusions
Tropospheric slant column densities of NO2 retrieved from MAX-DOAS measurements are compared with near surface 
NO2 measurements for a 5-year period. However, the comparison can only be made on a qualitative basis due to the 
different principles of these two measurement techniques (remote sensing vs. in situ). The correlation between the most 
sensitive 1o elevation angle and the in-situ data during the 5-year period was found to be moderate (r≈0.5).
The seasonal cycle of both techniques captures the expected characteristics with lower concentrations in summer com-
pared to winter. The characteristics of the seasonal cycle for the urban area are reproduced for the remote area, only 
differing in the pollutants levels; the remote area’s levels are decreased by 50%.
The reproduction of the diurnal variation which identifies short-term features provides evidence that the MAX-DOAS 
technique is able to detect well the NO2 in the polluted boundary layer. Also, the morning NO2 peak coincides with the 
local rush hour.
The retrievals from the urban and remote viewing directions of MAX-DOAS are used to estimate the urban component 
of NO2, which is found around 35% and 65% during winter and summer, respectively. Synergy with model results at-
tributed most (20-35%) of the urban NO2 to road transport
The study shows that MAX-DOAS is able to detect tropospheric NO2 over the Athens basin and demonstrates the utility 
of MAX-DOAS measurements as part of an air quality monitoring system on a city-wide scale.

Acknowledgments   This research is co-financed by Greece and the European Union (European Social Fund- ESF) 
through the Operational Programme “Human Resources Development, Education and Lifelong Learning 2014-2020” 
in the context of the project “Three-dimensional distribution of NO2 (nitrogen dioxide) in the urban environment of 
Athens, using the MAX-DOAS passive remote sensing technique” (MIS 5049920).

References
EEA: Air quality in Europe-2013 report. (2013) European Environment Agency Report no.9
Gratsea M., Vrekoussis M., Richter A., Wittrock F., Schönhardt A., Burrows J., Kazadzis S., Mihalopoulos N., Ger-

asopoulos E. (2016) Slant column MAX-DOAS measurements of nitrogen dioxide, formaldehyde, glyoxal and 
oxygen dimer in the urban environment of Athens, Atmospheric Environment 135:118-131. doi: 10.1016/j.at-
mosenv2016.03.048

Grivas G., Athanasopoulou E., Kakouri A., Bailey J., Liakakou E., Stavroulas I., Kalkavouras P.,Bougiatioti A., Kas-
kaoutis D.G., Ramonet M., Mihalopoulos N., Gerasopoulos E. (2020) Integrating in situ Measurements and City 
Scale Modelling to Assess the COVID–19 Lockdown Effects on Emissions and Air Quality in Athens, Greece, At-
mosphere, 11, 1174, doi:org/10.3390/atmos11111174

Heckel A., Richter A., Tarsu T., Wittrock F., Hak C., Pundt I., Junkermann W., Burrows J.P. (2005) MAX-DOAS mea-
surements of formaldehyde in the Po-Valley, Atmospheric Chemistry and Physics, 5, 909-918

Hurley P., Manins P., Lee S., Boyle, R., Ng Y.L., Dewundege P. (2003) Year-long, high-resolution, urban airshed mod-
elling: verification of TAPM predictions of smog and particles in Melbourne, Australia, Atmos. Environ. 37, 14, 
1899-1910, doi:org/10.1016/S1352-2310(03)00047-5. 

Hurley P., Physick W., Luhar A. (2005) TAPM – a practical approach to prognostic meteorological and air pollution 
modeling, Environ. Modell. Softw. 20, 737-752, doi:org/10.1016/j.envsoft.2004.04.006

Karl M., Walker S.-E., Solberg S., Ramacher M.O.P. (2020) The Eulerian urban dispersion model EPISODE 
– Part 2: Extensions to the source dispersion and photochemistry for EPISODE–CityChem v1.2 and its application 
to the city of Hamburg, Geosci. Model Dev. 12, 3357–3399, doi:org/10.5194/gmd-12-3357-2019.

Kourtidis K.A., Ziomas I.C., Rappenglueck B., Proyou A., Balis D. (1999) Evaporative traffic hydrocarbon emissions, 



| 357 Atmospheric Physics

traffic CO and speciated HC traffic emissions from the city of Athens. Atmos. Environ. 33, 3831–3842.
Kramer L., Leigh R., Remedios J., Monks P.S. (2008) Comparison of OMI and ground-based in-situ and MAX-DOAS 

measurements of tropospheric nitrogen dioxide in an urban area, Journal of Geophysical Research, 113, D16S39, 
doi:10.1029/2007JD009168

Luhar A.K., Hurley P.J. (2003) Evaluation of TAPM, a prognostic meteorological and air pollution model, using ur-
ban and rural point-source data, Atmos. Environ. 37, 2795-2810, doi:org/10.1016/S1352-2310(03)00204-8. 

Markakis K., Poupkou A., Melas D., Tzoumaka P., Petrakakis M. (2010) A computational approach based on GIS 
technology for the development of an antropogenic emission inventory for air quality applications in Greece, Water 
Air Soil Pollut. 207, 157-180. doi: 10.1007/s11270-009-0126-5

Platt U., Stutz J. (2008) Differential optical absorption spectroscopy-principles and applications, Springer Nature, 
Switzerland, ISBN978-3-642-05946-9, 568pp

Schreier S., Richter A., Peters. E., Ostendorf M., Schmalwieser A.W. Weihs P., Burrows J.P. Dual ground-based MAX-
DOAS observations in Vienna, Austria: Evaluation of horizontal and temporal NO2, HCHO and CHOCHO distri-
butions and comparison with independent data sets, Atmos. Env.:X, 5, 100059. doi: 10.1016/j.aeaoa.2019.100059



358 | Atmospheric Physics

Monitoring of tropospheric NO2, HCHO and aerosols using MAX-DOAS ob-
servations for the first time in Ioannina Greece during the PANACEA winter 
campaign 2020

Karagkiozidis D. 1, Bais A. F. 1, Hatzianastassiou N. 2, Gavrouzou M. 2, Koukouli M. E. 1, Papanikolaou 
C. 3, Kontos S. 1, Balis D. 1 and Papayannis A. 3

1 Laboratory of Atmospheric Physics, Aristotle University of Thessaloniki, Greece
2 Department of Physics, University of Ioannina, Ioannina, Greece
3 Laser Remote Sensing Unit, Department of Physics, National and Technical University of Athens, Zografou, 15780, Greece

*corresponding author e-mail: dkaragki@auth.gr

Abstract:  The Multi Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) technique has been used over 
the past years to simultaneously retrieve atmospheric columns of trace-gas species and their vertical distribution in the 
lowermost troposphere. In the frame of the winter 2020 campaign of the PANACEA project, a MAX-DOAS system was 
installed in January 2020 on the rooftop of the Physics Department, University of Ioannina, in order to monitor, for the 
first time in Ioannina, tropospheric aerosols and trace-gases. The azimuth and elevation viewing directions, as well as 
the integration times, were selected in a way that urban and suburban levels of trace-gas concentrations can be distin-
guished, providing high spatial and temporal resolution. Diurnal cycles of NO2 and HCHO are examined and differences 
in trace-gas amounts between weekdays and weekends are investigated. The aerosol vertical profiles retrieved by the 
MAX-DOAS instrument are compared with vertical profiles of the aerosol extinction measured by a quasi-co-located 
LiDAR depolarization system. A similar MAX-DOAS system was also operating at the Laboratory of Atmospheric 
Physics (LAP) in Thessaloniki, Greece during the same winter campaign and a comparison of columnar trace-gas con-
centrations retrieved at the two measurement sites is presented.

1 Introduction
The Planetary Boundary Layer (PBL) is defined as the lowermost layer of the troposphere that is directly influenced by 
the presence of the terrestrial surface within a period of 1 hour. The PBL height, at mid-latitudes, expands typically up 
to 1‒2 km during daytime and has a strong impact on weather, climate, and air quality. The increasing interest of under-
standing the PBL’s structure and dynamics is apparent in various research fields, from air pollution analysis to weather 
prediction. Thus, continuous ground-based monitoring of both chemical composition and aerosol content of the PBL 
with high temporal resolution is of great significance.
Aerosols, nitrogen dioxide (NO2) and formaldehyde (HCHO) are important atmospheric constituents of the PBL that 
can have a strong influence on air quality and climate. Both NO2 and HCHO are toxic to humans in high concentra-
tions, while high aerosol loads usually lead to or deteriorate severe health issues. The most common sources of aero-
sols include urban/industrial emissions and smoke from biomass burning, while major sources of NO2 are fossil fuel 
combustion, biomass burning, lightning and oxidation of ammonia. HCHO is an intermediate product of the oxidation 
of almost all volatile organic compounds (VOCs). The main HCHO sources include oxidation of VOCs emitted from 
plants, biomass burning, traffic and industrial emissions (Chan et al., 2020).
The Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) is a novel ground-based passive remote 
sensing technique that has received considerable attention during the past decades and is widely used in order to detect 
both aerosols and tropospheric trace gases (NO2 and HCHO among others) (Vlemmix  et al., 2015; Gratsea et al., 2020). 
This measurement technique utilizes scattered sunlight in the ultraviolet (UV) and visible (VIS) spectral regions, re-
ceived from different elevation angles of the same azimuth viewing direction. The recorded spectra are analyzed using 
the DOAS technique (Platt and Stutz, 2008) for the determination of the differential slant column densities (dSCDs), 
allowing for the retrieval of column amounts of aerosols and trace gases in the troposphere with profiling capability.

2 Data and Methodology

2.1 MAX-DOAS measurements
A 2D MAX-DOAS system of type Phaethon (Drosoglou et al., 2017) was installed on the rooftop of the Physics Depart-
ment at the University of Ioannina (39.617o N, 20.838o E), at ~550 m above sea level. The system comprises of a low 
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stray-light AvaSpec-ULS2048LTEC (f = 75 mm) spectrograph, the entrance optics and a two-axis tracker. The spectro-
graph covers a spectral range of 300–458 nm, uses a 50 µm wide entrance slit and has a spectral resolution of ~0.4 nm 
Full Width at Half Maximum (FWHM). The entrance optics are mounted on a two-axis tracker with two stepping motors 
controlling the azimuth viewing  angle (0o ≤ φ ≤ 360o ) and the elevation angle (0o ≤ α ≤ 90o ) with pointing resolution 
of 0.125o. The instrument operates automatically and is controlled using custom-made software.
A measurement cycle starts with recording of scattered sunlight spectra at elevation angles of 1, 2, 3, 4, 5, 6, 8, 10, 12, 
15, 30 and 90◦ (zenith) for each azimuth angle. For this study, the MAX-DOAS was configured to measure at three 
consecutive azimuth angles: 15o, 39o and 80o. The azimuth directions were selected so that trace-gas concentrations 
could be investigated over areas of different pollution levels, ensuring at the same time unobstructed view for the lower 
elevation angles.
The location on the MAX-DOAS system in Ioannina and the azimuth viewing directions are indicated in Fig. 1. The 
azimuth angles of 15o and 39o point to the center of Ioannina city, while 80o points to a suburban area.

Fig 1. Location of the MAX-DOAS measurement site (blue dot). The arrows in different colors represent the azimuth 
viewing directions of the MAX-DOAS observations (orange: 15o, yellow: 39o and purple: 80o). The base map is taken 
from © Google Maps (https://www.google.com/maps/ (last access: 05 January 2021)).

2.2 Methodology
The dSCDs of NO2, HCHO and O4 (in the UV range) are derived from the recorded spectra by applying the DOAS tech-
nique. The measured spectra are analyzed using the QDOAS (version 3.4, March 2020) spectral fitting software suite de-
veloped by BIRA-IASB (http://uv-vis.aeronomie.be/software/QDOAS/). The retrieval settings are based on results from 
the CINDI-2 campaign, the QA4ECV project (http://www.qa4ecv.eu/, last access: 05 January 2021) and the NDACC 
protocol for UV–VIS measurements (http://www.ndaccdemo.org/data/protocols/, last access: 05 January 2021).
The aerosol and trace-gas vertical profiles were calculated using the Mainz Profile Algorithm (MAPA) (Beirle et al., 
2019), which is a two-step algorithm based on a parameterized approach. First, the aerosol profile is retrieved based on 
O4 dSCDs, and second, trace gas profiles are retrieved based on trace gas dSCDs and aerosol profiles from the first step 
(Frieß et al., 2019). MAPA provides the option of scaling the modeled O4 dSCDs. However, since the issue for selecting 
the optimum O4 scaling factor remains unresolved (Beirle et al., 2019), we use a variable O4 scaling factor in this study. 
All MAPA retrievals internally undergo a quality assurance check and we use only the data that are flagged as valid.

3 Results
In Fig. 2 the daily mean NO2 and HCHO vertical column densities (VCDs) are presented for the whole period of the 
campaign, approximately one month. It is clear that NO2 levels are increased at the beginning of the week and they drop 
as the week progresses, with local minima on Sundays. The weekly cycle is attributed to traffic-related NOX emissions. 
HCHO does not follow exactly a weekly pattern, but high variability is expected in the retrieved HCHO VCDs due to 
the much higher spectral noise in the UV, compared to NO2 which is retrieved at longer wavelengths.
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Figure 2: The daily mean NO2 (left) and HCHO (right) VCDs for the whole period of the PANACEA winter campaign

The diurnal variation of NO2 (upper panel) dSCDs at 0o elevation angle at different azimuth directions during two sam-
ple days is presented in Fig. 3, while the lower panel shows the diurnal variation of HCHO dSCDs. The yellow line 
represents the solar zenith angle. For NO2, there is a clear azimuthal dependence of the measured dSCDs with higher 
values in the directions pointing towards the city compared to the suburban area. This is not very clear for HCHO, due 
to the higher spectral noise, as already mentioned before.

Figure 3: The diurnal variation of NO2 (upper panel) and HCHO (lower panel) dSCDs at 0o elevation angle for three 
azimuth directions during two sample days in January 2020.

Fig. 4 shows the diurnal variation of the integrated aerosol extinction profile, i.e., the aerosol optical depth (AOD) at 
360 nm, retrieved by the MAX-DOAS system using the MAPA inversion algorithm at three different azimuth viewing 
directions during two selected days. In general, higher AOD values are observed at the viewing directions close to the 
center of Ioannina city, compared to the suburban area, which is mainly attributed to enhanced urban aerosol emissions. 
Lower AOD levels are observed on the 7th of February 2020 (left) at all azimuth directions compared to the 9th of Febru-
ary (right) and especially at 80o (in yellow) the retrieved AOD is very close to zero during the entire day.
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Figure 4: The diurnal variation of AOD at 360 nm during two sample days in February 2020.

The aerosol vertical profiles retrieved by the MAX-DOAS system were compared with the aerosol extinction profiles 
measured by the AIAS depolarization LiDAR system (Papayannis et al., 2020) operating at 532 nm, located ~4.5 km 
to the north-northeast of our measuring site. AIAS provided information about the aerosols’ shape and typing at heights 
greater than 250 m a.g.l. Since no absolute comparison of the aerosol extinction profile could be made, we restricted 
the comparison with the MAX-DOAS derived aerosol profile only in the shape (pattern) of the vertical profile. Fig. 5 
shows six different cases, where the aerosol extinction profile is measured by both systems with a time difference of 
±30 minutes. The aerosol vertical profiles retrieved by the MAX-DOAS are maximally sensitive close to the ground 
and the sensitivity decreases in higher altitudes, so aerosol layers at altitudes greater than ~2 km can hardly be detected. 
In some cases the MAX-DOAS retrievals reported here show very similar profiles, however in four of them are much 
different than those measured by the LiDAR system. The discrepancies in the retrieved profiles can be attributed to the 
different operational principles of the two instruments. The Lidar retrieves the vertical profile from the air mass that is 
located overhead, while the MAX-DOAS “looks” through different air masses along the line of sight of the telescope 
during an elevation sequence. Moreover, the mountain chains around the measurement site may also have influenced 
the MAX-DOAS measurements. As future work, the MAX-DOAS profiles will also be retrieved by an algorithm that is 
based on the Optimal Estimation Method (OEM) and the aerosol extinction profiles measured by the Lidar system will 
be provided as a priori information to the algorithm.

Figure 5: Comparison of the aerosol extinction profiles retrieved by the MAX-DOAS and the LiDAR systems.

During the PANACEA winter 2020 campaign a similar MAX-DOAS system was operating simultaneously in Thes-
saloniki. Fig. 6 (left) shows the comparison of the daily mean NO2 levels between the two measurement sites. Higher 
values of NO2 VCDs are observed in Thessaloniki (in purple) due to increased NOX emissions compared to Ioannina 
(in green). During the summer 2019 PANACEA campaign, the two MAX-DOAS systems were operating side-by-side 
in Thessaloniki and the derived daily mean VCDs match to a high extent (Fig. 6 right). Lingering discrepancies in the 
VCDs can arise from differences in the technical characteristics of the two instruments (such as the wavelength resolu-
tion and the signal to noise ratio). The larger NO2 levels that are observed in the winter compared to summer are due 
to the longer atmospheric lifetime of NO2 and higher emissions, e.g. higher power consumption and emissions from 
domestic heating.
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Figure 6: Comparison of NO2 levels between Thessaloniki and Ioannina during the PANACEA experimental campaign 
in January 2020 (Left) and intercomparison of daily mean NO2 tropospheric vertical column densities derived by the two 
MAX-DOAS systems operating at LAP.AUTH in July-August 2019 (Right).

4 Conclusions
We have successfully performed MAX-DOAS observations for the first time at the city of Ioannina during the PANA-
CEA winter campaign in 2020. A strong azimuthal dependence of NO2 and AOD is apparent and higher levels are ob-
served at azimuth viewing directions pointing towards the city than those pointing towards a suburban area. A weekly 
cycle of tropospheric NO2 was detected with increased levels at the beginning of the week which decreases as the week 
progresses, with local minima on Sundays. The NO2 levels are lower in Ioannina than in Thessaloniki, because of the 
enhanced traffic and emissions from individual domestic heating in Thessaloniki. Finally, aerosol vertical profiles have 
been retrieved from MAX-DOAs observations and compared with profiles of aerosol extinction derived from a LIDAR 
system operating about 4.5 km in distance. The agreement is satisfactory in some cases, taking into account the differ-
ent air masses probed by the two systems, as well as differences in the operational principles and geometries. The cases 
where differences between the two instruments are observed will be further investigated by retrieving the MAX-DOAS 
profiles with an OEM-based inversion algorithm.
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Abstract: Clouds play an essential role in the energy balance of the atmosphere. The estimation of the cloud coverage 
is crucial for meteorology, Radiative Transfer Model (RTM) simulations and can be used as ancillary data for instru-
ments performing direct-sun observations, as well as sky-radiance measurements. In this study we present an automated 
algorithm, based on images captured by an all-sky camera operating at the Laboratory of Atmospheric Physics, AUTH, 
estimating the total cloud coverage and distribution around the site. This allows the examination of the temporal and 
spatial distribution of clouds and their presence in front of the sun. A geometrical calibration of the camera optics is 
performed with a checkerboard procedure, allowing us to know the sun’s position on the image relative to the sky, even 
during cloudy days. The skydome cloud detection algorithm is based on the comparison of the Red/Blue Ratio of each 
camera pixel between a cloudy image and a cloud-free reference image captured quasi-simultaneously within ± 15 days. 
The circular Hough transform is used for the detection of clouds obscuring the sun by checking the existence of tempo-
rarily saturated pixels. 

1 Introduction
Clouds affect the climate system on a local as well as on a global scale, since they have a strong influence on solar and on 
terrestrial radiation by absorbing, scattering and emitting radiation. Clouds are also responsible for the largest uncertain-
ties in climate change predictions (Solomon et al. 2007). These factors underscore the importance of making accurate 
and reliable cloud observations.
Cloud properties such as cloud optical depth and cloud fraction can be estimated from satellite images (Rossow and 
Schiffer, 1999; Zhao and Di Girolamo, 2006). Satellites sample on a global scale; however, their spatial resolution is 
coarse. Nowadays ground-based sky imaging systems and automated image processing algorithms are commonly used 
to support satellite studies (Ghonima et al., 2012). A large variety of cloud detection algorithms has been developed 
over the past years and their techniques usually adopt the blue and red channel separation of RGB images, in order to 
distinguish cloudy pixels of the skydome.
Most algorithms are based on fixed thresholds, applied on a feature, to identify cloud patterns in the image. However, 
the brightness distribution of sky background is usually non-uniform, which creates many problems for traditional cloud 
detection methods, including the failure of thin cloud detection in total sky images and significantly reducing retrieval 
accuracy in the circumsolar and near-horizon regions (Yang et al., 2016).
Here, we present a cloud detection algorithm which is accomplished by comparing the original image with a correspond-
ing clear-sky background image, using the images’ red and blue channels. With the proposed algorithm the cloud frac-
tion, as well as the spatial distribution of clouds around the observation site can be determined.

2 Data and Methodology

2.1 Data
The images that were used in this study were captured by a commercial all-sky-imaging system (MOBOTIX Q24), 
which is installed at the rooftop of the Laboratory of Atmospheric Physics, of the Aristotle University of Thessaloniki, 
Greece. A fish-eye lens was mounted in front of the entrance optics of the camera, allowing capturing images with 180° 
Field of View (Kazantzidis et al., 2012). No mechanism for obscuring the direct solar radiation is used and thus both 
the sun disk and the circumsolar light are visible in all images during cloud-free conditions. The camera is adjusted to 
acquire an image every minute, stored in 24-bit JPEG format with a resolution of 1280×960 pixels.

2.2 Methodology
First of all, a geometric angular calibration of the camera has been performed in order to understand the relationship 
between a given pixel on the image and its projection onto the unit sphere (Chauvin et al., 2015), by using the Ocam-
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Calib toolbox (Scaramuzza et al., 2006). The procedure is simple to perform and allows the calibration of the camera 
through a two-step approach. First, pictures of a checkerboard in different positions and orientations are taken and then, 
an automatic corner extraction is performed and a least square linear minimization method is used to fit these points with 
a four-order polynomial. Once the camera is calibrated, it is possible to calculate the Pixel/Zenith Angle (PZA) and the 
Pixel/Azimuth Angle (PAA) for every pixel on the image.
As long as the camera is angularly calibrated, we focus on the development of a cloud detection algorithm. The fea-
tures that were tested in this study was the Red/Blue Difference (RBD), which is defined as, the Red/Blue Ratio (RBR), 
where , the Normalized Red/Blue Ratio (NRBR), where  and the luminance of each camera pixel. In these features B 
and R represent the blue and red component intensities of each pixel, respectively. Under clear-sky conditions the air 
molecules scatter the blue light (lower wavelengths) stronger compared to red light (higher wavelengths), while cloud 
particles scatter the blue and red light almost equally. Absolute values of the image features cannot be easily determined, 
since pixel to pixel sensitivity variations may occur and they also depend on the type of camera. Thus, sensitivity tests 
of these features are required under different meteorological conditions. The sensitivity tests assure that the RBR feature 
is highly sensitive to cloud presence in images captured by our camera and this feature was used as an indicator within 
the cloud detection algorithm.
The most common pixel identification algorithms are mainly based on fixed thresholding techniques applied on a feature 
well adapted to cloud detection. Thresholding techniques have difficulties to deal with the spatial and temporal non-
uniformity of the sky background (Chauvin et al., 2015). The idea is then to use cloud-free a-priori images to simplify 
the cloud detection algorithm: the thresholding is not applied on the current image’s RBR, but on the RBR difference 
between the current image and its corresponding clear sky image. In conjunction with the camera calibration, not only 
the cloud fraction can be calculated, but also the spatial distribution of clouds around the skydome can be estimated.
Since the camera is calibrated, the sun’s position on the image can be calculated and by using the circular Hough trans-
form, we can detect cloud presence in front of the sun’s disk. This is essential information for radiometric spectral data 
that are recorded by other instruments that perform Direct-Sun observations.

3 Results
The geometrical calibration of the camera is performed by using an automatic corner extraction technique and a least 
square linear minimization method in order to fit the points of pictures with a checkerboard with a four-order polynomi-
al. Figure 1 shows a sample picture used during the camera calibration. The X/Y directions are plotted and the detected 
and reprojected points are presented with green circles and red crosses, respectively.

Fig. 1. The geometrical calibration of the camera.

Sensitivity tests have been performed on features well adapted to cloud detection. The RBR feature was found to have 
the maximum sensitivity to cloud presence and thus it is exploited during the algorithm operation. Figure 2 shows the 
result of the sensitivity test of the RBR difference between four sample cloudy images and their corresponding clear-sky 
images.
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Fig. 2. The dRBR sensitivity test on four different image samples.

Figure 3 shows the accuracy of the cloud detection algorithm on four different sample images. The images were selected 
in a way that different cloud condition can be examined, i.e. clear-sky, thin and thick clouds distributed around the sky-
dome. The left panel shows the real cloudy images captured by the all-sky camera, while on the right panel the cloudy 
pixels, detected by the algorithm, are masked in red color.

Fig. 3. The accuracy of the cloud detection algorithm on four different image samples.

Since the camera is angularly calibrated, we can project every point with known coordinates (azimuth and zenith angle) 
on the camera image. This is useful for radiometric data that are recorded by other spectral instruments, such as MAX-
DOAS systems and photometers, because their projections can be flagged as cloudy or cloud-free. Figure 4 shows the 
projection of two typical synthetic elevation scans at two different azimuth viewing angles, colored by red and green, 
performed by a MAX-DOAS system for the retrieval of tropospheric aerosol and trace-gas vertical profiles (Left). On 
the Right panel (colored in magenta), a synthetic almucantar scan is projected on the image. Almucantar scans are usu-
ally performed by sunphotometers (e.g. the CIMEL) for the retrieval of various aerosol optical properties, such as the 
single scattering albedo, asymmetry factor, etc. 
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Fig. 4. Projection of a MAX-DOAS scan (left) and an almucantar scan (right).

Since the camera is calibrated, the sun’s position on the image can be calculated and by using the circular Hough trans-
form, we can detect cloud presence in front of the sun’s disk. Figure 5 shows the result of the sun’s disk detection during 
a cloud-free (Left) and a cloudy day (Right). When the Clear-Sky Flag equals 1, the sun’s disk is totally visible. Values 
of 0.5 indicate a partly visible sun disk (thin cloud in front of the sun), while zero values represent timestamps when the 
sun was not visible at all. As part of future work, the performance of the sky camera cloud detection algorithm will be 
compared with another clear-sky detection algorithm using ground-based pyrheliometer and pyranometer observations.

Fig. 5. The sun’s disk detection algorithm performed during a cloud-free and a cloudy day.

4 Conclusions
The main contribution of this work is the development of an algorithm able to detect cloudy pixels of images captured 
by a low-cost all-sky camera, on a near-real time basis. In conjunction with the camera calibration, the cloud fraction 
of an image and the spatial distribution of the clouds on the sky-dome can be estimated. Moreover, the circular Hough 
transform can provide essential information of the sun’s disk visibility and the cloud presence in front of the sun, which 
can be used as ancillary data in other applications. For example, the coordinates of spectral sky-radiance observations 
can be projected on the camera image, enabling the automatic flagging of the radiance spectra as cloud-free or cloud-
covered measurements.
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Abstract: Mineral dust is an important aerosol type of the atmosphere and it is crucial to be able to precisely study its 
characteristics. Toward this end, powerful ground-based observations acquired from passive and active remote sensing 
instruments (i.e. multi-wavelength lidars and sunphotometers) have been used. In this study, we applied the Generalized 
Retrieval of Atmospheric and Surface Properties (GRASP) algorithm to joint lidar and sunphotometer data to retrieve 
dust properties of aerosols from Saharan dust episodes that took place during the ‘PREparatory: does dust TriboElec-
trification affect our ClimaTe’ experimental campaign (PreTECT), over Finokalia, Crete in Greece, on April 2017. The 
measurements from the PollyXT lidar participating in the European Aerosol Research Network (EARLINET) and the 
CIMEL sunphotometer participating in Aerosol Robotic Network (AERONET) are synergistically combined using the 
GRASP algorithm. The dust episodes under study were in most cases detected at low atmospheric layers (<2km) with 
high AOD values (up to 0.6). GRASP provided the vertically resolved aerosol optical properties (backscatter and extinc-
tion coefficient profiles) and vertically averaged microphysical properties (volume size distribution, complex refractive 
index, single scattering albedo). The retrieved properties were found in generally good agreement with the initial obser-
vations from the AERONET sunphotometer and the lidar.

1 Introduction
Desert dust is an important and highly variable aerosol component of the atmosphere, affecting both climate (Balkanski 
et al. 2007, DeMott et al. 2003) and air quality, and thus affecting the health of large populations (e.g. Morman and 
Plumlee 2014, Nastos et al 2011, 2017). In order to evaluate its impacts, it is crucial to precisely describe its characteris-
tics. Powerful tools of ground-based observations have been used to determine aerosol properties. Sun-photometers are 
passive instruments that measure the solar radiation and have been widely used in inversion algorithms (Dubovik and 
King 2000, Dubovik et al. 2011) to retrieve several column-integrated microphysical and optical properties of aerosols. 
Lidar instruments are active instruments that measure the aerosol extinction and backscatter profiles providing thus in-
formation on the vertical structure of the atmosphere.
In this study, the sunphotometer with the lidar data are synergistically combined in GRASP inversion algorithm that 
retrieves detailed aerosols and dust properties (Lopatin et al 2013). The cases under study are two Saharan dust episodes 
that occurred during the experimental campaign PRE-TECT at Finokalia, in Crete, Greece. Section 2 briefly presents 
the data used and the retrieval algorithm applied, Section 3 presents the dust case analysis and Section 4 gives the main 
conclusions.

2 Data and Methodology
The case studies presented here are from the PRE-TECT experimental campaign (http://pre- tect.space.noa.gr/) that took 
place at the Greek atmospheric observatory of Finokalia in the northern coast of Crete, on April 2017. The experiment 
was organized in the framework of ACTRIS (European Research Infrastructure for the observation of Aerosol, Clouds 
and Trace Gases) and aimed to advance desert dust characterization from remote sensing measurements. The remote 
sensing instruments used in the study along with the inversion algorithm applied are described in the following.

2.1 Data
The sunphotometer operated at the site is the CIMEL CE318 multiband photometer. It is operated by the AERONET 
(Holben et al. 1998) and thus provides the columnar properties of aerosols.
The lidar system PollyXT (Engelmann et al. 2016) operated on a 24/7 basis at the site. It was provided by the National 
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Observatory of Athens (NOA) and is part of EARLINET (Bösenberg et al. 2000). The system employs three backscatter 
channels (at 355, 532 and 1064nm), two Raman extinction channels (at 387 and 607nm), two depolarization channels 
(at 355 and 532nm) and one water-vapor channel (at 407nm).

2.2 Methodology
The GRASP inversion code (Dubovik et al. 2014) retrieves the aerosol concentration profiles along with their micro-
physical properties by using deep synergy of lidar and radiometer data (Lopatin et al. 2013). The algorithm inverts the 
coincident vertically resolved lidar measurements of the elastic backscatter along with the sunphotometer data simulta-
neously to retrieve the particle size distribution (SD), single scattering albedo (SSA), spherical particle fraction, spec-
tral complex refractive index (real and imaginary part, RRI and IRI) and the volume concentration profiles for fine and 
coarse particles separately. The algorithm has been tested for dust (Bovchaliuk et al. 2016) and for mixtures of aerosol 
types e.g. dust and smoke (Lopatin et al. 2013), dust and marine (Tsekeri et al. 2017).

Results
In order to illustrate the capabilities of GRASP algorithm to characterize dust events, two cases acquired during the 
PRE-TECT campaign in Finokalia were chosen to be analyzed. The first case is a mixture of dust and continental parti-
cles and the second case is a dust dominated episode.
The first event occurred over Finokalia on 4 April 2017 and was characterized by low aerosol optical depth (AOD) at 
440nm of ~ 0.27 and high Ångstrom exponent (α) at 440/870nm of ~ 0.57 as indicated from AERONET. The back-
trajectory analysis (Figure not shown) from FLEXPART-WRF dust model showed that aerosols originated from southern 
latitudes. The PollyXT measurements of attenuated backscatter at 1064nm and volume depolarization ratio at 532nm 
(Fig.1) show the advection of non- spherical particles at heights extending from close to the ground up to 3km.
The GRASP retrievals used the lidar measurements at 8:00-9:30 UTC (red box in Fig.1a). Aerosol properties retrieved 
by GRASP are presented in Figure 2. The algorithm retrieves both fine (blue line) and course particles (purple line), 
which we consider to be mainly of continental and dust origin, respectively. The size distribution (Fig. 2a) shows the 
predominance of coarse mode from desert dust. Both the fine and the coarse-particle volume size distributions show a 
little more volume (~10%) than the AERONET product. The retrieved aerosol refractive indices (Fig. 2c, d) are coher-
ent with the expected values for dust (Dubovik et al., 2002), as well as with AERONET, being generally in the middle 
between values of fine and coarse modes obtained by GRASP. It should be noted however that the low values of AOD 
make it a challenge to obtain trustworthy retrievals from GRASP.

Fig. 1. Time-height cross section of the a) range-corrected backscattered lidar signal at 1064nm in arbitrary units and 
b) volume depolarization ratio (%) measured from PollyXT NOA lidar on April 5, 2017, over Finokalia.
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Fig. 2. a) Volume size distribution, b) particle concentration profiles, c) real and d) imaginary part of refractive index 
for fine (blue line) and coarse particles (purple line) retrieved from GRASP and from AERONET (black line) on April 
5, 2017, over Finokalia.

The retrieved concentration profiles (Fig. 2b) show a dust layer at low heights with a maximum at
~1.7km and a layer of fine particles with low concentration values (<10ppb) extending from the ground up to 5km.

The second event considered in this work was a pure dust event occurred over the Finokalia site on the 14 May 2017. 
The AERONET products indicate dust particles with AOD 440nm ~0.65, α ~0.14 for 440/870nm and a coarse-mode 
dominated distribution. Dust-transport simulations from FLEXPART- WRF (Figure not shown) showed transport from 
west to the lower levels (up to 2km) and from the

Fig. 3. Time-height cross section of the a) range-corrected backscattered lidar signal at 1064nm in arbitrary units and 
b) volume depolarization ratio (%) measured from PollyXT NOA lidar on May 14, 2017, over Finokalia.

Fig. 4. a) Volume size distribution, b) particle concentration profiles, c) real and d) imaginary part of refractive index 
for fine (blue line) and coarse particles (purple line) retrieved from GRASP and from AERONET (black line) on May 
14, 2017, over Finokalia.
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south for the highest levels. The lidar measurements (Fig. 3) showed a plume of non-spherical particles extending from 
close to the ground up to 5km height.

For GRASP we used the PollyXT measurements at 5:00-6:00 UTC (red box in Fig.3a). For this case study we tested both 
one and two modes GRASP inversions and we show here the one mode inversion as it fits better to the AERONET one-
mode size distribution. Our results (Fig. 4) show that GRASP and AERONET retrievals agree quite well. The retrieved 
refractive index (both the real and the imaginary part, Fig. 4c and d) being at the low end of dust climatological value 
(Dubovik et al, 2002) indicate a probable mixture of marine particles. Figure 4b shows the retrieved vertical concentra-
tion profile that presents two layers with one maximum (~0.13ppb) at heights lower than 1.5km and a second maximum 
(~ 0.06ppb) at ~4km height.

Conclusions
This study uses the GRASP retrieval algorithm to characterize the aerosol properties of two dust events that occurred 
during the PRE-TECT experimental campaign over Finokalia, on April and May 2017. The first case was a mixture of 
fine and coarse particles, corresponding to continental and dust particles respectively, whose properties were separately 
retrieved, but with some difficulties due to the low AOD values. The second case was a pure dust event for which the 
algorithm retrieved successfully the dust vertical distribution and microphysical properties that seem to agree well with 
dust climatological values.
Overall, the present study shows the potential of the GRASP sophisticated algorithm to synergistically combine the 
elastic backscatter lidar measurements together with the sunphotometer measurements. The algorithm derives an ex-
tended set of parameters for both columnar and vertical aerosol properties, including aerosol sizes, refractive index for 
both fine and coarse aerosol modes, as well as vertical concentration profiles, and thus provides with an effective aerosol 
characterization.
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Abstract: Monitoring aerosol optical properties and their long-term fluctuations can improve the assessment of the 
induced Direct Radiative Effects (DREs) and the subsequent climatic impacts. A suitable database for such an inves-
tigation has been made available by the Modern–Era Retrospective analysis for Research and Applications, Version 2 
(MERRA-2). In the present study, we investigate the spatio-temporal variation of the aerosol optical properties and 
clear-sky DREs of the main aerosol species (desert dust, sea salt, sulfate, organic and black carbon), and the total aero-
sol. To realize, MERRA-2 reanalysis products, at 0.5° × 0.625° resolution, are used as inputs to the FORTH determin-× 0.625° resolution, are used as inputs to the FORTH determin- 0.625° resolution, are used as inputs to the FORTH determin-
istic spectral radiation transfer model (RTM). Clear-sky shortwave (SW) DREs have been calculated at global scale and 
on a monthly basis, over the period 1980–2019 (40 years), at the surface, within the atmosphere and at the top-of-the-
atmosphere. According to our results, during the study period, the DREs exhibited changes in magnitude. More specifi-
cally, a strong increase of aerosol- induced atmospheric warming was observed which, in combination with an increase 
of surface cooling effect resulted in a slight decrease of the clear-sky TOA cooling from -5.48 Wm-2 during the 1980s to
-5.23 Wm-2 during the 2010s.

1 Introduction
Aerosol particles, among other atmospheric constituents, through their direct and indirect interaction with radiation, 
exert a perturbation of the Earth-Atmosphere system energy budget, thus playing a key role in the current and future 
climate. Originating from natural and anthropogenic sources worldwide, their microphysical and optical radiative prop-
erties are strongly dependent on particles’ composition and they are highly variable both in space and time. Moreover, 
the vertical structure of aerosol layers as well as the underlying surface properties impose a further complexity in the as-
sessment of the relevant radiative effects. In order to quantify the aerosol DREs, at global and regional scale, an accurate 
speciation of aerosol types is required, as well as an optimum characterization of their key optical properties, namely 
the aerosol optical depth (AOD), single scattering albedo (SSA) and asymmetry parameter (g), taking into account their 
3-D distribution. A comprehensive climatological analysis of aerosol radiative effects aiming at reducing the current 
uncertainty levels reported by IPCC, 2013 requires the use of long-term global databases of aerosol optical properties 
per particle type and the estimation of their respective radiative effect, as well as their contribution to the total perturba-
tion of radiation at long-term (i.e. decadal) scales. Such a long-term aerosol database has been made available recently 
through Modern–Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2, Gelaro et al. 2017).
In this study, 40 years (1980-2019) of MERRA-2 reanalysis data are used as input to a radiative transfer model in order 
to investigate the spatio-temporal variation of the clear-sky direct radiative effects (DREs) per aerosol type as well as 
for the total aerosol.

2 Data and Methodology
The aerosol DREs are computed using the deterministic spectral radiation transfer model FORTH (Hatzianastassiou 
et al., 2007), developed from a radiative-convective model (Vardavas and Carver, 1984). The model computations 
are performed on a monthly basis and 0.5° × 0.625° horizontal resolution (the original MERRA-2 resolution), for 118 
wavelengths ranging from 0.20 μm to 1 μm and for 10 spectral intervals between 1 and 10 μm. For each wavelength and 
spectral interval, the monochromatic radiative flux transfer equations are solved for an absorbing/multiple-scattering 
atmosphere using the Delta-Eddington method.
In order to calculate the aerosol DREs, the FORTH RTM requires their vertically and spectrally resolved optical proper-
ties (Aerosol Optical Depth or AOD, Single Scattering Albedo or SSA, and asymmetry parameter or g). Such data are 
not provided directly by MERRA-2 reanalysis. Therefore, we computed them based on MERRA-2 vertically resolved 
(72 layers), 3-hourly instantaneous aerosol mixing ratios and relative humidity data, along with look-up tables providing 
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spectrally resolved (25 wavelengths) scattering and absorption efficiencies per aerosol type, size bin and relative humid-
ity. Apart from aerosols, all remaining RTM required input data (meteorological fields, ozone and surface albedo) are 
also taken from MERRA-2. The RTM input data are averaged during each month of the 40- year period 1980-2019.
The aerosol DREs are computed at the Earth’s surface, within the atmosphere and at the Top of the Atmosphere (TOA) 
as DREx=Faer − Fno _ aer_ x , where x corresponds to the particle type (sulfate, sea-salt, dust, organic carbon, black carbon 
and total) while Faer and Fno_aer_x are the net downward (downward minus upward) radiative fluxes obtained running 
the RTM with all aerosol types and without considering a particular aerosol type x, respectively. In the case of x=total, 
Fno_aer_x corresponds to the model run without aerosols.

3 Results
The spatial distribution of the annual mean values of columnar MERRA-2 total AOD at 550 nm, averaged over the 40-
year period 1980–2019, is shown in Fig. 1a. A significant spatial variability of the AOD is evident, with higher aerosol 
load above land regions, especially in the Northern Hemisphere. More specifically, very high aerosol load (AOD up 
to 0.68) is observed in the densely populated region of east Asia and especially, China. In this region, according to 
MERRA-2 (results not shown here) the aerosol load is dominated by sulfate particles, but also by significant loads of car-
bonaceous (organic and black carbon) particles. Relatively high AOD (0.3-0.4), associated with anthropogenic sources, 
is also found above other regions, such as the Indian subcontinent and especially the Indo-Gangetic Plain. Over arid and 
semi-arid regions of the planet, the aerosol load is dominated by dust and the AOD values reach up 0.70 (above the 
Sahara desert). High aerosol loads (up to 0.2-0.4, locally) are also evident over regions with frequent seasonal biomass 
burning (such as the Southern Africa and America), and therefore strong presence of carbonaceous particles. On the 
other hand, low AOD is observed above most oceanic regions, except in cases where continental particles are advected. 
Such a characteristic case is the Saharan dust outflow to the tropical and subtropical North Atlantic Ocean and the export 
of biomass burning to the Gulf of Guinea or the southeastern Atlantic Ocean (off the coasts of Gabon, Kongo, Angola).

Fig. 1. Mean annual (1980-2019) global distribution of: (a) MERRA-2 Optical Depth for the total aerosol load at the 
wavelength of 550 nm and (b) total aerosol Direct Radiative Effects (Wm-2): (i) at the Earth’s surface, (ii) within the 
Atmosphere and (iii) at the Top Of the Atmosphere.

The mean annual geographical distribution of the clear-sky aerosol effects on the net shortwave flux at the Earth’s sur-
face (hereafter DREsurfnet), within the atmosphere (DREatm) and at TOA (DRETOA), averaged over the entire study period, 
is presented in Fig. 1b.
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At the Earth’s surface (Fig. 1b-i), aerosol cause a cooling effect (negative DREsurfnet). This cooling arises from the re-
duction of the downwelling solar radiation due to scattering and absorption by aerosol particles. The surface cool-
ing is more pronounced (up to 40 Wm-2) over regions with high aerosol load, of both natural (such as desert dust) and 
anthropogenic (such as sulfate) origin. More specifically the strongest cooling is observed over East Asia, Central and 
North Africa, the Arabian Peninsula, South America and the Indian Subcontinent, as well as above neighboring oceanic 
regions where aerosols are transported from the former source areas.
The aerosol effect within the atmosphere is presented in Fig. 1b-ii. It is evident that aerosols cause a heating of the 
atmosphere (by increasing the atmospheric absorption). This heating effect is stronger in regions with high AOD and 
relatively absorbing aerosols, such as desert dust and carbonaceous particles. Although DREatm has an opposite sign to 
that of DREsurfnet, their geographic distributions are similar and the magnitudes comparable. The atmospheric heating 
is especially pronounced above Central and North Africa with the DREatm reaching locally 36 Wm-2 over the Southern 
Saharan Desert.
The aerosol DRE at TOA (Fig. 1-b-iii) is the sum of the DREs at the Earth’s surface and within the atmosphere, which 
tend to counterbalance each other. The values of DRETOA range from -21 to 8 Wm-2. Negative values indicate decreas-
ing net incoming solar radiation (i.e. planetary cooling due to increased backscattered solar radiation to space), while 
positive values indicate a planetary warming. In most parts of the globe the aerosol surface cooling is more pronounced 
than the warming effect within the atmosphere, therefore the overall DRE at TOA is of negative sign. The cooling 
effect is more pronounced in East Asia, Central Africa, Sahel and Sub-Sahel regions. A very strong planetary cooling is 
also observed above oceanic regions where continental aerosols are advected (especially the tropical Atlantic Ocean and 
the Northern Indian Ocean). On the other hand, above regions characterized by high surface albedo (such as deserts and 
ice- and snow-covered polar regions) DRETOA is either small or of positive sign (i.e planetary warming effect). The TOA 
warming effect is more pronounced in parts of the Sahara desert (up to 8 Wm-2 in Bodélé) due to the combination of the 
presence of relatively absorbing desert dust aerosols and the underlying highly reflective surface. The warming effect 
(up to 2 Wm-2) in the polar regions is of particular interest because of their climatic sensitivity.
The globally and hemispherically averaged values of the aerosol DREs, as well as the DREs averaged over global land 
and ocean areas, are computed for each decade of the study period (1980- 1989, 1990-1999, 2000-2009 and 2010-2019), 
in order to provide some insight about their temporal variability and are presented in Fig. 2. We provide the DREs 
corresponding to the total aerosol load (1st row) as well as for each aerosol particle type separately (i.e. sulfate, dust, sea 
salt, organic carbon and black carbon; 2nd to 6th row in Fig. 2).
According to Fig. 2, large differences between the DREs of different aerosols are evident. On global level, the strongest 
surface cooling is caused by desert dust and sulfate particles. The atmospheric warming is proportional to the particle 
absorptivity and therefore the main contributors of this effect are black carbon particles followed by dust. The heating 
effect of the almost purely scattering sea-salt and sulfate is small, as expected. At TOA, the strongest cooling is caused 
by sulfate and sea salt particles. The DREs of all particles at TOA are negative (i.e. cooling effect), with the exception 
of black carbon aerosols, which cause a heating effect. The aerosol DREs exhibit differences in their magnitude between 
land and oceans as well as between the two hemispheres. Generally, the aerosol effects are larger over land than over 
ocean and over the Northern Hemisphere compared to the Southern (especially for dust). These differences are more pro-
nounced for the DREatm and they are related to the presence of stronger and more absorbing aerosols over the Northern 
Hemisphere and global land areas.
The temporal variation of the aerosol DREs is of particular interest due to the subsequent climatic consequences. One of 
the most characteristic features of the temporal variation is the smaller sulfate DREs during the 2000s and 2010s (mean 
global values at TOA -1.21 and -1.11 Wm-2) compared to 1980s and 1990s (DRETOA -1.96 and -2.47 Wm-2, respectively). 
This decrease is caused by a large reduction in sulfur emissions mainly in Europe and North America and the subsequent 
decrease of sulfate AOD (results not shown here). The sulfate DREs are also strongly affected by the increase of sulfate 
load within the atmosphere due to Mt. Pinatubo eruption in 1991, resulting in a large cooling effect at TOA during the 
1990s.
Overall, between 1980s and 2010s, the total aerosol load DREs at the Earth’s surface and within the atmosphere in-
creased in absolute values. More specifically, the surface cooling slightly increased from -8.44 to -9.17 Wm-2, since the 
decreased sulfate DREsurfnet was compensated by an increased cooling from dust, organic and black carbon particles. The 
increase of the aerosol-induced atmospheric warming effect was larger (from 2.97 Wm-2 during the 1980s to 3.95 Wm-2 
during the 2010s) and is due to increasing black carbon DREatm. Overall, these changes resulted in a slight decrease of 
the TOA cooling effect from -5.48 to -5.23 Wm-2 on the global average scale.
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Fig. 2. Long-term (decadal) averaged aerosol DRE (in Wm−2) at the Earth’s surface (1st column), within the Atmosphere 
(2st column) and at the Top Of the Atmosphere (3rd column), over the globe (black line), the Northern and Southern 
Hemispheres (blue and red lines), land (black dashed line) and ocean (black dotted line).
The results are provided for the total aerosol load (fist raw) and for sulfate (SU), dust (DU), sea salt (SS), organic (OC) 
and black carbon (BC) particles (2nd to 6th row, respectively).

4 Conclusions
In this study, we investigated the spatio-temporal variation of the aerosol optical properties and direct radiative effects 
(DREs)  under clear-sky conditions,  during 1980-2019,  on a global  scale,  using MERRA-2 reanalysis data and the 
FORTH deterministic spectral radiative transfer model. We found high AOD values (up to 0.70) above regions where 
the aerosol load consisted of both natural and anthropogenic particles, such as East Asia (high loads of sulfate particles) 
and North Africa (mainly desert dust and carbonaceous particles). Our model results revealed a surface cooling up to 40 
Wm-2 and an atmospheric warming up to 36 Wm-2 during 1980-2019, in regions with high aerosol load, located espe-
cially in continental parts of the Northern Hemisphere. The surface cooling and atmospheric warming effects resulted in 
a planetary cooling effect at TOA above most parts of the globe, which was found to be stronger (up to 21 Wm-2) over 
ocean regions undergoing advection of particles of continental origin (such as the tropical North Atlantic Ocean). An 
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aerosol planetary warming effect was found above regions characterized by large surface albedo, with the DRETOA reach-
ing 8 Wm-2 above the Sahara desert and 2 Wm-2 above Greenland and Antarctica. On global level the DRETOA was -5.23 
Wm-2 during the 2010s (2010-2019); slightly lower than during the 1980s (-5.48 Wm-2). However, this small decrease 
resulted from a strong increase of the DREatm (from 2.97 Wm-2 to
3.95 Wm-2) and an increase of surface cooling (-8.44 to -9.17 Wm-2). These changes are mainly related to the change 
of the aerosol load composition and more specifically to the sharp decrease of sulfuric emissions in Europe and North 
America and the increase of dust, organic and black carbon AOD. The increase of black carbon particles is of particular 
interest because, despite their relatively small optical depth, they cause a substantial TOA heating, which during the last 
decade of our study period reached
0.67 Wm-2 on a mean global level. This heating effect is partially compensating the global cooling effect of aerosols at 
TOA. The aerosol induced cooling of the Earth’s surface and warming of its atmosphere can have consequences for the 
dynamics of the Earth-atmosphere system, which deserve to be investigated.
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Abstract: In the framework of the EuroGEO e-shape project (http://www.e-shape.eu/) we introduce the pilot system 
nextSENSE, which is capable of short-term forecasting the surface solar radiation (SSR) and the subsequent energy 
production by the photovoltaic solar power plants in Europe and North Africa. This system was developed by the National 
Observatory of Athens in Greece in collaboration with the World Radiation Center of Davos in Switzerland and uses 
Earth observations from the satellite application facilities to support nowcasting and very short range forecasting (SAFN-
WC) of the European organization for the exploitation of meteorological satellites (EUMETSAT) and the Copernicus 
Atmosphere Monitoring Service (CAMS). The algorithmic part of the nextSENSE system consists of state-of-the-art 
fast radiative transfer models (FRTM) powered by high performance computing (HPC) architectures and computer vi-
sion aspects in order to short-term forecast the clouds motion and the impact on solar energy. The outcome is a massive 
provision (i.e. 20 million simulations per minute for Europe and North Africa) of operationally produced solar energy 
simulations in 5 km spatial resolution for a forecast horizon of 3 hours ahead in 15-minute time intervals in real-time. 
NextSENSE is going to support the solar energy producers and the local and regional electricity handling entities.

1 Introduction
The renewable energy market requires an efficient and optimal energy planning and management. The modern technical 
solutions for the grid operators support monitoring, forecasting, and managing the energy production with the use of 
space technologies, which are in particular useful in decision-making for the energy producers that exploit photovoltaic 
or concentrated solar power plants as well as for the electricity transmission and distribution system operators. To this 
direction, in the framework of the EuroGEO e-shape project a novel system was officially released in summer 2020 in 
support to the distributed solar plant energy production management, electricity handling entities and smart grid opera-
tions in Europe and North Africa. Called NextSENSE, this system is a 5-year scientific and technical achievement of the 
collaboration of the National Observatory of Athens (NOA) in Greece with the World Radiation Center (PMOD/WRC) in 
Switzerland and exploits the synergy of Earth observation (EO) data and radiative transfer modeling with image process-
ing, optical flow technologies and HPC architectures.

2 Data and Methodology

2.1 Data
The main Earth Observation data source used as input the nextSENSE is the cloud optical thickness (COT) product of 
the EUMETSAT’s SAFNWC, retrieved from the Meteosat Second Generation SEVIRI instrument (MSG/SEVIRI), in 
near-real time (nowcasting). The retrieval algorithm uses radiances from the 0.6 and 1.6 micron channels (MétéoFrance 
2013). The spatial and temporal resolution of the MSG COT is 5 km over nadir and 15 minutes respectively, indicating 
also the moving step for the short-term forecasting techniques. For the calculation of the clouds effect on SSR we used 
the Cloud Modification Factor (CMF) for more generalized results and for better understanding of the overall impact 
regardless the climatological conditions. The CMF is described as:
  CMF = SSR / SSR

cls
,  (1)

where SSR is the irradiance under actual sky conditions and SSRcls is the irradiance under clear sky conditions as simu-
lated by the FRTM. As a result, the CMF takes values between 0 and 1, indicating the clear sky SSR with 1 (i.e. no cloud 
effect) and all the lower values characterizing the SSR under the clouds effect. For the aerosol effect on SSR (Kosmo-
poulos et al. 2017) and solar energy production (Kosmopoulos et al. 2019) the aerosol optical depth (AOD) 1 day fore-
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casts from the CAMS service was used operationally at 1 hour and 40 km temporal and spatial resolution, respectively.

2.2 Methodology
For the short-term forecasting dimension of the nextSENSE system, we obtain cloud motion vectors (CMV) in order 
to predict the motion of the clouds by applying computer vision techniques and particularly calculating the optical flow 
displacement vectors between two images of satellite derived cloud related parameters, COT and CMF, by assuming that 
cloud’s displacements are two dimensional (image plane). The problem of optical flow estimation can be outlined as the 
approximation of the motion field from image intensity variations with time, solely attributed to objects displacement, 
so the image intensity I(x,y,t) satisfies the following equation:
  I(x, y, t) = I(x + dx, y + dy, t + dt) (2)
where for an infinitesimal time interval dt, dx and dy are the horizontal and vertical displacements of an image region 
(pixel). The innovation relies on the implementation of a state-of-the-art method of computer vision (Farnebäck 2003), 
which is a two-frame motion estimation technique based on polynomial expansion in the neighborhood of each pixel, 
and then to calculate the optical flow using satellite images, in order to calculate CMVs and forecasting cloudiness (Ko-
smopoulos et al. 2020). We benchmarked the CMV against the persistence (PeRsiStence; PRS hereafter) approach which 
assumes that clouds remain motionless for the next 3 hours, while all the other parameters change dynamically including 
the solar zenith angle, the aerosol impact etc.
The nextSENSE system exploit the FRTM described in Kosmopoulos et al. (2018) which is based on large scale pre-
calculated look up tables (i.e. 2.5 million simulations using the libRadtran library of RTM (Mayer and Kylling 2005)), 
the CMV method described in Kosmopoulos et al. (2020) in conjunction with the aforementioned Earth Observation 
data sources and HPC in order to work operational and in real-time. Figure 1 illustrates the operation of nextSENSE, the 
input data sources (MSG COT and CAMS AOD) and the subsequent output results in the form of an open access web 
service (http://solea.gr/solar-energy-management/) developed in the framework of the EuroGEO e-shape project. 
The user through the fully dynamical interface is able to navigate, zoom and click at any pixel of the 1.5 million matrix 
retrieving solar energy potential information for 3 hours ahead and 3 hours back time horizons at 15-min intervals. For 
the almost 20 million RTM simulations required every 15 minutes (1 matrix of 1.5 million pixels for the current time 
and 12 matrixes of 1.5 million pixels for the 3 hours ahead time horizon, i.e. 12 time steps), a distributed and HPC was 
exploited at a UNIX featured environment. For this purpose, a 32-core independent core architecture is used followed 
by a 256 Gb RAM, distributed into 16 virtual machines working in parallel and in real time. The daily dataflow includ-
ing the input and output data retrieving, production and projection is of the order to 550 Gb handled by a 12Tb RAID10 
storage architecture.

Fig. 1. Flowchart illustration of the nextSENSE system.
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The forecasting results are evaluated in terms of mean bias and root mean square error (MBE and RMSE, respectively), 
defined in absolute terms as follows:

Where ε
i = x

f – x
0 are the residuals calculated as the difference between the forecasted values (xf) and the real observed 

values (x
0
), and N is the total number of values. RMSE describes the overall spread of the error distribution, while MBE 

quantifies the bias and additionally detects overestimations (MBE>0) or underestimations (MBE<0). Finally, the cor-
relation coefficient (R), as well as the standard deviation (SD) were used to represent the proportion of the variability 
between the forecasted and real observed values.

Results
Figure 2 shows for the 30th of April 2020 the differences between the forecasted CMF (i.e. the CMV CMF) and the 
real CMF for 3 hours ahead at the left map and at the right map the same for the PRS. Both maps present positive and 
negative differences indicating the subsequent overestimation and underestimation of the CMV and PRS approaches, 
respectively. The PRS results larger errors both as underestimation and as overestimation than the CMV as indicated by 
the more intense red and blue areas on the maps, highlighting the limited ability of the PRS to follow the cloud movement 
and the corresponding impact on the CMF.

Fig. 2. Difference between the CMV and the real CMF (left plot) during the 30th of April 2020 at 3 hours ahead time 
horizon, as well as the difference between the PRS and the real CMF (right plot) for the same time horizon.

Figure 3 shows, for the same day (30th of April 2020), the density scatter plots for the CMV forecasted (left plot) and 
PRS (right plot) approaches in terms of CMF, for 15min ahead, against the real retrievals.

Fig. 3. Density scatter plots of the 30th of April 2020 covering Europe and North Africa (i.e. 1.5 million pixels) for the 
CMV (left plot) and PRS (right plot) short-term forecast approaches for the 15-min ahead time horizon.
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The PRS method presents a larger scatter in comparison to the CMV approach followed by the corresponding statistics, 
i.e. R=0.83, SD=0.123 and RMSE=0.125 for the PRS and R=0.86, SD=0.109 and RMSE=0.111 for the CMV, respec-
tively. This is a result of the changing clouds conditions, which by definition PRS cannot forecast.
Figure 4 presents the overall CMF error as a function of RMSE and MBE for PRS and CMV approaches under all condi-
tions and during transition. A note for this kind of analysis is that the PRS in some cases, like going from cloudy to clear 
sky conditions, presents better results than starting from clear sky to cloudy sky because returning to clear sky or CMF 
equals to 1 means that we go back to the optimum operating conditions for PRS, which are the clear sky conditions. So, 
taking into account that for the studied region, which has almost 1.5 million pixels, the majority is clear sky, around 700 
to 800 thousand pixels, it is obvious that persistence is the prevailing situation that will have the best statistics. And this 
is the main reason that in this plot focuses on the sky conditions changes and the transition (TRN) between clear and 
cloudy sky.

Fig. 4. The overall CMF error for CMV and PRS approaches under all and transition (TRN) conditions as a function of 
RMSE and MBE.

Under all conditions for PRS, MBE is observed to be almost constant but RMSE is increasing from 0.14 to 0.34 at 15 min 
and 3 h forecast horizons, respectively which suggests that the distribution is moving from evenly distributed error to 
large error outliers. The CMV is showing a negative relation between RMSE and MBE which indicates underestimations 
of CMF under ALL condition. In TRN regime, PRS shows an almost linear increase in RMSE with MBE from 15 min 
to 3 h forecast horizon, while CMV shows an increase in RMSE though the MBE remains almost constant at 0.05 with 
very minute deviations. The limited ability of the PRS method was revealed during the TRNs. Indicatively, the highest 
RMSE of the CMV TRN which is at the 3h ahead time horizon is almost 0.06 CMF lower than the starting point of the 
PRS TRN at the 15 min ahead (i.e. 0.32), highlighting the overall value of the CMV against the PRS.

4 Conclusions
The nextSENSE system, exploiting the modern Earth Observation (satellite and modelled data) and computer vision 
(motion flow) technologies is able to act as an open access platform for continuous monitoring and short-term forecast-
ing of solar energy in large-scale, running operationally, online and in real-time. The brief analysis performed in this 
study revealed the superiority of the CMV method against the PRS under all sky conditions and especially under TRS 
conditions. The correlation between the forecasted and the actual data was seen to deteriorate with the increasing forecast 
horizon (from 15 min to 3 h). This system currently provides access to solar energy information mainly for intraday energy 
management and grid stability, while it can actively support the energy producers at any solar system scale as well as 
the transmission and distribution system operators in Europe, North Africa and recently in Southern Asia (Masoom et al. 
2020), promoting and supporting the sustainable development as well as affordable and modern energy for all.
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Abstract: During the summer of 2019 and the winter of 2019-2020, in the frame of the PANhellenic infrastructure for 
Atmospheric Composition and climatE chAnge (PANACEA) project, coordinated measurements of aerosol and gase-
ous air quality species were performed by the Laboratory of Atmospheric Physics, AUTH, at Thessaloniki, the second 
largest city in Greece. The main aim of the campaign, which took place in all major Greek cities, is to chart particulate 
and gaseous air pollution and the resulting human exposure to atmospheric pollution. Spatiotemporal mapping of tropo-
spheric NO2, CO, CH4 as well as particulate matter was performed through remote sensing and in-situ measurements and 
using reference and mobile atmospheric monitoring instrumentation. In the following, the air quality during summer and 
winter over Thessaloniki is characterized by measurements from multiple MAX-DOAS instruments, a Raman aerosol 
Lidar as well as an FTIR spectrometer, a CIMEL photometer and a GRIMM spectrometer. Complimentarily, space-born 
observations by the high spatial resolution S5P/TROPOMI instrument, as well as chemical transport modelling simula-
tions by the LOTOS-EUROS model, aid in understanding regional pollutant levels and their seasonal signatures. 

1 Introduction
Coordinated measurements of aerosol and gaseous air quality species were performed by the Laboratory of Atmospheric 
Physics, AUTH, (LAP/Auth), at Thessaloniki, Greece during the summer of 2019 and the winter of 2019-2020, in the 
frame of the PANhellenic infrastructure for Atmospheric Composition and climatE chAnge (PANACEA) project. These 
measurements included routine observations by standard instruments that monitor the atmosphere as part of the opera-
tional LAP/Auth ground-based suit of instrumentation established since more than two decades. In Figure 1 a schematic 
of these different types of instruments is shown, whose individual findings are discussed in detail in the following sec-
tions. Furthermore, space-born observations by the polar-orbiting S5P/TROPOMI UV-Vis instrument, and chemical 
transport modelling, CTM, simulations by the LOTOS-EUROS open-source CMT complete the assessment of the air 
quality over the city during the campaigns. 

Figure 1. The suite of ground-based instruments participating the PANACEA campaigns in the Laboratory of Atmos-
pheric Physics. Aristotle University of Thessaloniki.

Aerosol optical depth, type and Particulate Matter concentrations 
The synergistic observations by a Raman lidar, a CIMEL sunphotometer and a GRIMM optical counter have provided 
a wealth of information on the aerosol load over Thessaloniki, to include estimates of the particular matter, PM, content 
in the boundary layer, the aerosol optical depth in the free troposphere as well as the separation of the different aerosol 
types and their provenance. 
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GRIMM PM2.5 & PM10 measurements
PM2.5 and PM10 measurements were performed with a GRIMM optical instrument, which measures the size-resolved 
number concentration per cubic centimeter of particles in the size range of 0.3 to 20 μm. The summertime PM2.5 hourly 
concentrations from the GRIMM instrument ranged from 2 to 28 μg/m3, while for the winter period the concentrations 
were 1-76 μg/m3. The hourly concentrations of PM10 from the GRIMM instrument during the summer period ranged 
from 4 to 71 μg/m3 and for the winter period ranged from 2 to 144 μg/m3, while the daily concentrations for summer 
period were 7-36 μg/m3 (Figure 2, left) and for winter period the range was 4-85 μg/m3 (Figure 2, right). We conclude 
that the air quality over Thessaloniki, with respect to aerosol load, is within acceptable range, with some PM10 exceed-
ances during wintertime, mainly attributed to the observed Saharan dust events.

Figure 2. Particulate matter measurements from the GRIMM instruments for PM1 [red], PM2.5 [blue] and PM10 [yel-
low] are shown during summer (left) and winter (right).

CIMEL sunphotometer Aerosol Optical Depth observations
Direct solar irradiance measurements from a Cimel sunphotometer are being performed in LAP/Auth since 2003, when 
the instrument was installed as part of the AERONET Global Network. The CIMEL is an automatic Sun‐sky scanning 
filter radiometer that allows the measurements of the direct solar irradiance from which the aerosol optical thickness 
(AOT) and the Ångström exponent are derived. In Figure 3 the temporal variability of the columnar aerosol optical 
properties from AERONET version 3 retrievals during the two PANACEA campaigns is shown with gaps in the time 
series being caused by cloudy skies. During summer, the Ångström exponent varied from 0.87 to 2.03 with a mean 
value of 1.688±0.212, while the AOD at 500nm has mean value of 0.246±0.06. During winter, the Ångström exponent 
varied from 0.99 to 1.914 with a mean value of 1.530±0.206, while the AOD at 500 nm has mean value of 0.137±0.07. 
The aerosol fine mode is dominant in the entire vertical atmospheric profile while the contribution of the coarse mode 
is more limited. 

Figure 3. AERONET fine/coarse mode AOD retrievals over Thessaloniki at 500 nm, along with the Ångström exponent 
of 440/870 nm during: (Upper panel) PANACEA summer campaign 2019 (1st July to 31st August) and (lower panel) 
PANACEA winter campaign 2020 (1st January to 28th February).

Lidar system aerosol type observations
Thessaloniki lidar system (THELISYS) is a member station of the European Lidar Aerosol Network (EARLINET), 
providing almost continuous measurements according to the EARLINET schedule and additional during extreme events 
(e.g., Saharan dust outbreaks), satellite overpasses (e.g., AEOLUS, ΟΜΙ) and during the two PANACEA campaigns 
(summer 2019/winter 2020). THELISYS is a multiwavelength Raman/depolarization lidar system, which through the 
years has been gradually upgraded regarding its operational wavelengths and the detection configuration. The final 
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products are the aerosol backscatter coefficient at 355, 532, and 1064 nm, the aerosol extinction coefficient at 355 and 
532 nm and the linear particle/volume depolarization ratio at 532 nm. From the aforementioned aerosol products (co-
lumnar), aerosol layers (Siomos et al., 2018) can be derived and typed, based on automated typing procedures already 
evaluated for Thessaloniki (Voudouri et al, 2019). In Figure 4, the percentages of the predominant aerosol type observed 
over Thessaloniki during the summer 2019 PANACEA campaign (a) and the winter 2020 PANACEA campaign (b) are 
presented.

Figure 4. Percentages of the predominant aerosol type observed over Thessaloniki during summer 2019 (a) and winter 
2020 (b).

The majority of the detected layers are classified as biomass burning aerosols (with percentages up to 50% during the 
winter period) attributed to either city sources or remote sources (e.g. wildfires and agricultural fires). The clean conti-
nental cluster is the next predominant one with an occurrence ratio of 43%, however only observed during the summer 
campaign. No dust layers transported to Thessaloniki are classified, indicating that these layers are mixtures with urban 
particles. Moreover, a number of layers (with percentages up to 30%) are not assigned to any cluster due to the threshold 
criteria.

Atmospheric gaseous air quality: tropospheric NO2, CH4 and CO

MAX-DOAS observations of tropospheric NO2
Two mini MAX-DOAS systems contributed with measurements over Thessaloniki to both summer and winter measure-
ment campaigns. MAX-DOAS is a measurement technique that has proven to be a useful tool for the determination of 
vertical profiles and the integrated vertical column densities (VCDs) of various trace gases within the lower troposphere 
(e.g. Drosoglou et al., 2017; Friedrich et al., 2019). During the PANACEA summer campaign both systems were op-
erating simultaneously at the Laboratory of Atmospheric Physics and the derived daily mean VCDs match to a high 
extent (Figure 5, left). Discrepancies in the VCDs can arise due to differences in the technical characteristics of the 
two instruments (such as the wavelength resolution and the signal to noise ratio). During the winter campaign one of 
the two systems was installed at the University of Ioannina, and Figure 5 (right) shows the comparison of tropospheric 
NO2 levels between the two measurement sites (Thessaloniki and Ioannina). Higher values of NO2 VCDs are observed 
in Thessaloniki due to increased NOx emissions compared to Ioannina. The larger NO2 levels that are observed in the 
winter compared to summer are due to the longer atmospheric lifetime of NO2 and higher emissions, e.g. higher power 
consumption and emissions from individual domestic heating.

Figure 5. Intercomparison of daily mean NO2 tropospheric vertical column densities derived by the two MAX-DOAS 
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systems operating at LAP/AUTH (left) and comparison of NO2 levels between Thessaloniki and Ioannina during the 
PANACEA experimental campaign (right).

FTIR direct solar-viewing spectrometer CH4 and CO observations 
The time-series of XCO and XCH4 recorded with EM27/SUN a portable FTIR direct solar-viewing spectrometer during 
the summer and winter PANACEA campaigns are presented here. XCH4 time series (Figure 6, upper) show a slightly 
increase of methane in 2019-2020 winter campaign by 0.03 ppm, varying significantly between the seasons due to the 
many different variable sinks and sources of methane (e.g. rice cultivation) around Thessaloniki. In the XCO concentra-
tions (Figure 6, lower) there is variability on a seasonal timescale, showing a late summer minimum and a maximum 
during winter campaign. The main source for CO in this area is incomplete combustion of fossil fuels, so the seasonal 
behavior of XCO may reveal the variability of CO emission from vehicle exhaust, with wintertime maximum and sum-
mertime minimum. 

Figure 6. Time series of gaseous CH4 [upper] and CO [lower] load over Thessaloniki for the summer [left column] and 
winter [right column] campaigns. 

S5P/TROPOMI observations and LOTOS-EUROS CTM simulations tropospheric NO2

The TROPOspheric Monitoring Instrument (TROPOMI), on board the S5P satellite, is a nadir viewing shortwave spec-
trometer that measures in the UV-visible, near-infrared and shortwave infrared wavelength range providing daily co-
lumnar observations of most major atmospheric species. In Figure 7, upper, we show the space-born tropospheric NO2 
observations for July [left] and December [right] 2019 over Thessaloniki, where lower NO2 loads are observed in the 
summer, due to its rapid photochemical destruction, compared to the wintertime, as also shown by the MAX-DOAS 
observations (Section 3.1). 
The LOTOS-EUROS (https://lotos-euros.tno.nl/) v2.2 Chemical Transport model was used to simulate NO2 tropospher-
ic columns in Thessaloniki during the campaign (Skoulidou et al., 2021). The CAMS-REG (CAMS Regional European 
emissions) version 2 for 2015 and with a spatial resolution of 0.1°×0.05° is used as an emission inventory for the simu-
lations and the meteorological data are acquired by the European Centre for Medium-Range Weather Forecasts (EC-
MWF). The low NO2 values in July and the high NO2 columns in December are shown in Figure 7, lower, as simulated 
by the model and in good agreement with the S5P/TROPOMI observations. 
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Figure 7. Tropospheric NO2 columns (1015 molecules/cm2) by S5P/TROPOMI [upper] and LOTOS-EUROS [lower] are 
shown for June 2019 [left] and December 2019 [right.]

Conclusions
During the summer and winter PANACEA campaigns, a wealth of ground-based measurements, space-born and chem-

ical transport modelling aided in understanding the complex atmospheric environment over the city of Thessaloniki. 
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Abstract:  We review existing literature on the impact of sound levels and frequencies on coagulation processes of 
atmospheric aerosols. While the literature is extensive regarding the use of sound on pollution control engineering, there 
is hardly any literature regarding the impact of sound on ambient levels of particulates. The main factors determining 
the impact of sound on particles are the sound frequency and pressure level and the particle size and concentration. We 
present calculation results for acoustic coagulation by bell sounds for a range of particle densities and diameters. Our 
results show that while the frequency spectra of bells are ideal for causing acoustic coagulation of ambient aerosols, the 
sound level pressure (SLP) is low and hence inhibitive. However, we cannot exclude that higher SLPs might have an 
impact under ambient conditions. We cannot also exclude that processes other than coagulation might also have consid-
erable impact, through e.g. vibrational breakup of particles.  

1 Introduction
Particle agglomeration, the increase of the size of particles, contributes to cloud formation and aerosol sedimentation. 
Sound can cause agglomeration, termed acoustic agglomeration or acoustic coagulation, due to particle resonance and 
the resulting relative motion of particles, and hence impact atmospheric particles. Acoustic agglomeration for use in air 
pollution control devices has been studied for decades and is an effective method for removing fine particles from in-
dustrial exhausts (e.g. Scott 1975, Hoffmann and Koopmann 1996, Gallego-Juárez et al. 1999, Ng et al. 2017). In these 
studies, it has also been found that the presence of humidity can raise the agglomeration rate and decrease the number 
particle concentration by up to 56% (De Sarabia et al. 2003). 
The fundamental vibration frequency of a droplet of radius r0 is ω0=(2σ/π2ρr0

3)1/2 (Rayleigh, 1879), where σ is the surface 
tension and ρ is the droplet density. The resonance of particles in a sonic field can be characterized by the resonance rate 
η=Up/Uo=1/[sqr(1+(ωτp)

2)], taking values from 0 (no resonance) to 1 (complete resonance), where ω=2πf (f being the 
frequency)  (Brandt et al. 1937, Temkin and Leung 1976, Hoffmann and Koopmann 1996; 1997, Gonzalez et al 2000) 
and τp=2dωr2/9μ is the relaxation time (μ being the potential air viscosity).  
Effective agglomeration length, Leff, is the maximum interparticle distance that in the event of a collision leads to ag-
glomeration. Leff = ε∙L where ε is the collision efficiency 0<ε<1 and L is the max interparticle distance that can cause 
collision.
The main identified mechanisms are orthokinetic collision and hydrodynamic collision, the latter through mutual scat-
tering interaction, mutual radiation pressure interaction and acoustic wake influence. Orthokinetic collision is the main 
mechanism of sonic agglomeration for polydisperse particles at low frequencies and medium particle size ratios d1/d2 
(d being the diameter). The orthokinetic mechanism refers to collisions between different sized particles located within 
a distance that is approximately equal to the displacement amplitude of the acoustic field and with their relative mo-
tion substantially parallel to the direction of vibration (Riera et al. 2015). It is based on the different resonance rate η of 
the particles due to their different sizes (different frequencies and amplitudes for different sizes resulting in increased 
collisions) and is not effective for particles < 1μm. The orthokinetic model does not explain the observation of interac-
tions between particles initially separated at distances much larger than the acoustic displacements and the agglomera-
tion of particles of similar sizes (González et al. 2003, de Sarabia et al. 2000). In these cases the main mechanism is 
hydrodynamic collision (less drag on the trailing particle). Hydrodynamic interaction refers to collisions caused by the 
viscous interaction between particles and their surrounding medium (air in our case), and can occur for particles that 
are separated at distances much larger than their acoustic displacement amplitudes. In general, two approaches to ac-
count for hydrodynamic forces have been proposed—mutual radiation pressure interaction and the acoustic wake effect. 
Mutual radiation pressure interaction is based on the Bernoulli principle and is possible only for interparticle distances 
r<5(d1+d2) while for r>10(d1+d2) it is negligible. Results in more relative motion of two particles when d1/d2=1/3 and no 
relative motion when d1/d2=1 (i.e. monodisperse particles), hence other mechanisms have to bring first the particles near 
each other. Mutual scattering interaction is due to the reflection of sound wave on a particle and the resulting interaction 
between nearby particles. The Acoustic wake effect is the main mechanism of sonic agglomeration for monodisperse 
particles < 1 μm, high sound frequencies, for mean size ratios d1/d2, increasing with increasing particle size. It is not of 
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significant influence when the orthokinetic collision prevails. It is based on the asymmetry of the air flow field around a 
moving particle at mean and high Reynolds numbers. Particles are excited by the sonic field and move, air wake is cre-
ated, the pressure drops behind the particle (wake area), and causes particle attraction in the wake area (perpendicular to 
flow field) and particle repulsion (in line to flow field), and temporary pseudo-agglomerates form.
Factors influencing acoustic agglomeration are the sound frequency, sound pressure level (SLP), and particle size. For 
orthokinetic collision, sound frequencies around 50-500 Hz are more effective while for the acoustic wake effect the 
effect increases with frequency, being more effective at frequencies above 80 Hz and even more so above 800 Hz. For 
both types of agglomeration, the effective agglomeration length increases exponentially with SLP. For the acoustic wake 
effect, the effect increases with particle size, while for orthokinetic collision the effect is more pronounced for sizes 
around 2 μm (depending also on frequency and relative particle sizes).
While the literature is extensive regarding the use of sound on pollution control engineering, there is hardly any lit-
erature regarding the impact of sound on ambient levels of particulates. We aim here to present calculation results for 
acoustic coagulation under ambient conditions by bell sounds for a range of particle densities and diameters. Bell sounds 
have been chosen because they have a rich frequency spectrum, are relatively loud and are ubiquitous in a range of ci-
vilisations.

2 Data and Methodology
The bell sound measurements were made in Xanthi at distances 40, 80 and 170 m (respective mean SLP 102, 83 and 
78 db[A]) from the bell of St. Prodromos church with a CEL 490 sound level meter combined with a 920 frequency 
analyzer. 
For the calculation of the resonance rate η the equation given in the Introduction above is used. For the density ρ of 
particles we use 1000 kg/m3 (water density, representing liquid particles) and 2500 kg/m3 (mean density of limestones, 
representing dust particles).
Leff=ε∙L is the orthokinetic effective agglomeration length, where L=|xp2-xp1|=η12Ug/ω the maximum separation distance 
between two oscillating particles of different size and xp2, xp1 the displacement range of the small and large particle, re-
spectively, and ε=[St/(St+A)]Β the collision efficiency with A=0.65, B=3.7 constants (Loeffler 1988) and St the Stokes 
number St=ρpη12Ugd2

2/18μd1. Ug=[10^(SLP-94)/20]/(cρg) gives the range of oscillation speed of the excited medium 
(Noorpoor et al 2012), c being the speed of sound in air and ρg the density of air. Hence, for the calculation of Leff we 
use Leff=(η12*Ug/ω)*[St/(St+0.65)]^3.7, where η12=ω(τ1-τ2)/sqr[1+(ωτ1)

2(ωτ2)
2] is the relative resonance between two 

particles, where τ1, τ2 are the relaxation times of the two particles.  

3 Results
We performed a range of calculations to study the impact of bell sound on aerosol agglomeration under ambient con-
ditions (Andrikopoulou 2013). For the concentrations and ranges of particulate matter, we used the data reported for 
Athens for three altitudes by Flocas et al (2006). They have found that the dominant range for number concentrations is 
0.11-0.28 μm and >10 μm for volume concentrations. So, for the large particles we use d1=10 μm and for the small par-μm and for the small par-m and for the small par-
ticles d2= 0.11 and 0.28 μm. The number concentrations have been set at 2X106 particles/lt, which is the value reported 
by Flocas et al (2006) for 500 m altitude.

Fig. 1. Frequency spectrum of the SLP of the bell of St. Prodromos Church, Xanthi.
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For resonance rate calculations with constant particle diameter we use sound frequencies ∈ [20 Hz – 20.000 Hz], range 
of aerodynamic diameters between 0,01-50 μm, potential air viscosity μ = 18,27 μPa s and air density ρg = 1.2 kg/m3.

The resonance rate results show complete resonance for frequencies f < 1000 Hz. For very low f (< 150 Hz) even large 
particles with d around 10 μm stay in resonance. Hence, the frequency spectrum of a bell has the potential to cause ag-μm stay in resonance. Hence, the frequency spectrum of a bell has the potential to cause ag- stay in resonance. Hence, the frequency spectrum of a bell has the potential to cause ag-
glomeration. The effective length results show that for particle number concentrations near  2×106 particles/lt the inter-
particle distance at rest is 800 μm and Leff  is between 10-21 and 10-34 m. Hence, particle agglomeration in the atmosphere 
of Xanthi under the bell influence does not seem possible at distances from the bell > 20 m.

Fig. 2. Upper panels: Resonance rate as a function of sound frequency and particle diameter. Lower panels: Calculations 
of  resonance rate with constant sound frequency. Particle mass densities are 1000 kg/m3 (left) and 2500 kg/m3 (right).

Now we study two cases with possible conditions for agglomeration (Fig. 3):
Case 1 (Fig. 3, upper panel): d2 = 0,28 μm, SPL=160 dB, ρg = 2500 kg/m3, f ∈ [250 – 9200 Hz] results in Leff of 0.07-14.7 
μm which is much smaller than the inter-particle distance of 800 μm at 2×106 particles/lt. If ρaerosol = 106 particles/cm3 
(=109 particles/lt, i.e. very polluted conditions) the inter-particle distance becomes 100 μm. 
Case 2 (Fig. 3, lower panel): d1 = 10 μm, d2 = 1 μm, SPL=160 dB, ρg = 2500 kg/m3, f ∈ [250 – 9200 Hz] results in Leff of 
20.37-1075.84 μm which is larger than the inter-particle distance of 800 μm at 2×106 particles/lt and much larger than 
the inter-particle distance of 100 μm at very polluted conditions (109 particles/lt). Hence, at distances near the bell of 10 
m or less, where SLP will be 160 db or more, agglomeration becomes possible.  

Table 1. Effective agglomeration length (Leff, in μm) calculations1. Particle density is denoted by ρ.

1Assumptions: Potential air viscosity (μ) 18.27 x 10-6 Pa s, air density 1.2 kg/m3, sound velocity 344 m/s @20 oC, particle 
size d1 = 10 μm, d2 = 0.11 μm or 0.28 μm.
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Fig. 3. Upper panel: Calculation of the effective agglomeration length versus frequency for Case 1 (upper panel) and 
Case 2 (lower panel). See text for explanation of Case 1 and Case 2 conditions. 

4 Conclusions
The aerosol characteristics in the atmosphere of Xanthi (size distribution, number density) are not ideal for acoustic 
agglomeration. Church bell spectra have ideal frequencies to cause acoustic agglomeration but the SPL of the bell at 
distances > 100 m is prohibitive for acoustic agglomeration. At very close distances however, SLP can be large enough 
for acoustic agglomeration. There are still open questions: 1. Are there atmospheric conditions regarding SLP, sound fre-
quency spectrum and aerosol characteristics that can cause agglomeration under atmospheric conditions? 2. Can other 
mechanisms of sound impact on particulates (e.g. vibrational breakup) cause modulation of aerosol size distributions? 
3. Are droplets in clouds ideal for acoustic agglomeration?
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Abstract: Aerosols have an pivotal role on the configuration of the energy budget of the Earth- Atmosphere sytem. 
Thus, the detailed knowledge of the aerosol optical properties is required at high spatio-temporal resolution. In this 
study, several machine learning algorirhms are applied for estimating the Aerosol Optical Depth (AOD) in more than 
20 stations of the Baseline Surface Radiation Network (BSRN) using ground-based measurements in conjuction with 
auxilliary data (e.g. reanalysis) under cloud-free conditions. Hourly data of water vapor from NASA’s Modern-Era 
Retrospective Analysis for Research and Applications-2 (MERRA-2) reanalysis product are used. The estimated AOD 
is validated against Level 2.0 Version 3 (L2V3, cloud-screened and quality assured) AOD observations from AErosol 
RObotic NETwork (AERONET). The advances and drawbacks of the proposed methods are compared in terms of the 
aerosol climatic characteristics at each station considering also the presence of fine/coarse aerosols as well as their scat-
tering/absorbing properties.

1 Introduction
Aerosols burden constitutes elementary information for the better understanding the way that aerosol particles effect Earth’s 
climate. Particularly, AOD is proportional to total aerosol loading and extinction within an atmospheric column extending 
from the Earth’s surface to upper limit of atmospheric. The required knowledge of total aerosols load can be retrieved 
using remote sensing instruments such as ground-based sun photometers and satellites. Ground-based networks, such as 
AERONET (Holben et al. 1998, Dubovik et al. 2000) and SKYNET (Takamura and Nakajima, 2004) provide AOD at 
specific wavelengths using solar radiation measurements from sun photometers and sky radiometers, respectively. Since 
1990, AERONET has the best spatial coverage, with more than 700 stations in a global scale. Satellite-based products, 
such as Moderate Resolution Imaging Spectroradiometer (MODIS) (Levy et al. 2010, 2013) aboard on Terra and Aqua 
satellites, and Visible Infrared Imaging Radiometer Suite (VIIRS) (Jackson et al. 2013) provide AOD with sufficient 
spatiotemporal resolution during the last decades. All available AODs are documented over the past three decades where 
the remote sensing instruments are established
Machine Learning (ML) and Artificial intelligence (AI) techniques contribute in various domains of atmospheric sci-
ence. Numerous studies implemented ML algorithms to predict specific atmospheric parameters (e.g. AOD) in terms of 
time series reconstruction, gap-data filing, and augmentation in the spatio-temporal domain. Olcencse et al. 2015 com-
bined Artificial Neural Networks (ANN) with the Lagrangian-based HYSPLIT model to fill the gaps in AERONET AOD 
time series. The performance of ANN was high across the region of Washington, DC, USA (r2=0.86) and Iberian Penin-
sula (r2=0.67). Huttunen et al. 2016 applied several ML algorithms along to predict AOD using the Global Horizontal 
Irradiance (GHI), water vapor (WV) and solar zenith angle (SZA) as auxiliary information in Thessaloniki, Greece. 
Comparing with AOD from radiative transfer simulations ML, AODs showed better performance.
In this study, AOD is predicted using various ML techniques at various measurement sites with different climate charac-
teristics. Goodness-of-Fit statistics is conducted to assess the performance of modeled AODs.

Data and Methodology

2.1 Data
GHI measurements are collected from the Baseline Surface Radiation Network (BSRN) (Driemel et al. 2018). BSRN net-
work consists of more than 50 active stations worldwide. A typical BSRN station provides high-quality radiation fluxes 
with 1-min temporal resolution. These measurements are tested for their accuracy from the preliminary data which have 
even higher temporal resolution (~1-2 sec). The location of the selected BSRN stations varies in terms of aerosol climatic 
characteristics.

Fig. 1. Geographical distribution of the collocated AERONET and BSRN stations. Full information of station’s full 
names, and topographical characteristics can be found in https://bsrn.awi.de/.
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The estimated AODs are validated against quality assured AERONET AODs. AERONET is an association of ground-
based CIMEL sun photometers (Holben et al. 1998). Each station provides measurements from direct sunlight path and 
sky radiances at specific wavelengths. This study uses 1- min data from AERONET L2V3 (Giles et al. 2019). L2 data 
points indicate measurements that are automatically cloud-screened and manually quality-controlled with pre/post-
field calibrations. As reference AOD at 500nm is used here. In total, 29 collocated BSRN-AERONET stations are used 
spanning from 2000 to 2019 (Fig. 1). In addition, WV measurements are derived from MERRA-2 (Gelaro et al. 2017). 
The AOD estimations are occurred under cloudless conditions. The cloud-screening methodology proposed by Reno and 
Hansen 2016 is primarily applied to BSRN GHI in order to the detect the clear-sky instances.

2.2 Methodology
Three supervised ML regression algorithms namely Random Forest (RF), Gradient Boosting Machines (GBM) and Sup-
port Vector Machines (SVR), are applied, using Scikit-Learn ML library (Pedregosa et al. 2011). For each implemented 
algorithm, the initial data set is divided to training (2/3 of measurements) and validation sub-datasets. The principal 
input parameters are the clearness index (kt=GHI/GHITOA), optical air mass (m) and WV. Firstly, Random Forest 
(RF) regression method (Breiman 2001) uses the bagging technique, where the final prediction are calculated as an 
average of independent build decision trees. Except the basic parameters described above, RF algorithm also includes 
the interaction terms; WV×m, WV×kt and kt×m. GBM regression (Friedman 2001) uses the boosting technique and 
the predictions are obtained through sequential decision trees. The third ML algorithm contains the ε-Support Vector 
Machine (ε-SVM) regression which is based on the radial basis kernel function. The main goal of ε-SVM is to achieve a 
modelled hyperplane which contains as much as possible information from the training data. The ε-SVM model includes 
two main decisive parameters, the epsilon parameter (ε), which defines the distance of the boundary layers from the 
hyperplane where the support vectors exist and the misclassification parameter C which defines the rate of misclassifying 
that the user permits in the training dataset. A randomized cross-validation search scheme is further applied to all ML 
methods to retrieve the optimal pairs of hyperparameters and to avoid overfitting. This guarantees in a cetin extent the 
best model selection and the greatest possible model performance.

3 Results
Fig. 2 presents the statistical performance of the ML algorithms at each collocated BSRN- AERONET pair. More specifi-
cally, three statistical metrics; Mean Bias Error (MBE), Root Mean Square Error (RMSE) and coefficient of determination 
(R2), are calculated. The statistical assessment is performed independently to the training and validation sets. However, 
in Fig. 2, only the statistical metrics for the validation set are shown. Overall, RF and GBM algorithms provide bet-
ter performance against SVM. The MBE intervals are (‒0.0016, 0.00084), (‒0.0020, 0.0014) and (‒0.012, ‒0.0013) 
for GMB, RF and SVM, respectively. AOD predictions tend to underestimate (negative MBE values) the AERONET 
observations for most regions for all algorithms (GMB: 19/29 stations, RF: 20/29 stations and SVM: 29 /29 stations) 
(Fig. 2-a). Particularly, the most negative MBE is calculated in Barrow, Alaska, USA (BAR) for GBM and SVM, and in 
Chesapeake Light, Virginia, USA (CLH) for RF. In addition, the positive MBE values are low for all stations, with the 
most positive values detected in Boulder, Colorado, USA (BOU). RMSE ranges are (0.022, 0.098), (0.022, 0.099) and 
(0.022, 0.110) for GMB, RF and SVM, respectively (Fig. 2-b). The lowest and highest RMSE values are documented in 
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Izaña, Spain (IZA) and Xianghe, China (XIA), respectively, for all algorithms. RMSE provide adequately good results 
with non-significant differences among ML algorithms at each station.
The model performance is assessed through the coefficient of determination. R2 lies within (0.56, 0.96), (0.53, 0.96) and 
(0.49, 0.96) for GMB, RF and SVM, respectively (Fig. 2-c). IZA has the highest R2. Moreover, GMB and RF document 
the lowest R2 values in Desert Rock, Arizona, USA (DRA) whereas SVM in Observatory of Huancayo, Perú (OHY). 
Including sites in different areas of the planet could be very informative to interpret the potential effects of aerosol’s char-
acteristics on ML algorithms performance. For instance, the dust-dominant regions (SBO, SOV and TAM) show rela-
tively high RMSE values (>0.05). Nevertheless, R2 values for SVM and TAM stations provide high recordings (>0.84) 
whereas a moderate R2=0.61 is documented in SBO. These differences among the “dusty” regions could be related to 
the presence of fine and coarse particles (mixed) in SBO (Logothetis et al. 2020).

Fig. 2. Barplots of (a) Mean Bias Error (MBE), (b) Root Mean Square Error (RMSE) and (c) R squared (R2) for each 
ML algorithm and station.

4 Conclusions
AOD observations have been widely used in different branches of atmospheric science such as aerosols radiative effect 
estimations, climate projections, etc. Therefore, the temporal expansion of AOD observations is indispensable to better 
understand the effect of aerosols on the Earth’s climate. This study presents an alternative approach to retrieve AOD 
values combined with various independent parameters. The implementation of several ML algorithms revealed their 
feasibility on AOD predictions under different aerosol climatic environments. Among ML algorithms, GBM provides the 
highest performance providing the lower errors between the predictions and ground-truth measurements. The proposed 
methodology and the findings of this study can be applied to reconstruct and fill the gaps in the AOD time series origi-
nated from ground-based networks (e.g., AERONET). In addition, the applied ML algorithms can increase the spatial 
coverage of the existing AOD data which are very useful for the validation of satellite and chemical models.
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Abstract: Dust aerosols play a key role in several aspects of the Earth-Atmosphere system thus highlighting the grow-
ing scientific concern of investigating the temporal variations of their loads, from global to regional level. This study 
deals with the trend analysis of the Dust Optical Depth (DOD), derived by the MIDAS (ModIs Dust AeroSol) dataset 
at global scale and fine spatial resolution (0.1° x 0.1°), over the period 2003-2017. �he statistical significant trends at 
95% confidence level are calculated, based on a linear regression model applied to the deseasonalized monthly DOD 
time series and considering the serial correlation between consecutive temporal steps. According to our findings, strong 
positive tendencies are observed in the Central Sahara (up to +0.023 yr−1) and the Arabian Peninsula (up +0.024 yr−1) 
whereas declining trends are recorded in the Bodélé Depression (down to
−0.021 yr−1), the Asian deserts Thar (down to −0.017 yr−1), Gobi (down to −0.007 yr−1) and Europe (down to −0.009 
yr−1). For the interpretation of the estimated DOD trends, the impact of driving forces (i.e., wind) on dust emission and 
transport as well as the role of meteorological variables (i.e., precipitation), regulating the amounts of mineral particles, 
are under investigation.

1 Introduction
The detection of possible dust changes throughout the years is very important for assessing the effect of mineral particles 
on Earth’s climate. Most of the satellite-based studies are focused on the assessment of Aerosol Optical Depth (AOD) 
trends (De Meij et al. 2012, Hsu et al. 2012, Pozzer et al. 2015, Zhao et al. 2017, Che et al. 2019) due to the sufficient 
spatiotemporal coverage provided by satellite measurements. Nevertheless, the dust proportion extraction from AOD is 
a complex procedure and thus the estimation of dust changes sounds a challenging task.
Voss and Evan (2020) implemented spaceborne observations in conjunction with ancillary datasets (e.g. reanalysis) to 
generate two DOD datasets at 1° x 1° spatial resolution in a global scale. Thereafter, they used the generated datasets 
to calculate the DOD temporal trends globally. Positive DOD trends were documented over the Arabian Peninsula and 
Central Sahara whereas negative trends exist in Northern China and Southwest Asia. At regional scale, Southern Cali-
fornia, Oman, Iran and Aral Sea showed significant positive temporal trends whereas in Northern Africa and Central 
Sahara, an inconsistency is found in the DOD trend signs based on Aqua (increasing) and Terra (declining) data. Over 
the ocean, positive trends from AVHRR DOD dataset are observed in the surrounding water bodies of Arabian Peninsula 
while negative tendencies are shown in the tropical Atlantic Ocean, nearby western Sahara.
Recently, the MIDAS fine resolution dataset (Gkikas et al. 2021) has been developed through the synergy of MODIS-
Aqua Collection 6.1 (Levy et al. 2013) L2 AOD and DOD/AOD ratio obtained from the Modern-Era Retrospective Anal-
ysis for Research and Applications, version 2 (MERRA-2) (Gelaro et al. 2017). MIDAS provides columnar mid-visible 
(550nm) DOD at 0.1° x 0.1°, during 2003-2017 period, upgrading the existing observational capabilities. In the present 
study, the yearly DOD temporal trends have been calculated, utilizing the MIDAS fine resolution dataset. Our findings 
reveal the feasibility of MIDAS dataset and aim to enhance the existing knowledge of dust loading temporal changes, 
from global to regional scales.

2 Data and Methodology

2.1 Data
The daily information of dust burden is retrieved from MIDAS dataset (Gkikas et al. 2021). The performance of MI-
DAS DOD has been thoroughly assessed against AErosol RObotic NETwork (AERONET) observations (Dubovik et 
al. 2000, Holben et al. 1998), showing an overall adequately high correlation (R=0.89) whereas in dust-affected regions 
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the correlation increases up to 0.98. Furthermore, MIDAS DODs are compared to LIdar climatology of vertical Aerosol 
Structure for space- based lidar simulation (LIVAS) database (Amiridis et al. 2015) and MERRA-2 DODs taking into 
account twenty regions of the planet. More specifically, during 2007-2015, the three datasets revealed good annual and 
seasonal pattern. However, in many regions, the intensity of dust burden provided differences in magnitude which is 
related to the different emerged weaknesses of each dataset throughout the DOD generation.

2.2 Methodology
The DOD temporal trends are estimated with the implementation of a linear regression model to the monthly DOD values. 
For each pixel, when the 20% (≥ 6 days) of daily data are available (Hsu et al., 2012) the monthly DOD is calculated, 
using the geometric mean assuming that daily DOD follows a log-normal distribution. Over the main dust sources of 
the planet, MIDAS provides monthly data with higher than 50% daily measurements. However, the above threshold 
is selected for examining the potential changes of dust transport over areas distant from the dust sources (e.g., Atlantic 
Ocean). Those areas are frequently affected from high cloud coverage, providing a limited number of daily data. Subse-
quently, at the grid points with more than 60 months available (5 out of 15 complete years) the linear trends are calcu-
lated using the following linear equation:

𝑌𝑡 = 𝜇 + 𝑆𝑡 +  𝜔𝑋𝑡 +  𝑁𝑡     (1) 

where Yt is the monthly values, μ the offset term, St the long-term seasonal monthly value, ω the linear trend and Nt the 
residuals of linear model. Seasonality is removed by subtracting St from Yt. The statistical significance of the DOD tem-
poral trends is assessed using the methodology of Weatherhead et al. 1998. Particularly, when the absolute ratio between 
the trend (ω) and its uncertainty (σω) is higher than 2.0, the trend is considered significant at the 95% confidence level.

3 Results
Statistically significant temporal DOD trends are revealed in specific regions of the globe (Fig. 1). Positive DOD tenden-
cies are shown in Central Sahara, across Mauritania-Algeria-Mali-Niger areas (up to +0.023 yr−1), and Arabian Peninsu-
la. The most positive records are documented in the Oman−Saudi Arabia border (up to +0.024 yr−1). On the contrary, de-
creasing DOD tendencies are observed in the Eastern and Western Sahara, Bodélé Depression of Chad Basin (northern 
of Lake Chad), Gobi Desert of East Asia (Northern China−Southern Mongolia) and Thar Desert of northwestern India 
subcontinent. Among the declining trend regions, the most negative trend values are documented in Bodélé Depression 
(down to −0.021 yr−1) and Thar desert (down to −0.017 yr−1). Moreover, slightly negative DOD trends are observed 
nearby the North African coast (down to −0.009 yr−1).

Fig. 1. Global temporal trends based on deseasonalized DOD monthly values during 2003 – 2017 period at 0.1° x 0.1° 
spatial resolution.



400 | Atmospheric Physics

Changes in dust particles can be controlled by several factors such as wind speed, precipitation, soil moisture, vegetation 
coverage, synoptic (i.e., cyclones) and large-scale atmospheric circulation systems (i.e., Polar Vortex), etc. For instance, 
changes of mineral dust particles across Sahara Desert can be mainly attributed to meteorological parameters such as 
precipitation (Pozzer et al. 2015) and wind speed (Che et al. 2019) that influence the dust emissions, transport and depo-
sition processes. Similarly, in Middle East, the major controlling meteorological parameters are primarily the sea level 
pressure and secondarily the wind speed (Che et al. 2019). Over Thar desert, in northwest area of Indian Subcontinent, the 
downward DOD trends could be possibly interpreted by the increase of the rainfall and soil moisture, which enhance the 
wet deposition and diminish the dust erosion, respectively, during the pre-monsoon season (Pandey et al. 2017, Jin and 
Wang, 2018).

4 Conclusions
Dust particles constitute the major natural aerosol contributor of total AOD and thus, their temporal variations are 
significant to interpret the changes to Earth’s climate. This study uses the new fine resolution dataset namely MIDAS 
to assess the DOD trends in a global scale during 2003-2017. Strong positive trends are mainly observed in the central 
sector of Sahara Desert and Arabian Peninsula. In contrast, strong negative tendencies are principally documented in 
Eastern and Western Sahara, Bodélé Depression and Asian deserts of Thar and Gobi. The presented findings corroborate 
with prior studies that linked the AOD changes with various meteorological parameters. This study aims to demonstrate 
the feasibility of MIDAS dataset in the detection of dust changes from global to regional scales. As a future step, the 
analysis of DOD changes on seasonal and regional scales as well as the contribution of DOD to total AOD trends war-
rants further investigation.
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Abstract: A modern observational remote sensing super-site is of fundamental importance to understand the atmos-
pheric system and to effectively monitor atmospheric conditions providing relevant data for prediction modeling. This 
contribution reports on the recent progress regarding the buildup of a permanent, atmospheric remote sensing station 
in Limassol, Cyprus. Through the EU H2020 Teaming project EXCELSIOR, the ERATOSTHENES Centre of Excel-
lence (ECoE) will be established as a Centre of Excellence for Earth Surveillance and Space-Based Monitoring of the 
Environment. The ECoE will utilize state-of-the-art infrastructure to provide cutting-edge data regarding atmospheric 
processes. A modern super site will be established in Limassol, Cyprus for long-term profiling of the atmosphere, includ-
ing wind, humidity, aerosol and cloud properties and precipitation fields. Case studies of the18-month field campaign 
(CyCARE) will be presented to demonstrate the importance of the ground based atmospheric remote sensing observa-
tions in the region, with the main focus on lidar/radar-based studies of aerosol-cloud-precipitation relationships. 

1 Introduction
The Mediterranean Basin is well recognized by IPCC as a hot spot for climate change, the impacts of which are expected 
to amplify further in the years to come, adding one more uncertainty factor. There are very few locations on Earth which 
experience complex meteorological patterns (such as coastal lines) and aerosol layering (vertical profile structures, aero-
sol mixing) which can dramatically influence cloud evolution, cloud lifetime, and precipitation processes for an in-depth 
study of aerosol-cloud-dynamics-precipitation interaction.
Cyprus is located in the most eastern Mediterranean exhibits Middle East atmospheric and climate conditions, i.e., dry 
and hot weather prevails. Climate conditions but also air quality are strongly affected by a mixture of aerosols like urban 
haze, originating mainly from urban and industrial conglomerations in southeastern Europe, but also from Middle East 
and North Africa, by biomass-burning smoke from the North (e.g., Black Sea countries), by mineral dust originating 
from arid regions in Turkey and Middle East deserts (often mixed with anthropogenic pollution), and by Saharan dust 
from North Africa (Nisantzi et al. 2015). Since Cyprus is an island, marine aerosols play an important role, too. 
Aerosols and clouds are major drivers of the global climate controlling earth’s albedo to a large degree and are re-
sponsible for the global distribution of water. The interaction between aerosols and clouds has been identified as one 
component probably counteracting the warming effect of CO2 emission. But the effect is insufficiently represented in 
state-of-the-art climate modeling and the uncertainty estimations range up to 100%. Moreover, until now only the inter-
action between aerosols and liquid-water clouds has been taken into account. Mülmenstedt et al. (2015) found out that 
the majority of precipitation on Earth is generated via the ice phase. Hence, sophisticated methods for the observation 
of this process have to be found for areas with a complex orography or in coastal areas, where satellite remote sensing 
is difficult.

2 The Motivation
During the last decades, it has become evident that a detailed insight into the basic processes of cloud formation and a 
full understanding of cloud evolution processes, is only possible by means of continuous vertical profiling (long-term 
monitoring with high vertical and temporal resolution) of aerosol layering and cloud parameters, characterizing the 
evolution of pure-liquid and mixed-phase clouds in the aerosol-laden environments. However, vertically resolved at-
mospheric observations, especially for profiling of aerosol and cloud layers are rather poor especially in Cyprus.
Cyprus and more specifically Limassol is an ideal natural laboratory for advanced and comprehensive studies of climate 
change, aerosol-cloud-dynamics-precipitation interaction, and the weather-precipitation-dryness complex, representa-
tive for typical Mediterranean meteorological conditions and coastal areas in general.
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Aerosol particles can serve as cloud condensation nuclei (CCN) in liquid droplet nucleation processes and/or as ice-
nucleating particles (INP) in ice nucleation processes, which include the conversion of liquid droplets into ice crystals 
(immersion or contact freezing). Ground-based active remote sensing (lidar and radar observations) can be used to 
continuously monitor the evolution of clouds in their natural environment, at given meteorological conditions with high 
vertical and temporal resolution.

2.1 The opportunity
The ERATOSTHENES Research Centre (ERC) as the only established laboratory in Cyprus for space-based Earth Ob-
servation (ΕΟ), has significant experience in Earth Observation as well as sophisticated instruments and models that are 
needed to systematically observe, understand, protect, monitor and predict environmental parameters in land, water and 
air. The ERC, established within the Cyprus University of Technology (CUT), recently upgraded into a sustainable and 
viable Centre of Excellence (CoE) for Earth Surveillance and Space-Based Monitoring of the Environment (www.excel-
sior2020.eu) through the EXCELSIOR Teaming H2020 project. The Government of Cyprus, and the CUT recognizing 
this importance, committed additional funding. The EXCELSIOR project has been approved by the Directorate General 
for European Programmes, Coordination and Development to be funded by the government as well as the Financial 
Committee of the CUT council has decided to commit up to 4M euros from its own budget to financially support the 
project mainly to support the Research Infrastructures and the Research Activities of the center.
 In our days there is a clear and strong demand for EO monitoring to provide data to evaluate the extent of pollution and 
climate change, especially in the EMMENA region. The European observational research and monitoring network in-
frastructure for aerosol and cloud monitoring (organized within the European Research Infrastructure ACTRIS) clearly 
misses a supersite in the Eastern Mediterranean. Cyprus is located at the crossroads of aerosol and pollution transport, 
where it can also examine complex aerosol cloud- rain relationships. The ERATOSTHENES Centre of Excellence 
(ECoE), with the relevant infrastructure, will provide the necessary tools to examine the regional pollution, dust out-
break, and weather predictions in the region, providing the environmental and meteorological departments/stakeholders 
with relevant data. 

2.2 The Cyprus Atmospheric Remote Sensing Observatory
The Atmospheric sector of ERATOSTHENES CoE will focus on the construction and purchase of new instrumentation 
and set up/calibration of new and existing infrastructure. One of the key components of the Atmospheric Sector will 
be the Cyprus Atmospheric Remote Sensing Observatory (CARO). The CARO Team in cooperation with TROPOS, 
will establish a ground-based atmospheric remote sensing station (GBS) by consolidating all necessary research infra-
structure to set up a supersite for calibration/ validation, aerosol and cloud monitoring. Specifically, a novel-designed 
remote sensing ground-based station (CLOUDNET-AERONET-EARLINET) will be developed for aerosol and clouds 
monitoring in the troposphere. These systems will operate for passive and active remote sensing validation of satellite 
products as well as ECoE atmospheric-related products and services and is expected to constitute a future aerosol super-
site (according to GAW definitions). The instruments to be installed within the GBS include a Cloudnet Station with 
SLDR-Cloud Radar, Microwave Radiometer, Doppler lidar and Laser Disdrometer, a PollyXT lidar provided by TRO-
POS, as well as auxiliary instruments for the Cloudnet station, including Ceilometer, SAEMS/DOAS and Cloud scanner. 
It is noticeable that the new established PollyXT_CYP lidar system operates in Limassol, since October 2020. The ECoE 
lidar system will be one of the main stations of the Eastern Mediterranean POLLY Network (https://picasso.tropos.de/).
It is expected that the upgraded fleet of atmospheric infrastructure and products will result in the integration and sustain-
ability of ECoE in European networks (e.g., the ground-based ACTRIS, EARLINET, AERONET, EUSAAR, EUFAR 
networks). The CARO will contribute as a National Facility to ACTRIS and will be consisted by the Aerosol and Cloud 
Remote Sensing Observational Platforms.
The unique datasets of pollutant concentrations and emissions during atmospheric episodes (i.e., smoke from fires, Sa-
haran dust intrusions and volcanic ash) that will be obtained with the aforementioned infrastructure could be employed 
for the development and optimization of atmospheric forecast models. 

3. Research Capacity Demonstration
As a Research Capacity Demonstration and based on the strong collaboration and the scientific need for performing 
high-level atmospheric research in the Eastern Mediterranean, TROPOS and CUT operated between October 2016 
and March 2018, the Cyprus Clouds Aerosols and pRecipitation Experiment (CyCARE). For CyCARE, TROPOS has 
deployed its main active remote sensing station LACROS (Leipzig Aerosol and Cloud Remote Observation System) to 
Limassol (Cyprus). The main instruments of LACROS are cloud radar, a PollyXT Raman lidar, a Doppler lidar, a mi-
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crowave radiometer and a laser disdrometer, all of which make continuous observations of aerosol, air motions, clouds 
and precipitation. The CARO GBS, will be similar to LACROS and will operate at CUT premises in a continues base. 
Selected cases of the Cy-CARE dataset will be presented to highlight the main atmospheric conditions and to demon-
strate the importance of the uninterrupted observations of the atmospheric profiling in the EMMENA region. 

3.1 Atmospheric conditions and processes
Dust events
Desert dust is one of the major atmospheric aerosol components as well the Sahara and the deserts in the Middle East 
(Syria, Jordan, Israel, Iraq, Arabian Peninsula) are among the major dust sources of the world, the investigation and 
quantification of the optical properties of Saharan and Middle East dust is an important contribution to atmospheric and 
climate research. 
Fig.  1 shows the dust outbreak situation on 21 April 2017, when the desert dust plume influenced the entire tropospheric 
column up to 6.5km in height and covered large parts of the eastern Mediterranean. At all heights above the PBL up to 
6.5km, the particle depolarization ratio was higher than 0.25 indicating strong contribution of coarse dust particles to 
light backscattering. More specific the lidar ratio and the particle depolarization ratio was respectively 40sr and 0.25 
at the height range of 1.5-2.7km and 57sr and 0.30 in the lofted layer between 3.7-6km. The back trajectories analysis 
shows that the top layer originated by Central Saharan region, although the bottom layer originated by North Africa 
passing from polluted European regions.
The height-resolved separation of the optical properties of fine and coarse aerosols by means of the polarization lidar 
technique has been also used to estimate the dust contribution to the lidar observations from CyCARE. The well-es-
tablished POLIPHON method (Mamouri et al. 2014) to separate dust and non-dust particle optical properties has been 
applied. An example of the derived dust profiles in terms of particle backscatter and extinction coefficients, volume 
and mass concentrations are given in Fig.  1. Such application of polarization lidar techniques provides important new 
insight into dust properties for atmospheric and environmental research.

Fig.  1. (a) Backscatter coefficient at 532nm, (b)Extinction coefficient, (c) Lidar ratio, (d) Particle Depolarization Ratio 
and (e) Ångström exponent. The frames identify the aerosol layers, Saharan dust layer (yellow) and polluted dust (or-Ångström exponent. The frames identify the aerosol layers, Saharan dust layer (yellow) and polluted dust (or- exponent. The frames identify the aerosol layers, Saharan dust layer (yellow) and polluted dust (or-
ange).

Forest Fires
Enormous amounts of smoke are usually injected into the upper troposphere and lower stratosphere during wildfires. 
A case like this have been recorded during strong thunderstorm–pyrocumulonimbus activity over fire areas in western 
Canada on 12 August 2017. The stratospheric fire plumes spread over the entire Northern Hemisphere in the following 
weeks and months and reached Limassol on 9 September 2017. The complete PollyXT data analysis of the stratospheric 
smoke observation taken at Limassol, Cyprus, from 18:00 to 24:00 UTC on 9 September 2017 presented Baars et al. 
(2019), indicate almost constant backscatter conditions over the 6 h period. The depolarization ratio information used to 
determine bottom and top height of each detected smoke layer. The indicated base and top heights, zbot and ztop, of the 
smoke layer are the mean values obtained from several 60–90 min mean backscatter profiles measured from 18:00 to 
24:00 UTC. By assuming an appropriate smoke extinction-to-backscatter ratio (lidar ratio) of 65 sr at 532 nm (Haarig et 
al. 2018), we obtained the aerosol optical thickness AOT=0.04.
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Fig.  2. Overview of South European and Eastern Mediterranean Polly observations of the stratospheric smoke layer 
(from base to top as colored vertical lines). For each station, one nighttime observation per day is considered (Baars et 
al. 2019).

Fig.  2 shows the Polly observations of the smoke layer structures, for the southern-most stations at Évora in Portugal 
and Finokalia, Limassol, and Haifa in the eastern Mediterranean. At these southern European sites, coherent observa-
tions without strong disturbances by extended cloudy periods and unfavorable weather conditions in autumn and winter 
could be performed. Such coherent measurements were not possible at the more northern stations, e.g., in Germany 
and Poland, so many of the very thin aerosol features were not detectable here. As can be seen, numerous individual 
and apparently randomly distributed fire smoke layers are visible in Fig.  2. The prevailing westerly winds (jet stream) 
transported a main stratospheric aerosol from west to east. 

Aerosol Cloud interaction
Cyprus offers favorable conditions for atmospheric and climate research in the field of cloud and precipitation formation 
with a focus on the influence of natural (desert and soil dust, marine particles) and anthropogenic aerosols (urban haze, 
biomass burning, smoke) on these processes. 
In Fig.  3, the main closure results as presented in Ansmann et al. (2019) are summarized. A pronounced dust layer was 
present from 7.2 to 9.3 km height at times before the cirrus developed (06:10–06:25 UTC) and showed 532 nm particle 
extinction coefficients of about 25 Mm−1 at 8 km height. The particle depolarization ratio was around 0.3 in the dust layer. 
This means that dust particles dominated and contributions from non-dust aerosol particles to the overall particle lidar 
backscatter return signals were negligible. The radiosonde (not shown here) indicated a moist layer which coincided 
with the dust layer. The air in the middle troposphere (at 5 km height) and at cirrus level (10 km) was dust free according 
to the trajectory analysis and lidar observations. The dust extinction coefficients were then converted into number con-
centrations of large particles, n250,d, and the surface area concentration sd. At the cloud level, the peak n250,d and sd values 
were close to 5500 L−1 and around 70×10−12 m2 cm−3, respectively. 

Fig.  3. Development of a thin cirrus at 8 km height at 06:30 UTC on 10 April 2017. The thin cirrus layer was embedded 
in Saharan dust. An extended cirrus field is visible from 9 to 11 km. The polluted boundary layer reached to about 2 km 
height. Ranged-corrected 1064 nm lidar signals are shown with 7.5 m and 30 s resolution. 



406 | Atmospheric Physics

Acknowledgments   
The EXCELSIOR project has received funding from the European Union [H2020-WIDESPREAD-04- 2017: Teaming 

Phase2] under grant agreement no. 857510, and from the Republic of Cyprus. CUT team acknowledges the Research 
and Innovation Foundation of Cyprus for the financial support through the SIROCCO (EXCELLENCE/1216/0217) 
and AQ-SERVE (INTERGRATED/0916/0016) projects.

References
Ansmann A, Mamouri R.-E, Bühl J, Seifert P, Engelmann R, Hofer J, Nisantzi A, Atkinson J D, Kanji Z. A, Sierau B. 

Vrekoussis M, and Sciare J (2019) Ice-nucleating particle versus ice crystal number concentrationin altocumulus 
and cirrus layers embedded in Saharan dust:a closure study, Atmos. Chem. Phys., 19: 15087–15115, https://doi.
org/10.5194/acp-19-15087-2019

Baars H, Ansmann A, Ohneiser K., Haarig M, Engelmann R, Althausen D, and Pollynet Team (2019) The unprec-
edented 2017–2018 stratospheric smoke event: decay phase and aerosol properties observed with the EARLINET, 
Atmos. Chem. Phys., 19: 15183–15198, https://doi.org/10.5194/acp-19-15183-2019

Haarig M, Ansmann A, Baars H, Jimenez C, Veselovskii I, Engelmann R, and Althausen D (2018) Depolarization and 
lidar ratios at 355, 532, and 1064 nm and microphysical properties of aged tropospheric and stratospheric Canadian 
wildfire smoke, Atmos. Chem. Phys., 18: 11847-11861, https://doi.org/10.5194/acp-18-11847-2018

Mamouri R. E and Ansmann A (2014) Fine and coarse dust separation with polarization lidar, Atmos. Meas. Tech., 7: 
3717-3735, https://doi.org/10.5194/amt-7-3717-2014

Mulmenstadt J, Sourdeval O, Delanoe, J, Quaas J (2015) Frequency of occurrence of rain from liquid‐, mixed‐, and 
ice‐phase clouds derived from A‐Train satellite retrievals. Geophysical Research Letters 42: 6502-6509, https://doi.
org/10.1002/2015GL064604

Nisantzi A, Mamouri RE, Ansmann A, Schuster GL, Hadjimitsis DG (2015) Middle East versus Saharan dust extinc-
tion-to-backscatter ratios, Atmos. Chem. Phys., 15: 7071–7084, https://doi.org/10.5194/acp-15-7071-2015



| 407 Atmospheric Physics

Retrieval of vertically-resolved aerosol optical and microphysical proper-
ties using Thessaloniki lidar measurements during 2019 summer PANACEA 
campaign

Michailidis K. 1* , Siomos N. 1 , Voudouri K.A. 1  , Ansmann A. 2 , Chaikovsky A. 3 and Balis D.1  

1 Laboratory of Atmospheric Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
2 Leibniz Institute for Tropospheric Research, Leipzig, Germany
3 Institute of Physics, National Academy of Science, Minsk, Belarus

* corresponging author: komichai@physics.auth.gr

Abstract:  There are different inversion methods to retrieve the vertical profile of the aerosol concentration from re-
mote sensing lidar measurements. The Lidar - Radiometer Inversion Code (LIRIC) algorithm, will be used for the esti-
mation of the fine and coarse mode aerosol volume concentration profiles, and will be applied to the lidar measurements 
performed during PANACEA summer campaign 2019 (July - August), in Thessaloniki. The LIRIC algorithm requires 
both the raw backscattering elastic lidar signal at 355nm, 532nm and 1064nm and the inversions data from a collocated 
CIMEL sunphotometer. The THELISYS lidar system includes two Raman channels at 355nm and 532nm, three elastic 
channels at 355, 532 and 1064 nm and two depolarization channels at 532nm. The analysis of the airmass backward 
trajectories was also used to determine a possible aerosol type and its source region. On the basis of the backward HY-
SPLIT trajectory analysis we presume that it is the absorbing aerosol originating from the regions of seasonal biomass 
burning in eastern Europe. Furthermore, the polarization lidar–photometer networking (POLIPHON) technique will be 
applied in future work stages for the Thessaloniki lidar measurements. 
1 Introduction
The PANhellenic infrastructure for Atmospheric Composition and climate change (PANACEA) summer campaign took 
place in July – August 2019, in order to study the presence of aerosols both in situ at surface level and at different heights, 
in selected cities of Greece suffering from high air pollution levels. This work presents the main results concerning the 
analysis of aerosol microphysical properties by the synergetic use of a lidar and a sun photometer using  the Lidar/Ra-
diometer Inversion Code (LIRIC; Chaikovsky et al., 2016), for the Thessaloniki region, during the summer PANACEA 
campaign 2019. Lidar and CIMEL collocated measurements performed at the Laboratory of Atmospheric Physics of the 
Aristotle University of Thessaloniki (40.5° N, 22.9° E, 60 m asl), from the period July-August 2019 were processed.

2 Data and Methodology

2.1 The Lidar system of Thessaloniki (THELISYS)
The lidar measurements were performed using a multi-wavelength Raman lidar operated by the Laboratory of Atmos-
pheric Physics (LAP) at Aristotle University of Thessaloniki (AUTH). THELISYS is part of European Aerosol Research 
Lidar NETwork (EARLINET) since 2000. The signal detection is performed at three emitted elastic wavelengths (355, 
532, and 1064 nm) and two inelastic Raman wavelengths at 387 nm, 607 nm. Additionally, polarization separation of 
the signal is available at 532 nm. All the measurements performed within the study period July-August 2019, processed 
with THELISYS algorithm, have been uploaded in the EARLINET database (https://data.earlinet.org), according to the 
network’s standard format. 

2.2 The CIMEL/AERONET sunphotometer
The sunphotometer data are processed by the AERONET algorithms in order to calculate the necessary aerosol proper-
ties which are required as input for the LIRIC algorithm. The reported columnar aerosol optical properties, have been 
retrieved by a CIMEL sun-sky radiometer (Holben et al., 1998), located on the roof of the Laboratory of Atmospheric 
Physis. The instrument is part of NASA’s global sun photometric network AERONET, and is capable to perform auto-
matic measurements of the direct solar irradiance at the common wavelengths of 340, 380, 440, 500, 675, 870, 940 and 
1020 nm and diffuse sky radiance at 440, 675, 870 and 1020 nm, respectively. Those measurements are further used to 
provide, both optical and microphysical aerosol optical properties in the atmospheric column (Dubovik and King, 2000). 
In this study, AERONET version 3 retrievals have been used, at level 1.5 for direct Sun and inversion products, for the 
period July–August 2019. 
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2.3 Methodology
LIRIC code (Lidar-Radiometer Inversion Code; Chaikovksy et al., 2016) calculates the fine and coarse particle con-
centration profiles (in ppbv) in the atmosphere, using the backscatter lidar signals at 355, 532 and 1064 nm and the 
column-averaged aerosol microphysical properties retrieved from AERONET. In our analysis, lidar measurements are 
averaged in time in order to retrieve profiles of the aerosol optical properties. Then, the closest AERONET inversion 
to the central time of the lidar measurement was selected for the LIRIC retrievals, in order to ensure the atmospheric 
homogeneity between the two measurements. In case that depolarization measurements are available, LIRIC algorithm 
is capable to provide also the concentration profiles of coarse spherical and coarse spheroid modes. We have to note 
that, lidar measurements lack data in the first hundred meters from the ground, due to the overlap effect in the measure-
ments (Wandinger and Ansmann, 2002). To avoid any inconsistencies with the whole-atmospheric column AERONET 
measurements, LIRIC considers a homogeneous layer up to the overlap height with constant concentrations, as well as 
constant backscatter coefficients. In our study, due to lidar hardware limitations, the profile values are constant below 
900 m. The incomplete overlap in the lidar signals and the assumption of constant aerosols characteristics from some 
height down to the surface can potentially complicate the retrieval.  Furthermore, Tsekeri et al. (2017) evaluated the 
particle concentration derived from LIRIC at the surface level with the surface in situ measurements of the particular 
matter for particles with diameters less than 10 μm (PM10). The effects of multiple user-defined uncertainties, such as 
the upper and lower limit heights of the profile and the algorithm’s regularization parameters, on the final result also 
have been studied by Granados-Muñoz et al. (2014) for selective case studies. It is highlighted that, the parameter that 
produces the biggest uncertainties is the lower limit height of the profile. A more detailed comparison of in situ measure-
ments with remote sensing retrievals is outside the scope of this analysis, but it is very important when combining these 
different techniques.

3 Results
Lidar and CIMEL data from Thessaloniki were used in order to derive the aerosol concentration using the Lidar-Ra-
diometer Inversion Code (LIRIC). A total of 16 common days with lidar and CIMEL retrievals were found during the 
one -month campaign period. To identify the aerosol sources, we have deployed backward trajectories from the Hybrid 
Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT, Stein et al., 2015) in combination with VIIRS satel-
lite data from fire spots. In Fig. 1 we present the temporal variability of the columnar aerosol optical properties from 
AERONET during the summer PANACEA campaign (July-August 2019). The α440-870 is a qualitative factor determining 
the aerosol size. It can be used to determine the presence of the columnar fine/coarse modes. Higher values represent the 
dominance of the fine mode and vice versa. In the majority of the daily means, the Angstrom exponent is taking high 
values, indicating the presence of aerosol load consisting mainly of fine particles. Although the origin of these particles 
is unknown, they are most probably not dust, possible caused from mixed conditions (anthropogenic & biomass burning 
originating from central Europe). During the campaign, high values of fine mode AOD were observed by the CIMEL 
sun-sky radiometer. The averaged concentration profiles of the aerosol components that comprise the fine and coarse 
particles of LIRIC are presented in Fig. 1 (lower panel).
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Figure 1. (Upper panel) AERONET fine/coarse mode AOD retrievals over Thessaloniki at 500 nm, along with the 
Ångström exponent of 440/870 nm during  July - August 2019. (Lower panel) Presentation of the mean concentration 
profiles per aerosol component fine and coarse for: (left) July 2019 (Ndays=6) and (Right) August 2019 (Ndays=10).

The fine mode volume was higher for July and lower during August. According to LIRIC the Fine particles are dominant 
over 2.5 km. Between 1 and 2.5km, there is a Fine-Coarse dominant layer which could be the result of mixt aerosol 
particles. In addition, the coarse particle distribution is lower in July but slightly higher in August. The Thessaloniki 
greater area constitutes a complex aerosol environment with a multitude of natural and anthropogenic sources. Polluted 
and anthropogenic–mixed are the aerosol categories which are most frequently dominant in the area, this time of year. 
The major causes are related to natural, anthropogenic and meteorological conditions existing in central Europe and 
transported to Thessaloniki. Moreover, wildfires are dominant during these months (Siomos et al., 2017), leading to a 
significant increase in the aerosol load. The majority of the identified smoke layers, during the PANACEA campaigns, 
were either pure or mixtures with polluted continental particles (https://panacea-ri.gr/).

Case study: Thessaloniki, 26th July 2019 
A case study, for 26th July 2019, is presented in this section, aiming to give example of the products that the LIRIC al-
gorithms can provide, using in synergy, coincident measurements from lidar and sunphotometer. The selected case offer 
the opportunity to check the presence of different aerosol types in different layers exist. In Fig. 2, the evolution of the 
lidar range corrected signal at 1064nm is illustrated, with altitude above sea level in the vertical axis and time UTC in the 
horizontal axis. The Lidar measurements were performed between 08:00 and 09:00 UTC. The presence of atmospheric 
aerosol are mostly detected between 1 and 4km. The vertical profiles from the lidar daytime signal, retrieved using the 
Klett-Fernald algorithm,  are shown in Fig. 2 (right panel). 

Figure 2. (Left) Temporal development of the range corrected signal (RCS) in arbitrary units (AU) obtained over Thes-
saloniki at 1064 nm, the morning of the 26 July 2019, 08:00-09:30UTC and (right) vertical profiles of backscatter pro-
files (for 355, 532 and 1064nm) calculated from THELISYS lidar measurements.
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Figure 3 presents the temporal variability of the columnar aerosol optical properties from the sunphotometer. The 
Ångström exponent varied from 1.39 to 1.95 with a mean value of 1.71 ± 0.02, while CIMEL data showed a daily mean 
AOD at 500nm around ~0.24. Moreover, the volume size distribution (VSD) presented in Figure 3 (lower left) accounted 
for mixtures of aerosol types monitored at Thessaloniki AERONET station. The AERONET VSD volume size distribu-
tion retrievals from the data indicate, the presence of rather fine mode particles in the atmospheric column (Fig. 3, lower 
left). The dominance of fine mode particles is highlighted by the bimodal size distribution. Also, the AERONET-derived 
single scattering albedo (SSA) provide information on the presence of absorbing particles (Fig 3, upper right). Figure 3 
illustrates (lower right panel) the vertical distribution of coarse and fine aerosol. Two layers of mixed-type aerosol are 
located from 1 to 4 km. Above 2.5km (asl), there is predominance of fine mode (0.011ppbv) and below 2.5km, there is 
a predominance of coarse particles (0.017ppbv).

Figure 3. (Upper left) Time series of AERONET τ500 and AE(440‐870nm) data on 26nd July 2019 (vertical yellow line 
denote the selected time). (Upper right) Single scattering albedo, against wavelength λ retrieved by AERONET for the 
same datetime. (Lower left) Volume size distribution retrieved by AERONET inversion algorithm the same day at 07:36 
UTC. (Lower right) LIRIC concentration profiles per aerosol component Fine and coarse for 26th of July 2019. The 
shaded regions correspond to dispersion of profiles.

The air mass back-trajectory analysis based on HYSPLIT reveals the origin of the detected aerosol layers. Figure 4 
(right) illustrates the corresponding 5-day airmass backward trajectories, arriving at 9UTC at three height levels, 1000, 
2000 and 3000m above ground. In the majority of cases, the air masses originate from Central and Eastern Europe. 
VIIRS/Suomi information was also taken into account for the corresponding hot spots of possible fires and thermal 
anomalies along the trajectories (Schroeder, et al., 2014). The trajectories indicated that the arrived air masses over 
Thessaloniki had previously passed over locations with fire spots. The biomass burning events occurring between 19 and 
26 July 2019 are given as orange dots and provided by FIRMS (Fire Information for Resource Management System).



| 411 Atmospheric Physics

Figure 4. (Left) HYSPLIT 5-days backward trajectories for (left) all the cases (N=16) during July-August 2019 and 
(right) 26 July 2019 09:00 UTC at the area of Thessaloniki (40.63°N, 22.96°E; marked by the black star) at different al-
titudes (1, 2, 3km). Additionally, fires detected by VIIRS on-board the Suomi NPP satellite are shown. Fires are accumu-
lated over the 7-day period 19-26 July 2019 (https://lance.modaps.eosdis.nasa.gov/firemaps, accessed: 25 May 2021).

4 Conclusions
Summarizing, we present the retrievals of the LIRIC algorithm, applied on combined lidar and sunphotometer data dur-
ing PANACEA summer campaign 2019 over Thessaloniki, Greece. Full datasets in terms of backscatter signals at 355, 
532 and 1064nm were retrieved from THELISYS and combined with AERONET data, in order to retrieve the aerosol 
concentration profiles for the study period (16 days). In future studies, more cases should be analyzed (including the 
winter PANACEA campaign 2020) in order to clearly define the peculiarities in our results. LIRIC profiles of particle 
mass concentrations for the coarse-mode as well as for the non-spherical particle fraction will be compared with results 
for the non-spherical particle fraction as obtained with the polarization-lidar-based POLIPHON method.
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Abstract: Dust aerosols through their interaction with solar radiation perturb the radiation budget of the Earth–atmos-
phere system. The broader Greek area is frequently affected by dust outbreaks originating across North Africa where 
the largest desert area (Sahara) of the planet is located. Under favorable meteorological conditions, dust loads are 
transported over Greece with decreasing intensities northwards. This latitudinal gradient has been revealed from several 
studies relying on aerosol optical depth (AOD) observations, since pure dust optical depth (DOD) databases are rare. In 
the current study, we are using: (i) the Copernicus Atmospheric Monitoring Service modeling and reanalysis providing 
total and per aerosol types AODs, including dust (2003-2017, 0.4º x 0.4º) and (ii) a recently developed MODIS DOD 
dataset (2003-2017, 0.1º x 0.1º, DUST-GLASS project), in which spaceborne AODs and reanalysis DOD-to-AOD ra-
tios from MODIS-Aqua and MERRA-2, respectively, are jointly processed. The key objectives of this work are: (i) the 
comparison of the DOD at 550nm data, derived from the two databases, (ii) the comparison of the DOD trends over 
the broader Greek area since 2004 and (iii) the calculation of the dust direct radiative effects (DREs) on the shortwave 
radiation based on simulations of the libRadtran Radiative Transfer Model.  

1 Introduction
Aerosols interactions with the incoming solar (shortwave, SW) radiation are affecting the Earth-atmosphere radiation 
budget. Aerosols directly interact with SW radiation through scattering and absorption (direct radiative effects – DREs). 
Among aerosol particles, dust is the most abundant and the Sahara Desert is one of the digest dust sources on the planet, 
affecting mostly the southern European countries. 
Greece is often affected by dust particles and various studies have shown the geographically expected gradient in dust 
aerosol contribution to total aerosol optical depth, showing larger contribution in Southern Greek areas than Northern 
ones (Gkikas et al. 2016, Koukouli et al. 2010).
The aim of this study is to quantify the mean seasonal dust DRE on the SW radiation for the broader Greek region using 
the synergy of a radiative transfer model and Dust aerosol Optical Depth (DOD) as input from the broadly used data base 
of CAMS and the newly developed MIDAS dust product (Gkikas et al. 2021).

2 Data and Methodology

2.1 Data
Dust loads utilized in this study in terms of Dust aerosol Optical Depth (DOD) at 550nm is Copernicus Atmospheric 
Monitoring Service (CAMS) reanalysis dataset and the recently developed MIDAS (Gkikas et al. 2021) DOD dataset. 
Also, the MODIS-Aqua Aerosol Optical Depth (AOD) at 550nm was utilized which is provided alongside with MIDAS 
DOD database, as it was used for the construction of the aforementioned database using also DOD/AOD ratios from 
MERRA-2 reanalysis. The study area is the broader Greek area (34o to 42o North and 19o to 29o East) and the time period 
of the study is limited to 2003-2017 which is MIDAS data availability. 
CAMS DOD reanalysis data were collected with a spatial resolution of 0.4o x 0.4o. The temporal resolution of CAMS 
data is 3hours and the mean DOD from 12:00 and 15:00 UTC was calculated as the representative CAMS DOD daily 
value, in order to synchronize the two datasets (Aqua satellite overpass over Greece is around 13:00 UTC). MIDAS 
dataset provides daily DOD values, to a fine spatial resolution of 0.1o x 0.1o in a global scale. For the study area, the 
data were re-gridded to a coarser spatial resolution of 0.4o x 0.4o and collocated with CAMS dataset. The choice for the 
upscale from the original fine spatial resolution of MIDAS was based on the limited data availability (below 50%) due 
to cloud coverage and spatial coverage of the satellite.
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2.2 Methodology
The comparison of the DOD (550nm) values from the two databases was performed with the daily synchronous and 
collocated values. Also, annual means and monthly means for all years were calculated, and from the de-seasonalized 
monthly means for every year DOD linear trends were also derived for both datasets.
In order to calculate the dust Direct Radiative Effects (DREs) on the shortwave radiation LibRadtran (Mayer and Kyl-
ling, 2005) Radiative Transfer Model (RTM) runs were performed. RTM runs were made using as input seasonal means 
of DOD values for every grid point of both datasets and the corresponding aerosol free runs were also made for the same 
atmospheric and astronomical conditions. In order to calculate the relative contribution of dust from MIDAS dataset 
to the overall attenuation from total aerosol loads, RTM simulations for MODIS AOD seasonal means were performed 
as well. For RTM simulations including aerosols, apart from the input of DOD values at the 550nm and MODIS AOD, 
for the other dust and total aerosol optical properties (Ångström exponent and Single Scattering Albedo) climatological 
values (Raptis et al. 2020) were used. For both aerosol free and total aerosol/dust included runs, ozone seasonal values 
were used as input, calculated from OMI daily satellite retrievals.   

3 Results

3.1 CAMS – MIDAS comparison of the DOD
In Figure 1 the comparison of DOD (550nm) values from CAMS and MIDAS datasets is presented. Figure 1(a) gives 
the distribution of the CAMS and MIDAS DOD differences. Those differences were calculated from the co-located 
and synchronized DOD values (whole study area, all years 2003-2017) for both datasets. MIDAS dataset has greater 
DOD values with a mean difference of 0.02. Annual average DOD values are in a relatively good agreement between 
those datasets as depicted in Figure 1(b), ranging from 0.3 to 0.9 for both DOD datasets. Analyzing also the daily DOD 
values (not shown) we found a MIDAS DOD overestimation, especially in cases when MODIS detected high AOD in 
the area related to dust events. At these cases, CAMS DOD does not exceed the maximum value of 2. However, these 
cases represent less than 0.05% of the total daily ones. The spatial distribution of the difference between those annual 
averaged DOD values is presented in Figure 1(c). This map shows that these differences are close to zero for almost all 
the study area.  

Fig. 1. (a) The distribution of the DOD (550nm) differences and (b) scatterplot of DOD (550nm) annual means from 
CAMS and MIDAS datasets (2003-2017). (c) The spatial distribution of CAMS-MIDAS DOD (550nm) annual mean 
(2003-2017) differences.

3.2 CAMS – MIDAS DOD at 550nm trends
In Figure 2 is depicted the spatial distribution of DOD at 550nm changes per decade. De-seasonalized monthly means 
were calculated for every grid point for both datasets and linear regression was performed in order to compute the linear 
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trends and their statistical significance was assessed by the t-test with 95% confidence interval. For CAMS data, the 
changes of DOD values per decade are almost zero everywhere in the study area and those values are not statistically 
significant as well. In contrasts, for MIDAS dataset an overall decline of DOD values was computed, which is statisti-
cally significant at the 95% confidence interval for the majority of the grid points (marked grid points on the map). The 
greater tendency was found for the area south east of the island of Crete, with a statistically significant (p-value<0.05) 
decline up to 0.04 per decade for DOD at 550nm. The trend difference is directly linked with the fact that CAMS DOD 
has an upper limit of around 2 on a daily DODs while for MIDAS this limit is much higher. In our understanding CAMS 
DOD, that is based mostly in a modeling aspect, fails to identify high dust intrusion events captured by MIDAS (MO-
DIS). These events are less often during the more recent period leading to this difference in the two trends. 

Fig. 2. Spatial distribution of decadal changes of DOD at 550nm over the broader Greek area from CAMS and MIDAS 
datasets (2003-2017).
3.3 CAMS – MIDAS dust DREs on shortwave radiation  
The surface Direct and Global components of SW irradiance were calculated using as input to RTM simulations the 
seasonal and annual means of DOD from both CAMS and MIDAS datasets, for the average local noon solar zenith angle 
for each season and location. Also, aerosol free simulations were performed with the same atmospheric and astronomi-
cal conditions and the Dust Modification Factor (DMF) was calculated, as the ratio of dust included and aerosol free 
results, for both SW irradiance components. 
For all seasons and for annual means, the results reveal the latitudinal gradient of DMF following the same spatial pat-
tern of the DOD spatial distribution over Greek area, for both datasets. Southern regions having greater DOD values, 
with spring to be the season with the greatest mean DOD at 550nm values among seasons up to ~0.14 for CAMS and 
~0.16 for MIDAS dataset for spring season. The maximum mean spring value of CAMS DOD reduced by 12.1% and 
3.3% the Direct and Global irradiances respectively, on average for spring season. The maximum mean spring value of 
MIDAS DOD reduced by 13.1% and 3.7% the Direct and Global irradiance respectively, on average for spring season.
Figure 3 summarizes the mean spring DMF as computed from both datasets for Direct and Global solar irradiance 
components, and it is also clear from this Figure that aerosols affect much more the Direct than the Global (Direct plus 
Diffuse) irradiance as the theory suggests. For Direct component the DMF ranges from 0.87 to 0.96 and for Global com-
ponent ranges from 0.96 to 0.99, as mean values for spring season.    

Fig. 3. Mean spring Direct and Global irradiance attenuation attributed to DOD (550nm) from CAMS and MIDAS data-
sets. Solar irradiances have been calculated for the average local noon solar zenith angle for each season and location.
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3.4 MIDAS DOD contribution to total aerosol attenuation  
In this section, we will focus on MIDAS dataset. In order to calculate the dust contribution relatively to total aero-
sol load in surface SW irradiance attenuation, RTM simulations were also made for MODIS AOD (550nm) seasonal 
means. Results for spring season and Direct SW irradiance component are presented in Figure 4. Figure 4(a) gives the 
percentage of mean attenuation due to MODIS AOD and Figure 4(b) gives the percentage of mean attenuation due to 
MIDAS DOD. Figure 4(c) is giving the percentage of dust contribution relatively to total aerosol loads in surface Direct 
irradiance attenuation, as means values for spring season, and these values were calculated from the results of the two 
aforementioned figures. The latitudinal gradient of dust contribution to irradiance attenuation is prominent. For northern 
areas dust contribution to SW irradiance attenuation ranges from 30% to 40% and for central areas is around 45%. For 
the southern part of the study area, dust contribute from 50% up to 65%.      

Fig. 4. Percentage of mean spring surface Direct SW irradiance attenuation due to (a) MODIS AOD and (b) MIDAS 
DOD at 550nm. (c) Percentage of mean spring contribution of dust to surface Direct SW irradiance attenuation rela-
tive to total aerosol loads. Solar irradiances have been calculated for the average local noon solar zenith angle for each 
season and location.  

4 Conclusions
In this study, two DOD databases were exploited and the effect of dust to incoming surface solar irradiance was exam-
ined through the synergies of DOD datasets and RTM simulations. Our findings for the broader Greek area could be 
summarized as follows:

• For the study area, CAMS slightly underestimate DOD, compared to MODIS derived MIDAS DOD. 
• CAMS DOD trends are negligible compared to statistically significant (p-value<0.05) DOD decline calculated 

from MIDAS DOD dataset up to 0.04 per decade for south east of Crete island. 
• The greatest seasonal mean DOD values were found in spring season, up to ~0.14 for CAMS and ~0.16 for MI-

DAS dataset for the southern broader Greek area, with corresponding Direct and Global irradiance reductions up 
to 12.1% and 3.3% for CAMS DOD, and up to 13.1% and 3.7% for MIDAS DOD.

• The dust contribution to mean surface SW irradiance attenuation during spring season compared to total aerosol 
attenuation for: 
- northern parts of the study area ranges from 30% to 40% 
- central is around 45%
- southern ranges from 50% up to 65%. 

These quantitative results are of particular interest for Greece, a country with an increase share on solar energy exploita-
tion systems.
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Abstract: PANDORA is a new spectrometer that measures solar and sky irradiance at spectral range 280-525 nm with 
0.6nm resolution and is used for retrieving total NO2 and total O3. �otal NO2 is retrieved by calculating relative slant 
columns and using the direct sun air mass factor and a reference solar spectrum. Accuracy of this retrieval has been 
estimated at 2.7*1014 molecules cm-2. Total O3 is retrieved using a spectral fitting algorithm with an estimated uncer-
tainty of ±2 DU.  PANDORA 119, as part of PANDONIA network has been operating in Athens since 2018 and data 
are freely available (https://www.pandonia-global-network.org/). In this study we have used total O3 retrieved from the 
Brewer monochromator, using a differential absorption method, which is operating at the Biomedical Research Foun-
dation, Academy of Athens, 5km away from the PANDORA site. Comparison of the retrievals has been performed for 
measurements at solar zenith angle less than 65º.  A total of 2 years of synchronous data are available and used to assess 
the quality of the retrievals. Total NO2 has been compared with 16 months of satellite based (TROPOMI) retrievals for 
overpasses above Athens. TROPOMI is an instrument onboard Sentinel-5P, providing data at spatial resolution of 7km 
X 3km.

1 Introduction
Ozone (O3) and Nitrogen dioxide (NO2) are important trace gases in the Earth’s atmosphere, present in both the tropo-
sphere and the stratosphere. O3 has an impact on radiative forcing and hence to climate change and UV levels, resulting 
to consequences for human health and biological effects for both animals and plants (WHO, 2002). Stratospheric O3 
had a significant reduction in the late 20th century, which has been largely recovered since the ratification of Montreal 
Protocol, but still is an active issue with frequent local decreases (Bais et al., 2017). NO2 is an air pollutant with crucial 
role in tropospheric photochemistry, where it is emitted mainly by anthropogenic activities. 
PANDORA system’s was developed by NASA and is a novel spectroradiometer that is the core instrument of the un-
der development global network of PANDONIA (https://www.pandonia-global-network.org/) which launched on June 
2019. Currently more than 60 Sites are deployed in the network.  ATHENS-NOA is one of the earliest stations in the 
network. Current algorithms retrieve Total Ozone Column (TOC), total NO2 along with tropospheric NO2 and in the 
near future products for more trace will be included.  A number of field campaigns have been performed to validate 
PANDORA products (Flynn et al., 2014, Lamsal et al., 2014, Lalongo et al., 2016). Also, PANDORA retrievals have 
been used in a number of satellite validation studies (Griffin et al., 2019; Herman et al., 2019).

2 Data 

2.1 Data
Athens is a city of 3.7 million habitants with an estimated of 2.5 million automobiles and heavy traffic, which is the 
single greatest source of local emissions. The area has been heavily deindustrialized the previous decades, but there are 
still emissions linked to factories and fossil fuels. Athens is located in a basin, where mountains trap most of the urban 
emissions in the greater area, due to poor ventilation. NO2 emissions in the area are mainly attributed to vehicle traffic 
and an increase has been recorded, since regulations for diesel fueled cars have changed in 2011. 
PANDORA 119 is installed at the National Observatory’s Actinometric station at Thissio, Athens and is part of the 
PANDONIA network.  In order to retrieve TOC, a spectral fitting algorithm uses reference absorption cross-section for 
each atmospheric absorber and removes aerosol and Rayleigh scattering effect (Tzortziou et al., 2012). Algorithm for 
NO2 retrieval from direct sun measurements is using measured spectra at 370-500nm and subtracts it from a theoretical 
and finally fits the residual to the NO2 absorption spectra and a set of corrections is applied to the final product (Cede 
et al.,2009, Herman et al., 2009). 
The Brewer MkIV spectrometer is installed on the roof of Biomedical Research Foundation of the Academy of Athens. 
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TOC data are retrieved using a set of direct sun  measurements at UV wavelengths using  the differential absorption 
method (Raptis et al., 2015).
In order to have global coverage of NO2 only satellite based measurements can be used. Launched in October 2017, Sen-
tinel-5P is the first Copernicus mission dedicated to observe the atmosphere, including NO2. To this direction the instru-
ment TROPOMI has been developed from various scientific and construction Netherlands-based bodies and included 
in the Sentinel-5P as a single payload. TROPOMI NO2 columnar retrieval is based on an adaption of DOMINO-2 and 
QA4ECV algorithms for OMI satellite and utilizes the bands of the ultraviolet‐near infrared spectrometer (405–465 nm). 
TROPOMI has a pixel size of roughly 7 km x 3 km. This is considerably smaller than all its predecessor satellites and 
provides the opportunity to study NO2 in cities’ scale. Evaluation of the retrievals is an on-going aspect that will contrib-
ute to the improvement of TROPOMI NO2 post correction algorithm improvements. TROPOMI NO2 pixels for 20 km 
around Athens-NOA station were extracted, for the RPRO+OFL data of version 01.02 (April 2018 to March 2019) and 
the OFL data of version 01.03 (March 2019 to March 2020). Data with quality assurance flags (QA>0.75) were used 
for the evaluation. TROPOMI data east of 23.82ºE have been filtered out, because these pixels are outside of the Athens 
basin and are not representative of urban NO2 emissions.

3 Results  
In Figure 1 (left) we show the mean monthly TOC and ±1σ, as retrieved from PANDORA in the March 2018- March 
2020 period. The seasonal pattern with higher values in spring and lowest in autumn, has been reported in previous stud-
ies for different time periods (Raptis et al., 2015) and is explained by stratospheric O3 climatology. We also present a 
preliminary comparison of all synchronous (±10 minutes) TOC from PANDORA and nearby BREWER (figure 1 right). 
Only high quality PANDORA data are used for the comparison. Comparison shows an R2 of 0.92 and a mean differ-
ence of 1.4%, while 82% of the recordings are in ±4DU range. Higher differences are found when Solar Zenith Angle is 
higher than 50º, which has been reported also in earlier studies (Tziortziou et al., 2012). For the synchronous data used 
in the comparison, the mean retrieval uncertainty from PANDORA data is 0.4 DU. 

Fig. 1. Mean monthly TOC (DU) and 1σ for high quality PANDORA retrievals (left). All high quality TOC data of 
PANDORA versus BREWER TOC in a ±10minutes period (right)

In Figure 2, we present the mean monthly (right) and hourly (left) total NO2 as retrieved from PANDORA measurements 
in the 2018-2020 period. The diurnal variation of NO2 is related with human activities and mainly vehicles traffic in the 
urban area, which appears in the form of a maximum at 8-9UTC and then decreases during the day, as the gas disperses 
and the photochemistry reactions take place having lowest values late in the afternoon. Seasonal variation is not very 
wide and considering the 1σ range, differences are small. However, a maximum in October is observed and a minimum 
in August, which is related with significant decrease of emissions during summer vacations. 

Fig. 2. Diurnal variation of mean total NO2 and 1σ retrieved from PANDORA (left). Mean monthly total NΟ2 and 1σ (right) 
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Figure 3 shows the spatial distribution of relative differences between TROPOMI and PANDORA retrieved total NO2, 
regarding the projection of the satellite overpass. A constant overestimation of TROPOMI retrieval of 26%   is observed 
which has been reported in other studies (26.1% in Toronto – Zhao et al., 2020, 28.1% in Helsinki-  Ialongo et al., 2020). 
Differences are 10% lower in a small area on the West-North area around the instrument in a 0.1º range. This is an area 
heavily populated with some industrial activities. TROPOMI pixels covering part of the mountain on the East, have 
some of the highest relative differences. Higher differences are found outside the Athens’ basin (ignored in these plot) 
and at pixels that include sea surface. The complex topography of Attica should be carefully considered when studying 
satellite products with high spatial resolution.

Fig. 3. Relative difference percentage between PANDORA and TROPOMI total NO2, averaged at 0.05ºX0.05º boxes re-
garding the surface projection of satellite overpass. Star represents the location of the PANDORA instrument in Athens. 

4 Conclusions
PANDORA retrievals for the 2018-2020 are assessed in this study. TOC retrievals show lowest values in Autumn and 

higher in Spring. Mean difference with a close BREWER TOC retrievals for the same time period was found to 
be 2.2%. A diurnal variation of total NO2 is revealed from PANDORA retrievals, with highest values around 8-9 
UTC and lowest late in the afternoon. August has the lowest total NO2.  Relative difference between TROPOMI and 
PANDORA is 26%, when only high-quality PANDORA retrievals are considered. Better agreement is found in the 
area West and Northwest from PANDORA location.
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Abstract: Finokalia station is a coastal background station located on the north coast of Crete in the Eastern Mediter-
ranean. Due to its geographical location Finokalia constitutes the receptor site of air pollutants originating from various 
sources around it. Additionally, depending on the season the air mass pathways as well as the air pollution source regions 
affecting Finokalia vary. In this work, by applying cluster analysis of 72-h backward trajectory arriving over the site at 
an altitude of 1500 m for the time period 2011–2018 and concentration weighted trajectory (CWT) approach, we tried 
to determine the air mass transport pathways dominating each season over the Eastern Mediterranean and investigate the 
potential source regions and their contributions to PM10 concentration levels recorded at the station. The results showed 
that the levels of PM10 present significant seasonal variability with maximum values during spring (27.7 μg/m3) due 
to the high intensity of dust events coming from North Africa and minimum during winter (17.1 μg/m3). Additionally, 
the domination of northeasterly flows during summer months results in the transportation of anthropogenic PM10 from 
eastern Europe, Balkans and Black Sea areas over Finokalia station.

1 Introduction
Due to its unique geographic location, East Mediterranean constitutes the crossroad of air masses coming from various 
origins (Kanakidou, Mihalopoulos et al. 2011). In the south can be found deserted areas of North Africa such as the Sa-
hara Desert, in the east there are countries over the Black Sea where we have systematic biomass burning activities and 
in the northwest industrial areas of Central Europe. Therefore, East Mediterranean is surrounded by different types of 
air pollution sources, so that wherever it blows we have a corresponding contribution to the background of the region. 
Another significant characteristic of East Mediterranean is the climate, with the great sunshine and the high tempera-
tures, which have as a result to favor the secondary air pollution production (Kouvarakis, Tsigaridis et al. 2000). For 
all the above mentioned reasons we conclude that East Mediterranean is an area where we expect that it has increased 
levels of pollution. Additionally, depending on the season, the atmospheric circulation patterns change resulted in the 
differentiation of air pollution source regions affecting the area. The aim of the present paper is to identify the potential 
source areas of air pollution contributing during each season to PM10 levels recorded at a coastal background site in the 
Eastern Mediterranean during the long-term period of 2011–2018. Cluster analysis of back-trajectories has been ap-
plied to assess the main transport pathways of air masses, while Concentration Weighted Trajectory (CWT) approach 
has been used for identification of potential PM10 source regions.

2 Data and Methodology

2.1 Data
Hourly measurements of particulate matter with aerodynamic diameter of less than 10 mm (PM10) were collected at 
Finokalia station during an eight – year time period from January 2011 to December 2018. The station is located in the 
northern coast of Crete at the top of a hilly elevation (130m) facing the sea within a sector of 270° to 90° (Mihalopoulos, 
Stephanou et al. 1997, Kouvarakis, Tsigaridis et al. 2000).Due to the unavailability of some hourly measurements, there 
are missing data periods in our data set. Next step of our analysis was to compute the daily average concentrations when 
at least 70% of the hourly data were attainable (17 out of 24 hours), thus the final data set contained 2022 daily average 
concentration values for PM10.

2.2 Methodology
Three dimensional 72-hour back-trajectories of air parcels arriving at Finokalia site at the height of 1500 m above sea 
level were computed at 12 UTC each day during the period 2011–2018. The trajectories were computed by the PC 
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version of the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Rolph 2003). 
The meteorological data used for trajectory calculations were produced by the National Weather Service’s Centres for 
Environmental Prediction (NCEP) Global Data Analysis System(GDAS). In order to identify the seasonal air mass 
transport pathways and their impact on PM10 concentration levels over Finokalia station, next step of our methodology 
was to separate the computed trajectories in four seasons and for each season the trajectories were classified into groups 
of similar characteristics. These groups are called clusters and the technique used for the classification is called Cluster 
Analysis. Differences between trajectories within a cluster are minimized while differences between clusters are maxi-
mized (Stein, Draxler et al. 2015). In this study the clustering of the trajectories was based on the total spatial variance 
between clusters (TSV) (Draxler, Stunder et al. 2012). When the Cluster Analysis was completed for each season, next 
step was to assign the daily PM10 to a specific cluster, based on the common arrival date of each trajectory with the cor-
responding daily average air pollutant’s concentration observed at Finokalia. Additionally, for each cluster the statistical 
parameters of PM10 (mean and standard deviation values) were calculated. This procedure helped us in explaining the 
seasonal dependence of the observed particulate matter on the origin of the air masses described by each cluster. With 
the aim of producing a spatial distribution of PM10 sources affecting Finokalia site during each season, the Concentra-
tion Weighted Trajectory (CWT) algorithm was applied. This is a method of weighting trajectory residence times with 
associated air pollutant concentrations (Reizer and Orza 2018). This procedure assigns to each grid cell a weighted con-
centration obtained by averaging sample concentrations associated to trajectories that crossed that grid cell. A high CWT 
value over a cell declares that air masses traveling over this cell would be, on average, associated with high concentrations 
at the receptor. The results are displayed in the next section.

3 Results
Trajectories arriving at Finokalia site at 1500 m were clustered for each season and the results are displayed in Fig. 1. 
The number of trajectories assigned to each cluster and the mean PM10 concentration for each cluster are presented in 
Table 1. Additionally, the number of polluted trajectories assigned to each cluster as well as the attributed PM10 mean 
value are displayed separately. The term “polluted”, as suggested by Wang, Zhang et al. (2004) and Katragkou, Ka-
zadzis et al. (2009) is used to express all the trajectories whose associated PM10 daily values exceeded the mean PM10 
concentration level (21.3 μg/m3) of the whole study period (2011 – 2018).

Fig. 1. Cluster analysis of the 72 h air mass back trajectories reaching Finokalia site at 1500m during the four seasons: 
spring (upper left), summer (upper right), autumn (bottom left), winter (bottom right).
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Cluster analysis revealed five dominating air mass transport pathways in spring months, three transport pathways in 
summer months, four in autumn and five in winter months respectively. According to our results, in spring season the 
most dominant atmospheric transport pathway represented by clusters 3 and 5 has a northerly origin (47%) transporting 
relatively clean air masses over Finokalia site. On contrary, clusters 1, 2 and 4 correspond to trajectories of south, south 
west and west origin and most of them are related to transport phenomena from North Africa. This can be confirmed by 
the results in Table 1 as more than half of the trajectories found at these clusters (cluster 1: 50.9%, cluster 2: 50%, cluster 
4: 50.7%) are polluted and associated to concentration values reaching 53.5, 64.5 and 54.1 μg/m3. In summer season, 
the domination of northerly flows is obvious with clusters 1 and 3 having the highest frequency of occurrence (55% and 
24%).These air mass flows, known as Etesians, which prevail during summer months (Kallos, Kotroni et al. 1998) have 
the potential to transport anthropogenic air pollutants of northeastern Europe over Eastern Mediterranean.

Approximately the 43% and 35% of the trajectories found at clusters 1 and 3 are polluted with mean values reaching 27 
μg/m3.Additionally, cluster 2 although less frequent (21%) represent westerly air flows with the vast majority of them 
(46%) being polluted (33.7 μg/m3). During autumn months, north and northwesterly flows represented by clusters 1 and 
3 are less frequent (29%, 16%), comparing to summer months, carrying most of them (76% and 85 % of them) clean air 
masses over Finokalia site. Furthermore, cluster 2 with the highest frequency of occurrence (46%) contains air masses 
coming from the north west sector but due to its short length, the trajectories found at cluster 2 do not travel far indicating 
that PM10 concentrations during this period are more locally influenced. That is why the attributed PM10 mean value 
(20.3 ± 12.5 μg/m3) is quite high, with the 31.6% of the trajectories of cluster 2 being polluted from nearby sources. 
Additionally, the almost rare cluster 2 (9%) contains air masses directly influenced from North Africa region with most 
of them being polluted. In winter season, north air flows represented by clusters 1 and 5 are in their biggest part clean 
and only a small percentage of them is polluted (7%).Contrary, the south and southwesterly origin of clusters 2 and 3 
attributes high concentration values on PM10 levels (21.8 ± 31.8 μg/m3, 18.3 ± 18.9 μg/m3) due to dust transport from 
North Africa. Although less frequent, cluster 4 contains back trajectories of high speed with a small part of them (7 out 
of 60 trajectories) to attribute extremely high PM10 values (104.6 ±
134.4 μg/m3) increasing the total PM10 mean value of the cluster (21.7 ± 52.6 μg/m3). It is worth mentioning, that dust 
episodes from North Africa during winter are obviously less frequent comparing to spring, but their intensity in a few 
cases is so strong increasing the recorded PM10 levels. This is confirmed from the results in Table 1 and from the CWT 
map in Fig. 2.

Table 1. Total number of trajectories for each seasonal cluster and attributed PM10. The number of polluted trajectories 
for 1500 m and the attributed PM10 are also displayed.

In order identify the potential source regions of PM10 at Finokalia station during each season, the Concentration Weight-
ed Trajectory (CWT) method was used only for the polluted trajectories and the results are displayed in Fig. 2. The grid 
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cells with high (above 50 μg/m3) and moderate (above 30 μg/m3) CWT values corresponded to the main contributing 
sources affecting the atmosphere over Eastern Mediterranean. In spring, the highest CWT values (exceeding 50 μg/m3) 
covering the map, were distributed in the greatest part of North Africa demonstrating the intense dust transport events 
during this period. In summer, the highest CWT values continue to come from North Africa region due to dust events 
without having the same intensity and frequency as in spring months. The most dominated source regions during sum-
mer months with attributed CWT values exceeding 20 μg/m3 can be found northeasterly of Finokalia especially in East-
ern Europe, over the west coast of Turkey and over the countries around Black Sea. These anthropogenic PM10 from 
these regions in conjunction with the domination of northerlies during summer months resulted in the increased PM10 
concentration levels observed at Finokalia. In autumn and winter, the spatial distribution of the polluted trajectories is 
obviously smaller than in spring and summer. During these seasons the deserted areas of North Africa continue to have 
the central role giving high CWT values but without the same frequency of occurrence.

Fig. 2. CWT map for PM10 levels at Finokalia site during: spring (upper left), summer (upper right), iii) autumn (bottom 
left) and winter (bottom right).

4 Conclusions
For the needs of the current study, PM10 concentration data which were collected at Finokalia site during an eight-year 
period (2011-2018), were combined with back trajectory clustering and CWT methods to identify the air mass transport 
pathways dominating each season and the potential sources with the major contribution to the observed PM10 at the 
area. It was found that increased PM10 levels over the area are observed when southerlies prevail, demonstrating the 
role of dust particles transported from North Africa. During spring, more than half of south origin trajectories are pol-
luted giving values in the range of 53-64 μg/m3 with increased standard deviations which indicate the different dust load-
ings over the area depending on the intensity of the dust events during this season. Contrary, when northerlies prevail 
the situation is more consistent with low percentage of trajectories being polluted and mean PM10 values ranging from 
13 to 21 μg/m3. The Concentration Weighted Trajectory analysis (CWT) shows that high PM10 levels are observed at 
Finokalia when air masses are originated or passed over the deserted areas in N. Africa (e.g., Sahara) especially in spring 
when the frequency and the strength of the dust events is very high. Additionally, according to CWT map, the domina-
tion of northeasterly flows (55% of the cases) during summer months brings air masses carrying anthropogenic emitted 
PM10 from Eastern Europe, Balkans and Black Sea areas over Crete island.
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Abstract: The objective of this study is to examine the total flash rates evolution and relate those spatially and tem-
porarily with the radar reflectivity volumes under convection conditions. To meet these objectives, two case studies are 
examined. The first thunderstorm occurred on 5th September 2017 (Closed Long Wave Trough) during 18:00-19:00 UTC 
in Nea Anchialos and the second on 29th August 2017 (Open Long Wave Trough) during 17:00-18:00 UTC in Larisa air-
ports in Thessaly, respectively. The lightning data were recorded by the Hellenic National Meteorological Service Net-
work. Additionally, radar data from the S-band radar in Larisa are used to: a) infer the reflectivity structure in an attempt 
to scale the total flash rates in relation to radar echo volumes and b) investigate the existed correlation between the flash 
cells and the radar cells. Moreover, high resolution simulations performed through the use of the model COSMO-GR, 
in order to test if the maximum reflectivity agrees with the highest ice concentration and the highest convective updraft. 
The adopted COSMO products are vertical profiles of cloud ice content and vertical velocity, as well as convective avail-
able potential energy, which are compared with the total flash rate and the reflectivity structure.

1 Introduction
Accurate spatial and temporal prediction of convection and most importantly of lightning remains a challenge for all op-
erational forecasters. The formation of thunderstorms depends on well documented meteorological variables (Doswell 
2006, Augoustoglou et al. 2018). They usually need warm and moist air at low levels, cool and dry air at upper levels, 
a lifting mechanism that is a synoptic scale or a mesoscale feature and high convective available energy. Humidity and 
vertical forcing from NWP models are the most important variables for thunderstorm forecasting. Strong updrafts sup-
ply the mixed phase region with large ice masses (graupel), which are essential to the non inductive cloud electrification 
process (Saunders, 1993). Collisions between ice crystals and graupel in temperatures between -10 oC and -30 oC lead to 
a net negative charging of graupel and positive charging of ice crystals separated under gravity (Williams 1989). Radar 
reflectivity values greater than 40 dBZ at – 10 oC, which is related to the presence of graupel, is important in order to 
occur lightning activity (Dye et al. 1989). Moreover, the inferred flash rates and the vertical profile of radar reflectivity 
can identify the location of a storm updraft.
The plain of Thessaly is one of the most lightning-prone regions of Greece and records the highest number of strikes 
during summer. The mountain ranges located around it, assist in upward currents that might trigger thunderstorms. The 
thunderstorms that took place on 5th September 2017 in Nea Anchialos (single cell) and on 29th August 2017 (multicell)  
in Larisa airports show approximately flash densities 25 and 55 flashes during 15 minute intervals, as were calculated 
with resolution 2x2km and occurred late in the afternoon, the first at 18:15-18:30 UTC and the second at 17:00-17:15 
UTC. The difference between the two case studies is that the first located over sea (close to Nea Anchialos airport) and 
the second located over land (close to Larisa airport). Firstly, this difference is depicted ideally from the magnitude of 
the vertical velocity, which is higher above land and secondly the cloud ice content in temperatures where electrification 
takes place (-10 oC to -30 oC) is higher in the second case study, that concerns higher flash density and also the maximum 
is observed in lower temperatures due to the higher updraft. Both case studies lack the presence of sufficient convec-
tive available potential energy (CAPE), since the corresponding soundings from the airport of Thessaloniki at 06 UTC 
(not shown here) measured values of 0.59 and 29.31, respectively in accordance with the simulated CAPE fields by the 
COSMO model (Fig3 and Fig.4). For all the above reasons, these thunderstorms are worth to be further studied in depth.
The aims of the study are: a) relate flash rates to radar quantities, b) investigate if storms with enhanced reflectivities in 
the mixed phase region tend to produce more lightning (Williams et al. 1991) and c) if storms with enhanced updrafts 
(proxy could be echo top height) tend to produce more  lightning (Deierling and Petersen 2008). In the second section 
the data and methodology used in this paper is described, in the third section the findings are discussed and in the fourth 
section the conclusions are given.
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2 Data and Methodology
�he Precision Lightning Network (PLN) operated by Hellenic National Meteorological Service records both cloud-to-
cloud and cloud-to-ground lightning strikes. Sensors around the country detect very accurately the electrical discharge, 
location, time and current strength over the Greek land mass and sea. The HNMS-PLN detects ~ 95% of the overall CG 
activity, with its location accuracy estimated at 250 m. The weather radar of Larisa airport is operated also by Hellenic 
National Meteorological Service. Larisa S-band radar is located at 36.644o N, 27.460o E in central continental Greece. 
The radar conducted 360o full volume scans containing a series of 12 plan position indicator sweeps ranging from 1.198o 
to 26.098o every 7 min at increasing elevation angles for over an hour. Higher elevation tilts were necessary to top the 
echo of the storms examined in this study. The radar was located approximately 60 km from the single cell storm area 
and 20 km from the multicell storm area.

2.1 Data
Lightning and radar data from 5th September 2017 and 29th August 2017 were used for all the analyses. The radar ppi 
and rhi reflectivity time series and the flash rates of single cell and multicell convective areas analyzed in this study over 
the domain are shown in Fig.1 and Fig.2 respectively. The radar has a magnetron transmitter system that is used only 
by 30-40% and the detection of targets is underestimated. As a result, the flash rates are correlated only spatially and 
temporally with the radar ppi and rhi quantities. Also, the weather radar is a single polarization radar, with no ability to 
discern hydrometeors (ice crystals and graupel). Consequently, the promising COSMO model is selected properly to 
show the vertical distribution of ice particles inside the convective clouds. 
The simulated atmospheric fields are created using the version 5.0 of model COSMO-GR, as is performed in National 
Meteorological Service. The model high resolution simulations are conducted with initial analysis conditions at 0,06250 
(7 km) of the global model of European Center of Medium-Range Weather Forecasts (ECMWF) every 6 hours over 
the major area of Mediterranean Sea (649×393 grid points) and then at 0,020 (2 km) over the major area of Balkans 
(591×591 grid points). The model contains 60 vertical levels and the temporal resolution is 15-minute. The center of the 
coordinate system (0,0) is chosen in correspondence with the geographical position of aerodrome Eletherios Venizelos 
(37.970 N, 27.060 E). 
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Fig. 1. Larisa ppi and rhi radar reflectivity (dBz, color scale) over the domain at a)17:11:55, b)17:28:55, c)17:39:14, d)17:49:38, 
e)18:13:13, f) 18:23:36 UTC and flash densities during 15 minute intervals on 5th September 2017. The red circle in f) en-
compasses the flash cell at point 39.25oN and 23.00oE, as well as the radar quantities of the storm between 50km and 70km 
southeast from the radar.

Fig. 2. Larisa ppi and rhi radar reflectivity (dBz, color scale) over the domain at a)16:35:24, b)16:42:03, c)16:52:30, d)16:59:09 and 
e)17:09:38 UTC and flash densities during 15 minute intervals on 29th August 2017. The red circle in e) encompasses the flash cell 
at point 39.40oN and 22.30oE, as well as the radar quantities of the storm between 20km and 40km southwest from the radar.
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2.2 Methodology
The raw iris radar data are processed in the python programming language using the Python Radar Toolkit (Py-Art) (Hel-
mus and Collis 2016). Lightning activity is analyzed in a sector covering Thessaly (38.75o-40.50oN, 21.00o-24.50oN). 
The grid size used in this analysis is 0.020×0.020, resulting in a 175 east-west by 87 north-south points. The point data, 
constructed with latitudinal and longitudinal pairs with the use of a fortran program, then ingested into Matlab Software 
in order to create a 0,020 ×0,020 density analysis.
High resolution simulations with the use of model COSMO-GR are done for two case studies of convection that hap-
pened on 5th September 2017 and on 29th August 2017. This first case formed as a response under the synoptic situation 
of a closed long wave trough (L-2) and the second formed as a response under the synoptic situation of an open long 
wave trough (L-1), based upon a subjective synoptic classification scheme proposed by Karacostas et al. 1992 and Ka-
racostas et al. 2018. The radar quantities and flash rates per 15 minute intervals are examined in relation with the cloud 
ice content (in [kg/kg]*1000) and the vertical velocity (in m/sec) for two horizontal cross sections. The first cross sec-
tion comes through the point 39.25oN and 23.00oE for the 5th September 2017 and the second comes through the point 
39.40oN and 22.30oE for the 29th August 2017 (Fig. 3 and Fig.4).

3 Results
The single cell thunderstorm on 5th September 2017 developed in a high low level moisture environment since at low 
elevation angle at 2.0o ppi scans from 18:13:13 to 18:23:36 UTC, the radar detects targets at low reflectivities below 
20 dBZ, colouring the entire domain with the magenta color (Fig. 1). Moreover, the thunderstorm originally initiated 
beyond 10 km south of the radar and it was detected at high elevation angle 5.3o ppi scan at 17:11:55 UTC. The 06 UTC 
5th September 2017 Thessaloniki sounding was used as a proximity sounding. The sounding revealed a dry layer beneath 
700 hPa and a fairly moist layer from 750 hPa to 650 hPa with dry air above. The freezing level was located at 3km 
MSL. As thunderstorm moved southeastwards, began to develop vertically and reached the top of 9km at 17:28:55 UTC 
with 40 dBZ reflectivity located above freezing level and lightning initiated. During its developing phase, at 17:49:38 
UTC at 40km distance away from the radar, flash rate maximized (40 flashes/15 min) as well as echo top height (10km). 
Also, enhanced reflectivity (40 dBZ) is located in the mixed phase region up to 6km. At 18:13:13 UTC hail probably 
began to fall, since 60 dBZ reflectivity detected at low levels below 0 oC. Flash rate at the same time started to decrease 
(38 flashes/15 min) when the storm reached above the coastal city of Volos losing probably its vital updraft. At 18:23:36 
UTC the storm echo top height decreased at 8km as well as flash rate (25 flashes/15 min) and the storm started to decay.
The COSMO model captured with success the development of the storm. The simulated atmospheric field of cloud ice 
content depicts a maximum above 6km at temperatures from -22 oC to -36 oC and a smaller cloud ice area exists at 3km 
(freezing level) from 18:15 to 18:30 UTC (Fig. 3). The charge accumulation in cumulonimbus clouds that they are in 
full development can be represented by a center of negative charge around level T=-15±10 οC and by an upper center of 
positive charge near the level T=-35±10 οC (Williams 1989). Also the simulated atmospheric field of vertical velocity 
revealed a small updraft of 0.5 m/sec above 6km since storm started to decay when reached the city of Volos from 18:00 
to 18:15UTC (Fig. 3). Although not studied here, the single cell thunderstorm located 60km southwest away from the 
radar (in the opposite direction) at 18:30 UTC exhibited a remarkable updraft above 5km as well as high ice content 
area above 6km.

Fig. 3. Vertical cross section that comes through the point 39.25oN and 23.00oE for a) cloud ice content, b) vertical veloc-
ity and c) convective available potential energy from 18:00 to 18:30 UTC on 5th September 2017.
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The multicell thunderstorm on 29th August 2017 started at 35km southwest from the radar and it was detected at low 
elevation angle 1.2o ppi scan at 16:35:24 UTC (Fig. 2). The 06 UTC 29th August 2017 Thessaloniki sounding was used 
as a proximity sounding. The sounding revealed a dry layer beneath 700 hPa and a fairly moist layer from 750 hPa to 
500 hPa with dry air above. The freezing level was located at 3.5km MSL. As thunderstorm moved towards the radar, 
began to develop vertically and reached the top of 8km at 16:42:03 UTC with no significant lightning yet. At 16:52:30 
UTC two cells merged in a distance 30km away from the radar. The 40 dBZ reflectivity located above freezing level and 
continued up to 8km (at 16:59:09 UTC) signaling the beginning of lightning (15 flashes/15min). At the same time the 
new storm reached 11km echo top height. At 17:09:38 UTC the echo top height of the merged storms reached 12km and 
the flash rate maximized (55 flashes/15 min) in a distance 20 km away from the radar. Remarkable is the fact that at low 
elevation angles the received energy by the radar is significantly attenuated.
 The simulated atmospheric field of cloud ice content depicts a maximum above 6km at temperatures from -32 oC to -48 
oC and a smaller cloud ice area exists near freezing level from 16:45 to 17:15 UTC (Fig. 4). It is remarkable that at 17:15 
UTC the cloud ice content is the highest. Also the simulated atmospheric field of vertical velocity revealed an enormous 
updraft above 5km continued up to the entire column of the atmosphere and reached its maximum intensity at 17:15 
UTC (Fig. 4). The COSMO model captured with success the electrification of the storm, since enhanced ice masses and 
updrafts in the mixed phase region tend to produce more lightning (Williams et al. 1991) in accordance with flash rates 
and radar quantities observed in this storm.

Fig. 4. Vertical cross section that comes through the point 39.40oN and 22.30oE for a) cloud ice content, b) vertical veloc-
ity and c) convective available potential energy from 16:45 to 17:15 UTC on 29th August 2017.

4 Conclusions
Observations have been presented from a single cell and a multicell storm that occurred on 5th September 2017 and on 
29th August 2017. Weather radar and lightning data measurements were used in combination with the simulated fields 
of cloud ice content and vertical velocity of the COSMO model to investigate the relationship between flash rates and 
radar quantities.
It was shown that the volume of enhanced reflectivity associated with ice masses in the mixed phase region and the vol-
ume of updraft play a significant role in the production of lightning. In this study, the single cell storm had updrafts not 
exceeding 10 km echo top height during its lifecycle, produced flash rates equal to 40 flashes/15 min and the reflectivity 
of 40 dBZ was located well above freezing level (from 3 to 6 km). The multicell storm had updrafts reaching 12 km 
echo top height and enhanced reflectivities were located from 3.5 up to 8 km, thus producing higher flash rates equal to 
55 flashes/15 min. The aforementioned relationships are consistent with the results between the cloud ice contents and 
the vertical velocities as simulated for the two case studies by the high resolution COSMO model. Nevertheless, in the 
single cell storm the cloud ice content seems to play a crucial role in the production of lightning in relation to the updraft. 
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Also, the two regional storms lack the presence of significant amounts of CAPE and this could be a subject for further 
study for the mesoscale reasons that lead to the formation of the storms.
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Abstract: The accurate description of surface solar irradiance (SSI) is of crucial concern for assessing the efficiency 
of alternative energy sources. Satellite-derived information provides the main resource for deriving historical data and 
short-term solar radiation forecasts with coarse spatial and temporal resolution. The uncertainties of atmospheric quanti-
ties (clouds, aerosols, water vapor, etc.) can be translated to SSI uncertainties reaching 5%-10% for a wide spatial grid 
and temporal interval. Those induced errors increase for finer temporal and spatial resolutions. In this study, the global 
component of SSI retrieved by the Copernicus Atmospheric Service (CAMS) reanalysis project is compared against 
ground-based data at various cloudy conditions. Furthermore, site adaptation methods are applied to adjust the biases of 
the model-derived global horizontal irradiance using as skill-reference the ground-based observations.

1 Introduction
The knowledge of solar potential over a certain area is significant for the efficient operation of Photovoltaic (PV) and 
Concentrating Solar Power (CSP) systems. Especially for PV applications, the global component of surface solar irradi-
ance, namely global horizontal irradiance (GHI), is converted for electric energy production. Therefore, GHI at the finest 
spatiotemporal resolution is required in a solar power farm.
GHI depends on the prevailing atmospheric conditions, whereas firstly cloudiness and then aerosols are the main at-
mospheric components controlling GHI variability at various spatiotemporal scales. Apart from the pre-described at-
mospheric quantities, second-order contributions from water vapor content, single scattering albedo and ozone are also 
existing. The uncertainties of such atmospheric components can be translated to SSI uncertainties reaching 5%-10% 
for a wide spatial grid and temporal interval (Marchand et al 2020). Those induced errors increase for finer temporal 
and spatial resolutions. The most accurate and proposed solution for gathering high-quality SSI measurements at short 
spatial scales is the establishment of radiometric networks. Since such monitoring networks are in general scarce around 
the globe, solar radiation modeling is the alternative option. Numerous models have been created and extensively vali-
dated for simulating SSI especially under clear skies (Gueymard 2012; Ruiz-Arias and Gueymard 2018). Under cloudy 
conditions, the number of available solar irradiance models is limited. Those models use cloud information from satel-
lites or reanalysis products (Qu et al 2016; Xie et al 2016). The expected uncertainties in the cloud parameters and the 
non-accurate description of the ‘real’ cloud transmittance are reflected in the solar radiation products. In addition to the 
model’s formulation and the uncertainties of the input atmospheric information, quality, availability, and completeness 
of the ground data, climatological and topographical settings of the study site, and the accuracy of the models’ boundary 
conditions play also important roles in the uncertainty characterization of the solar radiation models. Pre-processing of 
the modeled irradiances in terms of bias correction or better site-adaptation is necessary before using such products for 
solar planning (Polo et al 2020).
This study compares the GHI retrieved by the Copernicus Atmospheric Service (CAMS) reanalysis project against 
ground-based radiometric measurements in Patras, Greece for two years (January 2018 to December 2019). Since GHI 
depends on cloudiness, a two-stage cloud conditioned-site-adaptation scheme is applied to bias-adjust and improve GHI 
from CAMS.

2 Data and Methodology

2.1 Data
Ground-based GHI (GHIobs) at 1-minute temporal resolution with the corresponding standard deviation is obtained 
through the radiometric station located in the Laboratory of Atmospheric Physics, Patras, Greece (Longitude: 21o 47΄ 
18.90΄΄, Latitude: 38o 17΄ 28.91΄΄, Altitude: 45 m) for two years (January 2018 to December 2019). GHI is measured 
with a Kipp & Zonen CM-type pyranometer. Modeled solar irradiances; clear and all-sky GHI, and GHI at the Top of 
the Atmosphere (TOA), are gathered from the CAMS reanalysis project (http://www.soda-pro.com/web-services/radia-
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tion/cams-radiation-service) with 1-minute and 1-hour time step. Apart from solar irradiances, total area cloud fraction 
data (CF) are obtained by the MERRA-2 reanalysis project. CF MERRA-2 is globally distributed along a 0.5o×0.625o 
grid with hourly temporal resolution. CF is spatially disaggregated using bilinear interpolation at the ground station 
coordinates.

2.2 Methodology
GHI distribution is completely different under clear and cloudy conditions. In order to detect and further discriminate 
the existence of clouds, the cloud detection algorithm of Reno and Hansen (2016) is applied using the 1-min measured 
and clear-sky CAMS simulated GHIs. The clear sky instances are assigned following the results of the cloud-detection 
algorithm also considering CF<0.2 to prevent erroneously assigned clear cases. 
Comparing to the traditional site-adaptation procedures described in Polo et al (2020), Fernández-Peruchena and Polo 
(2020) showed significant error reductions between measured and modeled solar irradiances when a regression-based 
preprocessing is applied. Extending their work, Random Forest regression (RF) (Breiman, 2001) is evaluated indepen-
dently for both clear and the cloudy sub-datasets using the measured clearness index, ktobs (ktobs=GHIobs/GHITOA), as the 
dependent parameter and the modeled clearness index, ktCAMS (ktCAMS=GHICAMS/GHITOA), the modeled clear sky index, 
kcCAMS (kcCAMS=GHICAMS/GHICAMS, clear), the relative optical air mass (m) (Kasten 1980), the solar elevation angle (α), 
along with its interaction terms as auxiliary information (independent parameters). RF, a Machine Learning algorithm, is 
selected to catch possible non-linear responses. The ‘optimal’ RF model for clear and cloudy skies is extracted through a 
randomized cross-validation scheme using 2/3 of the input dataset for training and model simulation, and the remaining 
1/3 for the model’s testing and verification. This tuning process aims to determine the best hyperparameter combination 
using the mean square error as a cost function. 
The RF-adapted GHICAMS is further adjusted using the CF-conditional empirical quantile mapping (CF-EQM) procedure 
described in Eq. 1.

Cumulative and Quantile Distribution Function, respectively. Since the shape of the cloudy CDF depends on CF mag-
nitude, distinct CDFs are drawn for measured and modeled GHI for CF cases ranging from 0 to 1 with a 0.2 step (upper 
panel in Figure 1). Then, a CF-conditional CDF is assigned to each observation. 
Finally, the systematic and dispersion biases between the GHIobs, GHICAMS, and GHICAMS,BC are calculated through the 
Mean Bias Error (MBE), the Root Mean Square Error (RMSE), and its relative forms (errors normalized by the aver-
age GHIobs in percent). The linear association of the observed, modeled, and bias-corrected GHI is assessed through the 
Pearson’s R correlation coefficient. 

3 Results
This section includes a) the validation of GHICAMS against the ground-based observations, and b) the evaluation out-
comes of the CF-conditioned site-adaptation scheme. The presented results include daylight periods with a solar eleva-
tion angle above 1o. The measured GHI from the pyranometer ranges from 0 to 1101.9 W m–2 with an average of 405.9 
W m−2 and interquartile range (IQR=Q75%–Q25%) equal to 523.4 W m−2. Concerning GHICAMS, it extends between 2.8 and 
1001.9 W m−2 with average and IQR values equal to 400.8 W m−2 and 491.7 W m−2, respectively. The covariation of 
GHIobs and GHICAMS is displayed in Fig. 1c. GHICAMS underestimates the observed irradiances with a systematic bias of 
–5.3 W m−2 while the slope of the linear relationship equals 0.92 approaching the identical line. Even if the regression 
slope and the Pearson’s R correlation coefficient (R=0.97) are close to unity, high dispersion around the regression line 
is presented. The dispersion error is calculated through RMSE and is equal to 67 W m−2. Another distinguishable point 
here is that the intercept of the regression line is 27.7 W m−2 which explains the difficulty of CAMS to predict quite ac-
curately the low GHIOBS.
Errors improvements of GHICAMS are expected by the application of the two-stage site adaptation procedure. As already 
explained in the Methodology section, firstly GHICAMS is adapted for clear and cloudy cases using Random Forest regres-
sion. For clear skies, the coefficient of determination (R2) exceeds 0.8 indicating that 80% is explained by the indepen-
dent parameters used in RF, with ktmod and kcmod the most important contributors. On the other side, for cloudy instances, 
a lower R2 is calculated (R2 = 0.76) with ktmod, ktmod×α, and kcmod×α the most important parameters. Only the modeled 
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clearness index gives a sense of cloud presence since other information such as cloud optical properties (i.e. cloud opti-
cal thickness and cloud effective radius) is completely missing from the RF-model. 
The second step for adapting GHICAMS is the application of the CF-EQM method described in Eq. 1. This step aims to 
match the statistical distributions of the RF-adapted GHICAMS and the observed GHI, resulting in perfect similitude. Fig. 
1a and b display the CDFs for measured and modeled GHI at various CF cases (colored lines). Neglecting the CF seg-
mentation (dashed black lines), the statistical distributions of GHIobs and GHICAMS are significantly different according to 
the two-sample Kolmogorov-Smirnov test under the 95% confidence interval. In terms of CF, CDFs differ significantly 
at clear sky (CF=0) and overcast conditions (CF≥0.8). Additionally, the conditional CDFs are completely different com-
pared to CDF using all data (dashed black line) for both observed and modeled GHI indicating the necessity of CDF 
discretization with respect to CF.

Fig. 1. (a & b) Cumulative Distribution Functions (CDF) for the observed and CAMS derived GHI for various cloud 
fraction cases, (c & d) scatter-density plots of CAMS and CAMS bias-corrected GHI vs. ground-based GHI.

The performance of the two-step site-adaptation scheme is shown in Figure 1d. The main objective of CF-EQM is to 
apply a function (transfer function) that transforms the statistical distribution of the modeled values to match the distri-
bution of the observations with respect to cloud cover. Due to the mathematical nature of EQM, similar statistical distri-
butions are expected for GHIobs and GHICAMS, BC. The application of the two-sample Kolmogorov-Smirnov test confirms 
this fact with a p-value≈1. The error metrics are improved with minimal overestimation of GHIobs with MBE=1.1 W 
m−2. The dispersion error is lower using the bias-corrected GHICAMS with RMSE=61 W m−2 while this value is only 15% 
of the average observed GHI. The linear association between GHIobs and GHICAMS, BC is examined through simple linear 
regression and the Pearson’s R correlation coefficient. The slope is equal to 0.97 approaching the identical line and it is 
improved compared to the uncorrected GHICAMS (Fig. 1c). Also, the intercept value is substantially reduced (12.1 W m−2 

from 27.7 W m−2) explaining the contribution of the CF-EQM algorithm to the reduction of the nugget effect. 
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Fig. 2. (a) MBE and (b) RMSE for GHICAMS and GHICAMS, BC at various cloud fraction cases.

Fig. 2 displays the error disaggregation with respect to cloud fraction. The performance of GHICAMS and GHICAMS, BC 
against GHIobs is analyzed for various cloud fraction cases in terms of systematic and dispersion biases. It is clearly 
shown that GHICAMS significantly underestimates observations under clear skies (CF=0%). More specifically, MBE for 
CF=0% approaches –15 W m−2 (RAW case; blue bars) using the initial (uncorrected) GHICAMS; three times lower than the 
total MBE (5.2 W m−2) without disaggregating in terms of CF (Fig. 1c). This explains that an important contribution in 
total MBE comes the non-representative GHICAMS at clear skies. The application of the site-adaptation scheme improves 
MBE and RMSE in clear skies (CF=0%). The application of the site-adaptation scheme improves MBE and also RMSE 
in clear skies (CF=0%), eliminating now the systematic bias (Fig. 2a; BC case - orange bars). 
This pattern is also represented for RMSE (Fig. 2b), where the reduction compared to the RAW case reaches ~50% 
(from 40 W m−2 to 22 W m−2). Regarding the other CF classes, MBE is significantly reduced while only for CF=40% 
a slight increase in MBE is represented for GHICAMS, BC. This is not reflected in RMSE since for this specific CF class, 
RMSE reduces by 5 W m−2.

4 Conclusions
GHI is a critical parameter for the efficiency of alternative energy sources. Therefore, high-quality GHI measurements 
are required at the finest spatiotemporal resolution. This study includes a site-specific validation of GHI retrieved from 
the CAMS reanalysis project against ground-based radiometric measurements and the application of a two-stage site-
adaptation procedure to reduce the errors of the modeled GHI. The systematic and dispersion biases for GHICAMS are 
equal to –5.3 W m−2 and 67 W m−2, respectively. GHICAMS and GHIobs are linearly related with a slope of 0.92 and 
R=0.97 while the corresponding statistical distributions significantly differ. Due to the presence of systematic bias and 
the relevant displacement of GHICAMS from the identical line, a CF-conditioned site-adaptation methodology is further 
applied. MBE is substantially reduced (MBE=1 W m−2) improving also RMSE (61 W m−2), the linear slope (0.97 from 
0.92), and the intercept term (12.1 W m−2 from 27.2 W m−2). Since this study includes both clear and cloudy instances, 
MBE and RMSE are further disaggregated in terms of cloud fraction. MBE and RMSE are improved using GHICAMS, BC. 
The RMSE reduction ranges from 1.7 W m−2 (CF=20%) to 15.1 W m−2 (CF=0%), while for MBE the respective range 
is in absolute values from 2.8 W m−2 (CF=100%) to 14.7 W m−2 (CF=0%). In the case of CF=40%, MBE for GHICAMS, 

BC slightly increases compared to the uncorrected GHICAMS while this increase is not reflected in RMSE (84.9 W m−2 for 
GHICAMS, BC and 89.1 W m−2 for GHICAMS).
A follow-up of this work will be the extension of the ground-based measurement period, the reduction of the timescale 
(15-min from 1-hour data), and the inclusion of cloud cover data from all-sky imagers.
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Abstract:  Chemical Transport Models (CTM) and satellite observations can be essential tools for studying NO2 emis-
sions, concentrations and dynamics in high spatial and temporal resolution with a global coverage. The combination of 
space-born atmospheric observations with model simulations in order to monitor and quantify the emissions is already 
studied in many regions, using different satellite products and models. In this study we take advantage of the high spatial 
resolution that S5P/TROPOMI product, the LOTOS-EUROS data assimilation system based on the Ensemble Kalman 
Filter and the CAMS-TNO emission inventory for 2015 to estimate updated NOx emissions in Northwestern Greece. 
In particular, updated estimated emissions (a posteriori) of four lignite-burning power plants located in Northwestern 
Greece are investigated using observations for winter and summer 2019 and the emissions from the CAMS-TNO emis-
sion inventory (a priori)  based on year 2015 and are validated against in-situ measurements. Decreases in NOx emis-
sions that range between -29% and -63% are found over the two larger power plants. The estimated emission changes 
are compared with changes in the energy from the production units of the power plants for the same time period showing 
an agreement for the 2 larger power plants.

1 Introduction
Nitrogen oxides (NOx) are essential trace gases that affect the human health, the air quality and the climate. Traditional 
emission inventories from different sources have large uncertainties as a result of the simple emission factors used, the 
poor diurnal description and their coarse resolution (Miyazaki et al. 2012). Data assimilation techniques are used to esti-
mate updated emission inventories by reducing the differences between air quality model simulations and observations. 
Satellites provide observations of trace gases with a robust high spatial resolution and worldwide coverage making them 
an important tool when studying NOx emissions using assimilation techniques. The combination of satellite data and 
air quality models have already attributed to estimate NOx emissions in many studies (Kazuyuki Miyazaki et al., 2017; 
Stavrakou et al., 2008).
Greece is mainly powered by lignite-fired coal plants, whose nominal operations are gradually phasing out due to the 
government’s decarbonization plan. According to the Regulatory Authority of Energy (RAE) 50% of the country’s total 
electricity was produced in the industrialized part of Northwest Greece by 2011.Nowadays the region hosts four operat-
ing power plants which represent 40% of thermal units in Greece. 
In this study, we used the Ensemble Kalman Filter (EnKF) data assimilation system around LOTOS-EUROS Chemi-
cal Transport Model (CTM) and Sentinel5 Precursor TROPOMI observations to estimate such emission variations in 
Northwest Greece during the summer and winter of 2019.

2 Data and Methodology

2.1 Data
The CTM LOTOS-EUROS v2.2.001 (Manders et al., 2017, https://lotos-euros.tno.nl/) is employed as a forecast model 
in the data assimilation system. The model uses a modified version of Carbon Bond Mechanism IV (CBM-IV) scheme 
(Gery et al., 1989) for the gas phase chemistry and simulates aerosols using ISORROPIA II. The meteorological data 
are acquired by the European Centre for Medium-Range Weather Forecasts (ECMWF) with a horizontal resolution of 
7km×7km. The CAMS-REG (CAMS Regional European emissions) version 2 emission inventory based on year 2015 
at 0.1°×0.05° spatial resolution is used for the anthropogenic activities (Kuenen et al., 2014). The initial and bound-
ary conditions for the simulations are obtained from the Copernicus Atmosphere Monitoring Service (CAMS, https://
atmosphere.copernicus.eu/). LOTOS-EUROS surface and columnar simulations have been thoroughly evaluated for the 
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region of Greece showing a good performance (Skoulidou et al., 2021). The region studied spans from 40.2° to 41.2° 
North and 21.2° to 22.2° East and the spatial resolution of the simulations is 0.1°×0.05°.
The satellite observations for this study are obtained from Sentinel5 Precursor-S5P satellite; a near-polar, sun‐synchro-
nous satellite. S5P launched in 13 October 2017 carrying the TROPOspheric Monitoring Instrument (TROPOMI) which 
is a passive, nadir-viewing spectrometer measuring wavelengths between the ultraviolet and the shortwave infrared 
carried by the satellite. The swath width of TROPOMI in the Earth’s surface is approximately 2600 km and the ground 
pixel of the instrument at nadir is 7×3.5km2, 5.5×3.5km2  since August 2019 (van Geffen et al., 2020). The offline daily 
TROPOMI v010202 data for January and February 2019 and version 01.03.02 for July and August 2019 are obtained 
from the Copernicus Open Data Access Hub (https://s5phub.copernicus.eu/). The data are filtered with a quality assur-
ance value qa_value>0.75 and gridded onto the LOTOS-EUROS grid.
For the validation of this process, hourly in-situ surface NO2 measurement from two air quality stations in the region, 
managed by University of Western Macedonia, have been acquired (Dr Evagelopoulos V., private communication) for 
the winter and summer of 2019. 

2.2 Methodology
The data assimilation technique employed in this study is the Ensemble Kalman Filter (Evensen, 1994). The EnKF is 
a Monte Carlo ensemble method. The system initializes by generating a random ensemble of model states in order to 
represent the model’s uncertainty. Since the nominal emissions used from the emission inventory (a priori emissions) in 
the model form a major source of uncertainty, different ensembles are generated by perturbations in the a priori emis-
sions. The EnKF system in this application is configured to estimate both concentrations and emissions. In this way, the 
assimilated states also provide an estimate of the emission correction described. 
The ensemble is propagated by the model until satellite observations become available. The observations are then used 
to update the forecast ensemble into an analysis ensemble. The emissions correction factors together with the a priori 
emissions are used to estimate the updated (a posteriori emissions).
The EnKF assimilation system of LOTOS-EUROS CTM performed two runs using 12 ensembles members; the first for 
January to February 2019 and the second for July to August 2019. 

3 Results
The region of Northwest Greece with the locations of the four power plants in operation in the area and the two available 
air quality stations are shown in Fig. 1, in yellow we denoted the power plants and in white the air quality stations. The 
two power plants in the south, “Ag. Dimitrios” and “Kardia”, emitted in 2015 approximately 11.000 tonnes and 8.000 
tonnes of NOx respectively, while “Meliti” and “Amyntaio” emitted less than 4.000 tonnes of NOx together according 
to European Pollutant Release and Transfer Register (https://prtr.eea.europa.eu/).

Fig. 1. The region of Northwest Greece. The power plants are denoted with yellow color, while the air quality stations 
with white color.

In Fig. 2 we show the time-series of the NO2 columns as simulated with the a priori emissions (base run, in red) and 
with the a posteriori emissions (assimilation run, in blue) over the grid-cell where the plant of “Ag. Dimitrios” is located 
during the summer period. The TROPOMI observations are given as well, with the purple star symbols. A decrease in 
NO2 values is observed throughout the period. The time-series of the a priori and a posteriori emissions in summer are 
given as well at the bottom panel of Fig. 2. The emissions are decreased, showing a constant bias when TROPOMI data 
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are available. During periods when there are no available TROPOMI observations, for example during 15 and 18 of July, 
the a posteriori emissions tend to follow the a priori emissions.

Fig. 2 Top: Time-series of NO2 as simulated by the base run (red line) and the assimilation run (blue line) at the grid-pix-
el where Ag. Dimitrios is located for summer period. The star symbols refer to the observations of TROPOMI. Bottom: 
Time-series of the NOx a priori (red line) and a posteriori (blue line) emissions at the grid-pixel where Ag. Dimitrios is 
located for summer period. The star symbols show the availability of TROPOMI data at that time. 
The surface NO2 concentrations of the base (left) and assimilation (right) run are given for both winter (top) and summer 
(bottom) period in Fig. 3. Both winter and summer surface concentrations decrease near the two larger power plants 
of “Ag. Dimitrios” and “Kardia” [green stars], located in the south, while there are no significant changes near the two 
smaller stations. Further the in-situ measurements of stations “Koilada” and “Filotas” in winter and in summer are 
shown with the colored circles in the maps. Reduced biases between the measurements and the surface simulations were 
found when the assimilation of the satellite observations was applied, which are shown in Table 1.

Fig. 3. Comparison of the simulated NO2 concentrations of the base (left) and assimilation runs (right) with the measure-
ments from the air quality stations in winter (top) and summer (bottom). The color of the circles indicate the measured 
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value. The triangle symbols indicate the size of population of areas in the proximity and the star symbols the location 
of the power plants.

Table 1. Biases between NO2 surface simulations from base run and the in situ measurements and between the NO2 
surface simulations from the assimilation run and the measurements.

To further evaluate our results, energy reports constructed by Energy Exchange Group (EnEx) for the four power plants 
in the region for winter and summer periods of 2015 and 2019 are examined and compared with the a priori and a pos-
teriori estimated emissions. Table 2 shows the relative differences between the a posteriori and a priori emissions at the 
grid-cells where the power plants are located as well as the relative differences between the energy in 2019 and 2015 of 
the corresponding power plants. The emission changes for the two larger power plants spans between -29% and -63% 
and agree well with the energy changes for both winter and summer period. However, in the case of the two small plants 
the energy decreases but the emissions increase in almost all cases pointing to household emissions and transboundary 
pollution from the neighboring power plant in Bitola of North Macedonia (seen in the north of the domain of Fig. 3.)

Table 2. Relative differences of a priori and a posteriori NOx emissions and of energy per power station in 2015 and 
2019 for winter and summer. In brackets the absolute difference of energy in GWh.

4 Conclusions
The EnKF assimilation system of LOTOS-EUROS CTM and the high spatial resolution Sentinel5 Precursor TROPOMI 
NO2 observations manage to track changes in NOx emissions from power plants in Northwest Greece in winter and 
summer of 2019, using a priori emissions based in 2015. A posteriori NOx emissions over the two larger power plants 
in the area are decreased compared to the a priori emissions by approximately 30% and 60% during winter and sum-
mer respectively. Over the two smaller power plants a low increase in the a posteriori emissions is found pointing to 
emissions from household and transboundary pollution from the neighboring power plant in Bitola of North Macedonia. 
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Abstract:  In this study we investigate the performance of LOTOS-EUROS v2.2.001 regional chemical transport 
model simulations of nitrogen dioxide over Greece from June to December 2018. In-situ NO2 measurements obtained 
from the National Air Pollution Monitoring Network are compared with surface simulations over the two major cities 
of Greece, Athens and Thessaloniki. Overall, the model underestimates the NO2 surface concentrations mostly during 
daytime (12 to 15 pm local time) and overestimates the low concentrations during night-time (0 to 3 am local time). 
Space-borne Sentinel 5-Precursor TROPOMI tropospheric NO2 observations are compared with LOTOS-EUROS NO2 
columns in July and December 2018. The simulations over Athens agree well with the TROPOMI observations both in 
July and December (r=0.95 and r =0.82 respectively). Overall, the comparison of the simulations with the TROPOMI 
observations shows a model underestimation during summertime and an overestimation in wintertime. Lastly, the simu-
lated tropospheric NO2 columns are evaluated against ground-based MAX-DOAS NO2 measurements in both cities of 
Athens and Thessaloniki for July and December 2018. The model underestimates the MAX-DOAS measurements both 
in July and December in Thessaloniki and Athens.

1 Introduction
Nitrogen dioxide is a key trace gas in the troposphere affecting human health and climate directly and indirectly as it 
participates in the formation of ozone in the troposphere. Nitrogen oxides (NOx=ΝΟ+ΝΟ2) are mainly emitted by an-
thropogenic activities including fossil fuel consumption, industrial activities and traffic emissions.
Chemical Transport models (CTMs) are important tools to understand and forecast regional air quality. However, NO2 is 
a very active trace gas and many factors affect its concentration and hamper the simulations resulting in large uncertain-
ties (Blechschmidt et al., 2020). As a result the evaluation of a CTM over a region is of high priority in order to estimate 
under which circumstances the model performs well and which constitute a major difficulty. 
In this study, the performance of LOTOS-EUROS CTM is investigated over the region of Greece using ground-based 
measurements and satellite observations. In particular in-situ NO2 observations from air quality stations in the region of 
Thessaloniki and Athens are compared with surface simulations during the period June to December 2018. In addition 
the CTM simulations of tropospheric column are compared to satellite derived observations from Sentinel5 Precursor/
TROPOMI instrument and ground based observations from MAX-DOAS instruments situated in Athens and Thessa-
loniki as well in July and December of the same year.

2 Data and Methodology

2.1 Data
The open source CTM LOTOS-EUROS v2.2.001 (Manders et al., 2017, https://lotos-euros.tno.nl/) is evaluated in the 
study. The model uses a modified version of Carbon Bond Mechanism IV (CBM-IV) scheme (Gery et al., 1989) for 
the gas phase chemistry and ISORROPIA II (Fountoukis & Nenes, 2007) for the aerosols. The simulations are per-
formed over the region that spans from 33° to 46° North and 18° to 29° East with a spatial resolution of 0.1°×0.05° 
(longitude×latitude). The meteorological data are acquired by the European Centre for Medium-Range Weather Fore-
casts (ECMWF) with a horizontal resolution of 7km×7km. The vertical domain is separated into 10 vertical layers that 
are coarsening upwards. The CAMS-REG (CAMS Regional European emissions) version 2 emission inventory for the 
year 2015 at 0.1°×0.05° spatial resolution is used for the anthropogenic activities (Kuenen et al., 2014), while biogenic 
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emissions are calculated online by the model. The initial and boundary conditions in this study are obtained from a 
coarser run performed by the LOTOS-EUROS simulating Europe.
NO2 surface concentrations measured by in-situ stations in Athens and Thessaloniki are acquired by the National Air 
Pollution Monitoring Network (http://www.ypeka.gr/). Hourly measurements from 14 stations are carefully selected in 
order to be well distributed in Thessaloniki and Athens, see Skoulidou et al., 2021, for further details.
Tropospheric columns retrieved with geometrical approximated Air Mass Factor at 15° elevation angle and filtered for 
zenith angles below 75° are obtained from MAX-DOAS instruments in the regions of study as well. The MAX-DOAS 
in Thessaloniki operates regularly on the roof of the Physics Department of the Aristotle University (Drosoglou et al., 
2017), while the scientific MAX-DOAS instrument in Athens is installed at northeast of Athens, at Penteli mountain 
(Gratsea et al., 2016) in an altitude of 500 m above sea level. In both cases the azimuthal angles used are probing air 
directly over the cities of Thessaloniki and Athens.
Sentinel5 Precursor is a near-polar, sun‐synchronous satellite launched in 13 October 2017. TROPOspheric Monitoring 
Instrument (TROPOMI) is a passive, nadir-viewing spectrometer measuring wavelengths between the ultraviolet and 
the shortwave infrared carried by the satellite. The swath width of TROPOMI in the Earth’s surface is approximately 
2600 km and the ground pixel of the instrument at nadir is 7×3.5km2, 5.5×3.5km2 since August 2019 (Van Geffen et 
al., 2020). The reprocessed daily data, RPRO, version 01.02.02 of TROPOMI for July and the offline data, OFFL, for 
December 2018, are obtained via the Copernicus Open Data Access Hub (https://s5phub.copernicus.eu/). The data are 
filtered with a quality assurance value qa_value>0.75 and gridded onto the LOTOS-EUROS grid.

2.2 Methodology
In order to evaluate the LOTOS-EUROS CTM over Greece the hourly surface simulations of the model are compared 
with in-situ measurements from the air-quality stations for the period between June and December. The comparisons are 
made for five different time periods; the whole period from June to December 2018, December, July, the day period that 
includes only the daytime data between 12 p.m. and 15 p.m. local time during the whole period, and finally the night 
period that refers only to the hours between 0 a.m. and 3 a.m. local time during the whole period. 
The LOTOS-EUROS columns are compared with TROPOMI tropospheric columns in July and December 2018 to fur-
ther study the model’s performance. In this case, and in order to make the two datasets comparable, the averaging kernel 
of TROPOMI product are applied onto the model profile. In this case as well plots and statistics are created. 
The simulations of the tropospheric columns are compared with MAX-DOAS measurements over the cities of Thessa-
loniki and Athens for July and December 2018. In the case of Athens, an integrated model column above approximately 
420 m is calculated in order to succeed consistency in the comparisons with the instrument that is located in 500 m 
altitude.

3 Results
LOTOS-EUROS surface simulations follow the in-situ measurements satisfactorily during the period June to December. 
Representatively are shown the time-series between the hourly simulations and measurements from the urban back-
ground station “Malakopi” in Thessaloniki (Fig. 1, top). and the urban traffic “Marousi” in Athens (Fig. 1, bottom). 
The correlation coefficient for the period between June and December of the average values of the 14 stations is good 
and equal to 0.86 showing a mild underestimation of the measurements (relative bias of -19%). The distinct periods 
studied reveal different seasonal and diurnal performance of the model as seen by the statistics in Table 1. The model 
highly underestimates the surface simulations in daytime (bias equal to -10.68 μg.m-3) however with a  good correla-
tion (r=0.80), while during nighttime a negligible overestimation of the low concentrations is found (bias equal to 0.40 
μg.m-3). LOTOS-EUROS shows a similar behavior in December (0.31 and 14.59 μg.m-3 the slope and the offset of the 
regression line respectively) and in July (0.46 and 13.37 μg.m-3 the slope and the offset respectively) while the correla-
tion coefficient is higher during summer. Furthermore, the model underestimates the measurements during winter (rela-
tive bias -24%), while in summer the relative bias is equal to -3%.
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Fig. 1. Time series of the hourly in-situ measurements at two stations (black points) and the hourly simulations of the 
model in the corresponding grid-pixel (red lines) during June 2018 and December 2018. The urban background “Mala-
kopi” station in Thessaloniki (top) and the urban traffic station “Marousi” in Athens (bottom) are shown in the figure.

Table 1 The coefficients between the averaged NO2 simulations and the in-situ measurements for the 14 stations at the 
different periods; June to December, winter, summer, daytime and night-time.

LOTOS-EUROS (Fig. 2, bottom) represents well the TROPOMI column abundances (Fig. 2, top) above the cities of 
Thessaloniki and Athens, in the right and left columns respectively. A high spatial correlation between the simulations 
and the observation in Athens both in July and December (r=0.95 and r =0.82 respectively) is found, while the biases are 
quite small, at -0.48 and 0.75 molec.cm-2 respectively. In Thessaloniki, the correlations are lower than in Athens both in 
July and December (r=0.82 and r =0.66 respectively) while the biases found show a similar behavior as in Athens (-0.52 
and 0.15 molec.cm-2). The differences shown in the background values may either originate from a CTM underestima-
tion, or a TROPOMI algorithm overestimation, already identified by the data providers. 

Fig. 2 TROPOMI [top] and LOTOS EUROS [bottom] NO2 tropospheric vertical columns over the region of Athens 
[left] and Thessaloniki [right] in July. The black rectangles refer to the areas considered in the comparison.  TRPOMI 
monthly different colors
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The comparisons of the column simulations with MAX-DOAS measurements over the city of Athens (Fig. 3, bottom) 
and Thessaloniki (Fig. 3, top) show a constant underestimation of the measurements by the model during July and De-
cember, in the left and right columns respectively. The statistics are provided in Table 3. The model follows very well 
diurnal patterns revealed by the measurements in the city of Thessaloniki. In Athens the column above 420 m [red line] 
results in low NO2 when the boundary layer height (marron dashed line) is very low early in the morning in July, while 
the full profile shows very high NO2 at that time pointing to a low boundary layer assumption (Skoulidou et al., 2021)

Fig. 3 Average diurnal cycle of the MAX-DOAS (blue line), LOTOS-EUROS (orange line) NO2 columns and boundary 
layer height (brown dashed line) during July (left) and December (right) in Thessaloniki (top) and Athens (bottom). The 
error bars refer to the standard deviations of the averaged measurements and simulations.

Table 3 Statistics between the MAX-DOAS observations and the LOTOS-EUROS (LE) simulations for July and De-
cember in Thessaloniki and Athens. Columns are expressed in 1015 molec.cm-2.

4 Conclusions
Overall, the LOTOS-EUROS CTM tropospheric NO2 simulations represent well the air quality levels over Greece when 
compared to 14 air quality in situ measurements with a correlation coefficient of 0.86 and a relative bias equal to -19%. 
During the daytime period, however, the CTM underestimates NO2 surface measurements (a relative bias of -57%), an 
issue currently under investigation. Concerning the modelled tropospheric columns, the model reproduces very well the 
spatial variability of TROPOMI measurements, with an overall an under-prediction in July and an overestimation in 
December, while it slightly underestimates the MAX-DOAS columns in both winter and summer months. 
Improvements in the boundary layer height that affect the amount and distribution of NO2 have already been identified 
as crucial for such comparisons, as well as including lightening emissions in the inventory of natural sources of NOx. 
Further, updated anthropogenic emissions and temporal profiles more appropriate to the country are necessary.
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Abstract: We calculate the shortwave aerosol radiative effect for specific pollution events over Athens. The aerosol 
optical depth is derived from the nighttime extinction coefficient profiles measured by the multi-wavelength depolariza-
tion Raman lidar system operated at the National Technical University of Athens (NTUA, Athens, Greece). The source 
areas are identified with backward trajectory analyses and information from satellite observations. The SphInX inver-
sion algorithm is used to retrieve the shape-size distributions and single scattering albedo. SphInX approximates the 
particle distributions with a spheroid model assuming wavelength-independent refractive index values. The shape-size 
distributions are modeled as aerosol particle ensembles with the MOPSMAP software to derive the spectrally resolved 
single scattering albedo and the asymmetry parameter. These two quantities along with the optical depth constitute the 
necessary input data to the FORTH radiative transfer model, used for the calculation of the radiative effect. The column-
integrated aerosol optical properties are validated with the collocated AERONET station, as well as with satellite data. 
The vertically resolved aerosol radiative effect is presented for selected cases, depending on data availability and overlap 
among the data sources.

1 Introduction
It is well known that the impact of atmospheric aerosols on the climate system comes second only after the greenhouse 
gases. However, large uncertainty is involved in the estimated radiative cooling due to atmospheric aerosol presence. 
Dust is a major atmospheric aerosol component and affects the climate by directly scattering and absorbing radiation, 
while altering cloud formation processes and lifetime. Especially when mixed with other aerosols, dust micro-physical 
and optical properties vary and the incorporation of these effects in climate models calculations is difficult. Thus, the 
ability to reliably estimate dust Direct Radiative Effect (DRE) in various situations is of great importance. In this con-
text, lidar measurements and the information on the vertically resolved dust optical and microphysical properties they 
provide, can be very helpful towards improving our DRE estimations.

2 Data and Methodology

2.1 Data
We use vertical profiles from three different cases (26, 27, and 28 of May 2014) of aerosol backscatter (βaer) and extinc-
tion coefficients (αaer), as well as particle linear depolarization ratio (δ) at 532 nm (3β+2α+δ lidar setup) of the multi-
wavelength Raman lidar system operated at the EARLINET (https://www.earlinet.org/) station at the National Technical 
University of Athens (NTUA, 37.97° N, 23.79° E, elev. 212 m a.s.l.). At the collocated AERONET (Holben et al. 1998) 
station, CIMEL sun/sky photometer extinction optical depth (τext) measurements are available only for the two of the 
three cases (26th and 27th of May).

2.2 Methodology
The inversion of the lidar measurements is performed with the Spheroidal Inversion eXperiments (SphInX) software 
(Samaras, 2016). Since polarimetric measurements are available, particles are treated as randomly oriented spheroids, 
i.e. oblates, spheres or prolates, defined by the minor to major semi-axis ratio. SphInX assumes a constant refractive in-
dex (η) value and the inversion is performed for a certain range of the lidar vertical profiles. Four η values are examined 
for each day. The η values are chosen as reasonable guesses according to the literature (e.g. Di Biagio et al. 2019, Soupi-
ona et al. 2019) and by examining the HYSPLIT backward trajectories (Draxler and Rolph 2003) for the air masses ori-



| 449 Atmospheric Physics

gin, mixing and aging state. SphInX delivers the so-called particle shape-size distributions as its main product, but other 
optical, microphysical and shape properties are also extracted. The distributions that minimize the statistical error are 
further used in the analysis. The SphInX shape-size distribution is confined between 0.01 μm and 2.2 μm for the radius 
axis and ranges from 0.67 to 1.5 for the aspect ratio axis. The radius size range restricts the analysis to the fine aerosol 
fraction. How much the limitations of SphInX shape-size range affect the inversion in the presence of coarse mode dust 
particles, is still an open question.
Next, we use the shape-size distributions to calculate their spectrally resolved single scattering properties, namely single 
scattering albedo (ω) and asymmetry parameter (g), using the MOPSMAP package (Gasteiger and Wiegner 2018). To 
investigate the effect of non-sphericity on the single scattering properties, also spherical particles are investigated. Apart 
from ω and g, several other optical and lidar-relevant properties, such as δ and lidar ratio (LR), are calculated. This way 
the inversion results can be directly compared with the actual lidar measurements at the inversion levels. Another check 
performed is the comparison of τext over the total and the inversion lidar altitude range with AERONET and MERRA2 
(Gelaro et al. 2017).
Finally, the calculated ω and g along with the τext profile of lidar at 532 nm, are imported to the radiative transfer model 
FORTH (Hatzianastassiou et al. 2007). The DRE in the lidar column is evaluated in the shortwave spectrum. In order to 
achieve a spectral representation for τext, the average tropospheric spectral τext profile of MERRA2 (0.25 μm to 8.5 μm) 
is adjusted to the lidar τext at 532 nm. A surface albedo of 0.15 is chosen (Psiloglou and Kambezidis 2009) and a standard 
mid-latitude summer atmosphere is assumed.

3 Results
In Fig. 1 we show the vertical profiles of the lidar optical properties. The 26th of May presents the highest values of βaer 
and αaer in the total column compared to the other 2 cases. Relatively high βaer and αaer values are observed on the 27th 
of May at 2 km approximately. The δ532 mean values (0.25, 0.19, 0.30 for 26, 27 and 28 of May, respectively) along 
with the observed LRs values indicate the presence of dust, mixed with marine aerosols (for the 26th and the 28th) or 
anthropogenic aerosols (for the 27th) (Groß et al. 2011), an assumption reinforced by the relatively stable δ532 at 2 km 
approximately, where the atmospheric boundary layer height is located on that day.  

Fig. 1. Lidar optical properties for 26 - 28 of May 2014. Backscatter coefficients (a) β355, (b) β532 and (c) β1064, extinction 
coefficients (d) α355 and (e) α532, lidar ratios (f) LR355 and (g) LR532, as well as particle linear depolarization ratio (h) δ532 
are shown. The solid lines are the smoothed optical profiles and the shaded areas show the errors of the original measure-
ments. The dashed lines in (c) show the altitude range where the inversion is applied.
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The shape-size distributions obtained by the SphInX inversions are shown in Fig.2 with η values 1.4+0.008, 1.4+0.008 
and 1.4+0.01, corresponding to the 26th, 27th and 28th of May, respectively. These η values are indicative of aged dust, 
mixed with other aerosol components. The most spherical and small particles are the dominant mode on the 27th, while 
small particles with aspect ratio around 1.5 are dominant on the 28th. Overall, prolate spheroids for all size ranges are the 
dominant aspect ratio volume fraction.     

Fig. 2. Volume shape-size distributions with minimum statistical errors, obtained from SphInX for the (a) 26th, (b) 27th 
and (c) 28th of May 2014.

The single scattering properties ω, g as calculated by MOPSMAP are presented in Fig 3.a.b. The spectral shape of ω at 
the visible spectrum resembles that of dust originating from northern Africa-Sahara (Di Baggio et al. 2019), in agree-
ment with the HYSPLIT backward trajectories (not shown). The calculated ω with MOPSMAP compares quite well 
with ω532 and ω355 from SphInX. Also, we weigh ω and g by τext (Schafer et al. 2014) from MERRA2 at the lidar inversion 
depth and the results are in qualitative agreement at the visible spectrum (not shown). We confirm that g deviates mostly 
by less than 2% when compared to spheres (Koepke et al. 2015) (Fig.3.d), as does ω (Fig.3.c). Nevertheless, αaer values 
are larger up to 10% for spherical particles (not shown), suggesting that extensive properties vary more with particle 
shape. The δ550 values calculated by MOPSMAP are 0.12, 0.09 and 0.19, underestimated compared to the observed lidar 
δ532 values.

Fig. 3. Single scattering albedo, ω, and asymmetry parameter, g, for the spheroidal particle ensembles (a, b) from 
MOPSMAP. The ratio of ω and g between the spherical and spheroidal cases (c,d).

Columnar τext is larger for AERONET 340 nm and 500 nm mean daily values on 26th and 27th, followed by MERRA2 τext 
and lidar in decreasing order (Table 1). Lidar τext being the smallest is expected, since its altitude range is lower. Never-
theless, the columnar MERRA2 τext on the 28th is marginally smaller from the one derived from the lidar measurements 
at 532 nm. At the inversion height, the lidar and MERRA2 τext are consistent, with MERRA2 being generally larger up 
to ~25%. Again, on the 28th lidar τext is larger and the differences are more important, especially at 532nm.
We present in Fig. 4 the results of the FORTH radiative transfer model for the three cases of study. DRE is largest on 
the 28th (Fig.4.c), especially above 3 km. On the 27th (Fig.4.b) DRE is almost completely located at the inversion height, 
while on the 26th (Fig.4.a) it is vertically homogeneous between 2-4 km. Table 2 shows the daily averaged DRE at the 
top, bottom of the atmosphere and the whole atmospheric column. A net heating effect is observed for all cases, being 
strongest on the 28th of May and weakest on the 27th of May. The differences between the specific spheroidal and spheri-
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cal cases in the DRE are negligible, so we only present the spheroidal ones. This is expected to a degree since the DRE 
calculation inherits the size and aspect ratio restrictions of SphInX, while it is known that for small particles, deviations 
from sphericity do not affect radiative properties.

Table 1. Extinction AOD, τext, for the lidar column, AERONET and the MERRA2 column. The AERONET τext are aver-
ages of the available nocturnal measurements. The last two columns are the τext of lidar and MERRA2 at the inversion 
heights. 

Fig. 4. Vertical profile of the aerosol-free atmospheric radiative effect (dashed), the aerosol loaded atmospheric radiative 
effect (solid dotted) and their difference as the aerosol loaded atmospheric absorbance (solid) for the cases of spheroids. 
The results are shown for each case, e.g. (a) 26th, (b) 27th and (c) 28th of May 2014.

Table 2. Daily average aerosol DRE at the top (TOA), bottom (BOA) of the atmosphere and the whole atmospheric 
column (ATM) for the spheroidal cases for the three days of study.

4 Conclusions
In this study we calculated the direct radiative effect of aerosols with a standalone approach based on three cases of lidar 
measurements. We found considerable positive aerosol DRE in the atmospheric column and negative DRE for the TOA 
and BOA, as expected. Unfortunately, the method is limited to particles smaller than 2.2 μm. Shape-size distributions of 
SphInX heavily deviate from sphericity, but this has a minor impact on the single scattering properties, while the effect 
to extinction coefficients is somewhat larger. Particle shape has no effect on DRE for the considered size range. Future 
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work, combines the vertical information provided by the lidar, with a synergistic approach accounting for larger particles 
and will be beneficial in quantifying the effect of non-sphericity for dust particles.    
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Abstract: Atmosphere is a complex dynamical system. Here, we investigated the causality between aerosols, water 
vapor, and clouds, using the Convergent Cross Mapping (CCM) method, which is based on nonlinear state space recon-
struction. We utilized remote sensing data of Aerosol Optical Depth at 550 nm (AOD), Water Vapor (WV), Cloud Cover 
(CC), Cloud Optical Depth (COD), Cloud Effective Radius-Ice (CERI), and Cloud Effective Radius-Liquid (CERL) 
from Moderate Resolution Imaging Spectro-radiometer (MODIS) sensor over East Asia, for the period 2003-2018. Our 
analysis shows that there is a bidirectional forcing between AOD and CC, WV, COD, and CERL, while there is no cau-
sality among AOD and CERI. We conclude that CCM method can be used effectively in all aerosol – cloud interactions’ 
studies.  

1 Introduction
The intricate impact of aerosols on climate has drawn the attention of the scientific community for decades, stimulating 
efforts to disentangle their role in climate change (Kant et al. 2019). Aerosols absorb and scatter radiation, which is de-
noted as “direct aerosol effect” (Haywood and Boucher 2000). In addition, aerosols can modify cloud properties by act-
ing as cloud condensation nuclei (CCN), leading to smaller and more numerous cloud droplets, increasing cloud albedo, 
a process known as “first aerosol indirect effect” or “Twomey effect” (Twomey 1974). These cloud droplets may delay 
the onset of collision – coalescence mechanisms inside the cloud, inhibiting precipitation and increasing their lifetime, 
a process known as “second aerosol indirect effect” (Albrecht 1989). Furthermore, absorbing aerosols such as soot, dust 
and black carbon, can suppress cloud formation by warming the atmosphere, resulting into the increase of water vapor 
evaporation, thinning the clouds, a process known as “semi – direct aerosol effect” (Huang et al. 2006).
Convergent Cross Mapping (CCM) method (Sugihara et al. 2012) is a data-based method that can detect causality in 
complex nonlinear systems with low computational cost (Clark et al. 2015). It has been used successively in many dif-
ferent scientific areas, detecting bidirectional or synchronous forcings between historical timeseries of different vari-
ables. Here, we employed CCM method to investigate causal relations between aerosols, water vapor and clouds over 
East Asia (20o – 45o N, 105o – 122.5o E) (Fig.1).
East Asia (EA) region is characterized by high level of air pollution due to its fast-economic growth and population 
increase in the last decades. It is strongly affected by substantial anthropogenic emissions, which deteriorates the air 
quality and has a detrimental impact on population’s health (Wang et al. 2014).
The aim of this work is to investigate causality between aerosols, water vapor and clouds using remote sensing data from 
Aqua/MODIS sensor, in conjunction with the CCM method, over EA region, for the period July 2003 – December 2018

Fig. 1. The region of East Asia used in this study with the monthly mean Aerosol Optical Depth at 550 nm (AOD) from 
MODIS Aqua, for the period 2003-2018.

2 Data and Methodology

2.1 Data
In this work, we utilized the monthly mean Aerosol Optical Depth at 550 nm (AOD) from the most recent aerosol dataset 
(Collection 6.1, 1o x 1o spatial resolution), over East Asia (EA), for the period July 2003 – December 2018. To investi-
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gate the aerosol - water vapor – cloud relations, we also used quasi-coincident monthly mean data of Cloud Cover (CC), 
Water Vapor at clear sky (WV), Cloud Optical Depth (COD), Cloud Effective Radius-Ice (CERI), and Cloud Effective 
Radius-Liquid (CERL) over the same region.

2.2 Methodology
To identify causality between the above parameters we used the Convergent Cross Mapping (CCM) method (Sugihara 
et al. 2012). This method is based on Takens’s theorem (Takens 1981), which states that the essential information of a 
multidimensional dynamical system is retained in the time series of any single variable of that system. For example, if 
variables X and Y belong to the same dynamical system, each variable can reconstruct the attractor of the underlying 
dynamical system. CCM looks for the signature of X in Y’s time series by examining whether, at some proper embed-
ding dimension E, there is a correspondence between a “library” of points in the attractor manifold built from Y (My) and 
points in the X manifold (Mx) (cross-mapping). These two manifolds are constructed from lagged coordinates of time-
series variables Y and X, respectively. A key property of CCM is convergence, that is, cross-mapped estimates improve 
in estimation skill with time-series length L (sample size used to construct a library) (Deyle and Sugihara 2011, Tsonis 
et al. 2015). For example, CCM tests for causation by measuring the extent to which the historical record of the affected 
variable Y reliably estimates states of a causal variable X, which is quantified by calculating the correlation coefficient ρ 
between predicted and observed X. If the estimation skill ρ increases with the length of the time-series, it can be inferred 
that there is a direct or indirect causal effect of X on Y. We call this Y cross-maps X. 
To investigate if the causality between the parameters were truly bidirectional or just synchronous interactions, we cal-
culated the cross map skill of the time delay prediction parameter of CCM method (tp), which denotes the time delay by 
which Y information is encoded in the timeseries of X. tp values less than zero (tp < 0) correspond to estimating the past 
values of X, using the reconstructed states of Y (i.e. Y causes X), while tp values greater than zero (tp > 0) correspond to 
the fact that there is no causality in the reverse direction (i.e. Y does not cause X). tp values equal to zero (tp = 0) states 
synchronous interactions between the variables. 

3 Results
To identify the best Embedding Dimension (E) and the optimum time delay embedding lag (tau, τ), we performed the 
simplex projection method (Sugihara and May 1990). It was found that the optimum E was equal to 7 (Ε=7) and the 
optimum τ was equal to 2 (τ=2).
To test the causality between AOD, CC, WV, COD, CERI and CERL, we applied the CCM method for AOD with WV 
and with each cloud parameter separately (CC, COD, CERI, CERL), using the full time series as library, for E = 7 and 
τ = 2. In addition, to quantify the convergence between the timeseries, we calculated the cross map skill, u sing 80 dif- = 2. In addition, to quantify the convergence between the timeseries, we calculated the cross map skill, using 80 dif-
ferent random libraries (L) for each variable, where each of them was comprised from 300 random subsamples of the 
timeseries. Figs. 2a-e illustrate the mean cross map skill expressed with Pearson’s correlation coefficient (ρ) for each 
library size, among the timeseries, for E = 7 and τ = 2.
It was found that AOD cross maps CC (CC has an effect on AOD), as well as CC cross maps AOD (AOD has an effect 
on CC), since ρ increases as L is increasing (Fig. 2a). The effect of aerosols on CC has been observed in many previous 
studies (Kourtidis et al. 2015, Stathopoulos et al. 2017). In particular, aerosols can serve as Cloud Condensation Nuclei 
(CCN), causing an increase in the number of cloud droplets, affecting cloud formation and cloud cover. On the other 
hand, the effect of CC on AOD can be attributed to the misclassification of AOD as CC from MODIS instrument (Ten 
Hoeve et al. 2011). It seems to exist a bidirectional cause-and-effect relation between AOD and WV (Fig. 2b). When 
aerosols are found inside a water vapor laden environment, a fraction of them becomes activated as CCN, growing in 
size, which may increase the AOD (Feingold et al. 2003). When more aerosol particles are inserted in this environment 
the already activated large particles suppress supersaturation at the early stages of activation, altering the available 
amount of water vapor for further condensational growth (Feingold et al. 2001). In addition, a bidirectional causality 
was found between AOD and COD (Fig. 2c). An increase of aerosol concentration can result in an increase of COD, 
through the invigoration effect of aerosols on clouds mechanism (Koren et al. 2014). On the other hand, dark aerosols 
above the clouds can reduce the reflectance observed by MODIS sensor, leading to a retrieval artifact (Alam et al. 2014). 
This may explain the convergence between COD and AOD (AOD cross maps COD). CERI was found to influence AOD 
(AOD cross maps CERI), as well as AOD was found to affect CERI (CERI cross maps AOD) (Fig. 2d). According to 
Stevens and Feingold (2009), as AOD increases (higher aerosol loading), more smaller droplets are produced that delay 
the ability of clouds to precipitate. This delay allows the droplets to be transported higher in the atmosphere, where a 
fraction of them transforms into ice particles. This amount of ice nuclei can possibly increase the growth of ice crystals 
which, in turn, can increase the scattering of shortwave radiation (Kant et al. 2019). Finally, we found a bidirectional 
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cause-and-effect relation between AOD and CERL (Fig. 2e).This may be a sign of first indirect effect of aerosols on 
clouds (Twomey 1974), since aerosols, acting as CCN, can increase cloud droplet number, with a simultaneous decrease 
in Cloud Effective Radius (CER). To validate our results, we conducted sensitivity tests for the same timeseries for E = 
6 and E = 8. It was found that the behavior of the variables is identical as in Figs. 2a-e.
Since atmosphere is a dynamic system, the remaining question was how many of the above cause-and-effect relations 
were truly bidirectional or just synchronous interactions. To investigate this aspect, we calculated the cross map skill of 
the time delay prediction parameter of CCM method (tp) (Figs. 2f-j). For validation purposes, we performed sensitivity 
tests with the same method, for E = 6 and E = 8.
From the sensitivity analysis, we found that there is a bidirectional forcing among AOD – CC, AOD – WV, AOD – COD 
and AOD – CERL, since the corresponding tp values were less or equal to zero (Figs. 2f-j). Nonetheless, in some cases, tp 
was found to be greater than zero (CC cross maps AOD, AOD cross maps COD and AOD cross maps CERL), but the to-
tal forcing from the sensitivity analyses (2/3 of the results for E=6-8) indicated a bidirectional cause-and-effect relation.

Fig. 2. (a-e):Cross map skill expressed with Pearson’s correlation coefficient (ρ) as a function of library size (L) (a) 
for AOD-CC, (b) for AOD-WV, (c) for AOD-COD, (d) for AOD-CERI and (e) for AOD-CERL, for E=7 and τ=2. (f-
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j): Cross map skill expressed with Pearson’s correlation coefficient (ρ) as a function of Convergent Cross Mapping’s 
(CCM) time delay prediction parameter (tp) (f) for AOD-CC, (g) for AOD-WV, (h) for AOD-COD, (i) for AOD-CERI 
and (j) for AOD-CERL, for E=7 and τ=2. xmap denotes cross mapping which is translated as Y parameter affects X 
parameter.
Surprisingly, tp for AOD – CERI was found to be greater than zero, even though it seemed to exist a convergence be-
tween them (Figs. 2d,i). Hence, there is no causality between the two timeseries, probably because of strong coupling 
between aerosols and ice nuclei (Wang et al. 2019). 

4 Conclusions
In this work, we investigated the cause-and-effect relations between aerosols, water vapor and clouds over East Asia 
(20o – 45o N, 105o – 122.5o E), utilizing remote sensing data from the Moderate Resolution Imaging Spectro-radiometer 
(MODIS) sensor onboard Aqua satellite. In particular, we used monthly mean data of Aerosol Optical Depth at 550 nm 
(AOD) with quasi-coincident monthly mean data of Water Vapor at clear sky (WV), Cloud Cover (CC), Cloud Optical 
Depth (COD), Cloud Effective Radius-Ice (CERI) and Cloud Effective Radius-Liquid (CERL), for the period July 2003 
– December 2018, using Convergent Cross Mapping (CCM) method. To detect the causality between the timeseries, we 
calculated the cross map skill for each pair of variables, expressed with Pearson’s correlation coefficient (ρ). In addition, 
we examined the direction of the forcing using the time delay prediction parameter of CCM (tp).
AOD – CC and AOD – COD variables were found to have a bidirectional forcing, which could be attributed to the in-
vigoration effect of aerosols on clouds (AOD affects CC and COD) and probably to retrieval artifact from MODIS sen-
sor (CC and COD affect AOD). AOD – WV variables were also found to have a bidirectional cause-and-effect relation. 
This relation can be ascribed to the fact that WV can activate aerosols to condensate, transforming to cloud condensa-
tion nuclei (CCN) (WV affects AOD), while these large CCN can alter the available amount of water vapor for further 
condensational growth (AOD affects WV). Furthermore, AOD – CERL timeseries present a bidirectional forcing, as 
well, which could be attributed to the first indirect effect of aerosols on clouds. Finally, we didn’t find causality between 
AOD – CERI, probably because of strong coupling among aerosols and ice nuclei.
To conclude, and based on the above findings, CCM method can effectively be used in all aerosol – cloud interactions’ 
studies, searching for causality among the parameters. 
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Abstract: In this study, we utilize lidar measurements acquired during the large scale experimental Pre-TECT cam-
paign (1 - 30 April 2017) that took place at the Finokalia station (35.34°N, 25.67°E, 250 m a.s.l.), in Greece. Wind lidar 
and Raman lidar profiles are used to study the vertical evolution of the PBL, as well as the aerosol mixing layer height. 
In the case studies analyzed, radiosonde measurements launched in close proximity to the lidar site are additionally used. 
Our results indicate that a backscatter Raman lidar is capable of capturing the residual layer top while, additional infor-
mation on the water vapor mixing ratio is indicate either a residual or a stable layer. Comparison with the Halo Doppler 
Wind Lidar measurements revealed lower values that were attributed to the well mixed layer.

1 Introduction
The Planetary boundary layer (PBL), is affected and formed by the interaction of the Earth’s surface with the atmos-
phere. Frictional drag, evaporation and transpiration, vertical fluxes of latent and sensible heat have a strong impact on 
the formation of the PBL.  Estimation of the PBL top height, provide useful information on the available air volume 
above the Earth’s surface into which emitted air pollutants are diluted and thus constitutes a fundamental parameter re-
garding air quality and weather or dispersion forecasting models. Over land surfaces in high pressure regions the bound-
ary layer has a well-defined structure that evolves with the diurnal cycle (Stull, 1988). The three major components of 
this structure are the mixed layer, the residual layer, and the stable boundary layer. When clouds are present in the mixed 
layer, it is further subdivided into a cloud layer and a subcloud layer. Active remote sensing of meteorological param-
eters and aerosols by means of Lidars, is an effective way to detect PBL height. 
Therefore, it is desirable to obtain observations of the PBL height with high vertical and temporal resolution, in order to 
improve weather and air-quality prediction. To this end, active remote sensing of meteorological parameters and aero-
sols by means of lidar systems, is an effective way to detect PBL height. 

2 Data and Methodology
In this study, an ensemble of remote sensing instrument observations and radiosonde data are used in order to derive 
the PBL Height. The measurements were collected in the frame of the Pre-TECT Campaign that took place in Finokalia 
(35.34°N, 25.67°E, 250 m a.s.l.), Crete, during the period 1-30 April 2017, organized by the National Observatory of 
Athens (NOA). Wavelet covariance transform method is applied on backscatter and water vapor profiles acquired with 
a Raman Lidar the type of Polly-XT (Engelmann et al., 2016) for the retrievals of PBL Height. The wavelet covariance 
method assumes that the majority of aerosol particles is contained in the PBL, rather than in the free troposphere so 
that a strong decrease of the backscatter signal is observable at PBL top. Collocated Halo Wind Doppler Lidar provides 
turbulence dissipation rate measurements and PBL height, using variance analysis. Nighttime radiosonde measurements 
from Herakleion (35.34°N, 25.18°E, 39 m a.s.l. – 48 km from Finokalia), Crete, were used to calculate the Richardson 
number and thus served as a trustworthy reference of turbulent layering (Stull, 1988). 

2.1 Data
Two case studies are analyzed herein, using Polly-XT Raman Lidar and Halo Doppler Wind Lidar measurements, Mi-
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crowave Radiometer data and Radiosondes provided by NOA during the PreTECT Campaign. Polly-XT Lidar provides 
aerosol optical property profiles including the backscatter and extinction coefficient, the depolarization ratio and the 
water vapor mixing ratio. To calculate the water vapor, lidar measurements were calibrated by the collocated microwave 
radiometer. Halo Wind Lidar, provided wind measurements and turbulent kinetic energy dissipation for this study. Fi-
nally, temperature, relative humidity and wind profiles were provided by radiosonde measurements.

2.2 Methodology
For the retrieval of the PBL top, wavelet covariance transform (WCT) technique was applied to lidar derived range-
corrected signal profile and calibrated water vapor mixing ratio signals. WCT recognizes aerosol signatures in these 
two types of signals, although several modifications to the WCT technique are required to guarantee a successful data 
analysis for each case. 
The WCT is defined as (Brooks, 2003):

f(z) is the range-corrected lidar backscatter signal or the calibrated water vapor mixing ratio signal. z is the measurement 
height, zb and zt are the lower and upper limits of the lidar signal profile, respectively. The dilation a is the extent of the 
step function and the translation b determines the location of the step. In this study, the step function values were 75m 
and 60m and the translation values 10-9 and 0.11 respectively. 
For the derivation of the nature of turbulence of a layer from radiosondes, Bulk Richardson Number is calculated as 
follows:

This is a form of the Richardson number that is used most frequently in meteorology, because radiosonde data and nu-
merical weather forecasts supply wind and temperature measurements at discrete points in space (Stull, 1988). g is the 
gravity acceleration (g=9.8m/s2),  is the finite difference for potential temperature, Δz is the height difference, θv is the 
potential temperature, and ,  are the wind shear components of x and y direction respectively.  
The dynamic stability criteria are: ● Laminar flow becomes turbulent when RB < Rc. 
     ● Turbulent flow becomes laminar when RB > RT
with values used in this work: critical = Rc = 0.21 to 0.25 and turbulent = RT = 1.0 (Stull, 1988).

3 Results

3.1 Case Study 1: 10 April 2017
Figure 1 presents the TKE dissipation rate and the PBL Height captured by Halo on April 10, 2017. Before sunrise (00-
06UTC), the residual layer of the previous day, is present and ranges in 565±162m.  

Fig. 16. Turbulent Kinetic Energy (TKE) Dissipation Rate from Halo Wind Lidar on 10 April 2017 and PBL height 
(orange diamonds), calculated using variance analysis.
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After sunrise (06-18UTC), thermals start to form, upward and downward motions take place and turbulence increases 
significantly, resulting to a well-mixed, convective layer that ranges 685±215m. After sunset (18-24UTC), stable bound-
ary layer starts to form, turbulent air motion starts to decay and the resulting layer is the nocturnal, reaching 412±204m. 
Implementing wavelet covariance technique to the attenuated backscatter product, depicted in Figure 2, resulted in a 
mean PBL height of 659±68m (black stars in Fig. 2, right plot). This is approximately 244m higher than the equivalent 
of Halo. This discrepancy could possibly be attributed to the fact that Polly-XT Lidar measurements are indicative of 
aerosols and molecular concentrations, in a way that vertical sharp changes are detected when applying the WCT. Con-
sequently, the layer represented in Figure 3, corresponds to the residual layer of the diurnal PBL evolution. 

Fig. 17. left: Water Vapor Mixing Ratio from Polly-XT Lidar and PBLH (red diamonds) from WCT applied for case 
study 1, right: Wavelet (blue line) and Water Vapor Mixing Ratio from Polly-XT Lidar (brown line) and Radiosonde 
(purple line) launched on 11 April 2017 00UTC at Herakleion.
By implementing WCT to the water vapor mixing ratio product of the same day and time (Fig. 3), a layer ranging in 
608±149m is captured (red dots in Fig. 3, right plot). This is in a good accordance with the backscatter coefficient pre-
sented above (Fig. 3), suggesting a humid residual layer The standard deviation presented here is very high due to the 
last hour of measurements (23:00-23:59UTC). As presented in Figure 3 (left), the wavelet signal detects a layer top ap-
proximately at 220m that possibly represents a surface layer rich in water vapor.  

Fig. 18. left: Water Vapor Mixing Ratio from Polly-XT Lidar and PBLH from wavelet covariance technique for 10 April 
2017, right: Wavelet and Water Vapor Mixing Ratio Signal from Polly-XT Lidar and Radiosonde launched on 11 April 
2017 00UTC at Herakleion.

3.2 Case Study 2: 27 April 2017
Another case examined is the 27th of April 2017 18:00-23:59UTC (Raman Scattering time). WCT at the backscatter co-
efficient profile (Fig. 4) captured a layer extending to 541±34m, that represents the residual layer. In addition, implement-
ing the same method to the water vapor mixing ratio product (Fig. 5), resulted in a much lower layer that reaches up to 
274±48m. The significant difference of 268m when applying the same technique to backscatter coefficient profile, rather 
than water vapor mixing ratio product, arises due to the bold presence of water vapor in the lowermost layer. WCT on 
backscatter coefficient profile, signifies the residual layer, while WCT on water vapor signifies the stable nocturnal layer.  
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Fig. 19. left: Attenuated Backscatter Coefficient from Polly-XT Lidar and PBLH (black stars) from WCT applied for 
case study 2, right: Wavelet (blue line) and Backscatter Signal (purple line) from Polly-XT Lidar.  
Moreover, the water vapor mixing ratio profile during 23:55-23:59UTC is in a good accordance with the water vapor 
mixing ratio calculated by radiosonde, launched on 28 April 2017 00UTC. Wavelet Signal presents the first edge at 
220m (blue line in Fig. 5, right plot), capturing the nocturnal layer. 

Fig. 20. left: Time height plot of the Water Vapor Mixing Ratio from Polly-XT Lidar and PBLH (red diamonds) from 
WCT applied for case study 2, right: Wavelet (blue line) and Water Vapor Mixing Ratio from Polly-XT (brown line) 
Lidar and Radiosonde (purple line) launched on 28 April 2017, 00UTC at Herakleion.
Figure 6 presents relative humidity and temperature profiles from radiosondes, as well as the Richardson number cal-
culated at different altitudes.  The stable layer and the residual layers are captured at 206m and 849m on April 11, 2017 
and 215m and 750m on April 27, 2017. Richardson number in these altitudes, indicate the presence (top or bottom) of a 
layer.  Results from both case studies, are summarized in Table 1.

Table 1. Planetary Boundary Layer Height (mean value ± standard deviation) derived by different methods. 

 

 

 

 

 

         1Polly-XT Raman Lidar, 2Halo Wind Doppler Lidar
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Fig. 21. Radiosonde Profiles of Temperature (red) and Relative Humidity (blue) and Richardson Number calculated at 
different altitudes (purple dotted lines) that were found to be closer to the critical values.

4 Conclusions  
WCT applied on backscatter coefficient profiles derived from Polly-XT Lidar, captures the residual layer on both ana-
lyzed cases (10 and 27 April 2017). The same technique applied on the water vapor mixing ratio from Polly-XT Lidar 
captures the residual layer on the 1st case (10 April) and the stable layer on the 2nd case (27 April). Halo Doppler Wind 
Lidar monitored the diurnal cycle of convective turbulent activity and indicated the evolution of the well-mixed daytime 
boundary layer in the morning and of the formation of the residual layer in the late afternoon. All results are depicted 
in Table 1. Richardson Number for both cases calculated from radiosondes, indicate the presence of stable and residual 
layer. 
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Abstract: Aerosol typing schemes based on the intensive properties derived from a multiwavelength Raman lidar are 
used for the characterization of the aerosol load over Crete. The dataset used was acquired during the Pre-TECT cam-
paign, which was organized by the National Observatory of Athens (ΝΟΑ) in the framework of the ACTRIS (Aerosol, 
Clouds and Trace Gases Research Infrastructure). Pre-TECT experiment took place from 1st to 30th of April 2017 at 
the Greek atmospheric observatory of Finokalia of the University of Crete and acquired multispectral observations of 
the aerosol properties above the area in high temporal and vertical resolution. The typing results are evaluated against 
detailed layer-characterization using auxiliary available measurements (from lidar, photometer, in-situ and satellite data) 
and model simulations (from backward trajectories and models specialized in dust, smoke and sea-salt transport). Aim 
of this work is to evaluate the performance of the new typing scheme and to provide a detailed aerosol characterization 
over Crete during the campaign, and the results of this work will be used in future studies of aerosol-cloud interactions 
in the eastern Mediteranean.

1 Introduction
Aerosol abundance and composition is on the spotlight of the scientific interest. Aerosols affect the surface radiation, 
the formation and evolution of clouds and can be harmful for human health. In order to assess aerosol impacts, the 
identification of their source and composition is an important tool for both the characterization of events and the alert-
ing of hazardous atmospheric situations, as well as for estimating their radiative impacts. Lidar measurements provide 
vertical profiling of aerosol properties with high temporal and spatial resolution, hence their multiwavelength retrieved 
properties are. The parameters derived with multiwavelength lidars are useful for aerosol characterization. In the last 
years, two aerosol typing schemes (NATALI, Mahalanobis-based algorithm) have been developed within EARLINET 
(European Aerosol Research Lidar NETwork) utilizing lidar observations with the purpose of providing the predomi-
nant aerosol type in observed layers (Nicolae et al., 2018; Papagiannopoulos et al., 2018), making use of the available 
aerosol-type-sensitive intensive properties (e.g., Ångström Exponent, backscatter-related Ångström Exponent, lidar ra-Ångström Exponent, backscatter-related Ångström Exponent, lidar ra- Exponent, backscatter-related Ångström Exponent, lidar ra-Ångström Exponent, lidar ra- Exponent, lidar ra-
tios, ratio of lidar ratios) and providing the main aerosol components as a function of height. In this work we present a 
new lidar-based typing algorithm developed within AUTH (Aristotle University of Thessaloniki) and we are using 
the new scheme to identify the predominant aerosol types observed above Creta during spring 2017, and in particu-
lar, during the period of the Pre-TECT experiment. Pre-TECT (http://pre- tect.space.noa.gr/about/) aim to advance the 
desert dust microphysical characterization from ground- based remote sensing, by employing sophisticated inversion 
techniques, capable of retrieving aerosol microphysics. The campaign and the D-TECT ERC project (http://d-tect.space.
noa.gr/) was clustered with the A-LIFE field in the framework of the A-LIFE ERC project (https://www.a-life.at/) and 
the A- LIFE ERC project (https://www.a-life.at/) that was implemented during the same period in the Mediterranean 
region.

Data and Methodology
The lidar measurements processed in this study were collected above Finokalia station (35º 20’N, 25º 40’E) in the north-
ern coast of Crete. Finokalia station is a background station, representative of a broader area in the eastern Mediteranean, 
as the nearest largest urban centre (Heraklion; 150.000 inhabitants) is 47km away. The station is mainly affected by 
natural sources and mixtures of maritime aerosols with transported-elevated layers (Hamill et al., 2016).
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In this work, we are using the lidar measurements collected from 1st to 30th of April 2017 during the Pre-TECT experi-
ment. During the campaign, the NOA PollyXT lidar (Engelmann et al., 2016) performed measurements on a 24h basis, 
along with a wide range of other remote sensing observations and in situ measurements. The PollyXT lidar measure-
ments are used in this work for the classification. We analyse the lidar data to derive the level 2 optical and geometrical 
products using the SCC algorithm (reference) and the PollyNET algorithm (Baars et al., 2016).

Fig. 1. The Pre-Tect lidar observations of the range corrected signal at 1064nm (above) and the volume depolarization 
ratio at 532nm (below). Highlighted are the time periods of the FALCON flights above the station.

In Synergy with the A-LIFE project, three coordinated flights were performed above Finokalia station by the FA20 
research aircraft of of the German Aerospace Center (DLR), equipped with an extended in-situ aerosol payload, a wind 
lidar and meteorological sensors. The aircraft in-situ instrumentation is capable to provide information on the aerosol 
size distribution and composition.
The new typing scheme developed at AUTH (Aristotle University of Thessaloniki), which provides the main aerosol 
components as a function of height, is applied on the Pre-TECT lidar measurements. The AUTH typing scheme is based 
on the Mahalanobis distance (Mahalanobis, 1936) and the classification of each aerosol layer is made by calculating the 
distance of each point from predefined reference classes and by attributing each point to a specific class based on the 
minimum distance. The aforementioned algorithms require lidar data with 3β + 2α + (1d) configuration (3 backscatter 
and 2 extinction coefficient profiles and particle depolarization profiles).

3 Results and discussion
In the following, we present the case of 20/4/2017. For the characterization of the examined aerosol layers at Finokalia 
station the atmospheric dispersion FLEXPART-WRF model was used in backward mode for the computation of source-
receptor relationships (Brioude, et al., 2013). The dispersion model is coupled offline with the WRF-ARW atmospheric 
model. The backward FLEXPART runs are performed for 3-day periods and we assume a release of 40000 tracer parti-
cles from each layer that was observed at specific heights over Finokalia station. We created emission sensitivity maps 
with the information on the areas the tracer particles detected at heights between 0-1km in the past 3-days, along 
with the information of the time that the tracer particles spend there. (Figure 2a). Ancillary data are further used for 
the characterization of the air masses observed, i.e. analytical 5-day hysplit back- trajectories (Figure 2b) and dust, sea 
salt and smoke transport model forecasts (not shown here). For this case study, the air masses are characterized by the 
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transportation of Saharan dust from northern Africa in altitudes ~2.7 km, the transport of continental aerosols in altitudes 
~1.7km and the transport of marine particles from the Mediterranean Sea in latitudes ~0.5 km above the station (Figure 
2b) . The FLEXPART-WRF output shows that the dust-prone area of northern Africa (Morocco and northern Algeria) are 
most likely the sources of the dust layer (Figure 2a).

Fig. 2. (a) FLEXPART WRF Source–Receptor Relationships [(log)(sm3kg 1)] for the air masses arriving at Finokalia at 
2.7 km, with sources between 0-1km above ground level, and (b) Hysplit back-trajectories for the air masses arriving at 
Finokalia at 0.5, 1.7 and 2.7km, on 20 April 2017 at 17:00 UTC.

In Figure 3, the intensive and extensive properties and of the layers observed with the lidar are presented along with 
the typing results of the AUTH algorithm. Vertical profiles of the aerosol optical properties are presented: Backscatter 
coefficient at 355, 532 and 1064 nm, extinction coefficient at 355 and 532 nm, lidar ratio and Ångström exponents. The 
algorithm identifies 2 layers. The 1st layer (1.5- 1.9km) is characterized as a polluted continental layer, while the 2nd 
layer (2.3-3.4km) demonstrates optical properties representative of dust particles, with lidar ratio values of 60 sr and and 
Ångström exponent close to zero. Both layers are classified correctly from the algorithm taking into consideration the 
meteorological tools of Figure 3. At the same day, in-situ samples were collected with the DLR aircraft above Finokalia 
site, at 3.1 km above sea level, between 12:22 to 12:35 UTC. The samples were analysed in coarse and accumulation 
mode and show dominance of dust particles in both modes, with an ~30% contribution of organic matter and sulfate in 
the accumulation mode (source: A-CARE ESA report).

Fig. 3. PollyXT optical products and aerosol typing from the AUTH classification algorithm on 20 April 2017 at 17:00 
– 18:00 UTC.

An overview of the aerosol and cloud air masses observed during PRE-TECT, analyzed in terms of aerosol typing is 
shown in Figure 4. During the experiment, multiple dust events were observed above the station in altitudes up to 8 km, 
with clouds formed on top of them. Additionally, continental aerosols were observed in altitudes up to 3 km. Marine 
layers were also identified. Falcon collected aerosol profiles above the station 3 days, and 2 of the samples were under 
dust presence. The results of the classification are presented in Figure 4. We see that the majority of the detected lay-
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ers are classified as clean continental aerosols (with percentages up to 30%), along with marine particles (occurrence 
ratio of 28%). Dust layers are also observed during the campaign (with percentages above 10%). Pure dust particles, but 
also Dust polluted particles (dust + smoke and/or dust + polluted continental) and mixed dust particles (dust + marine) 
are assigned. Moreover, a number of layers (with percentages up to 30%) are not assigned to any cluster due to the 
threshold criteria applied in the typing procedure (related to higher uncertainties).
Although the algorithms succeed in correctly classifying a lot of cases, their classification fail in humidify aerosol layers 
which are erroneously categorize as marine dominated (Tsekeri et al., 2017). Future work is dedicated to calculate the 
water vapor mixing ratio and the relative humidity conditions inside the detected aerosol layers and check the applicabil-
ity of the typing algorithms for different relative humidity conditions.

Fig. 4. The Pre-Tect NATALI - based aerosol typing form the nighttime measurements.

4 Conclusions
Different typing schemes are used to provide the aerosol characterization of the layers over Finokalia during the Pre-
TECT experiment. During that period, clean continental particles (with percentages up to 30%) and marine particles 
seem to dominate in the region. Saharan dust outbreaks were also observed, not only as pure aerosol layers, but also with 
mixtures with other particles. Some aerosol layers are misclassified, and are characterised as marine-dominated in alti-
tude where marine is not expected. Same misclassification is observed in dusty layers with high water vapor concentra-
tions. Future analysis of the aerosol layers above Crete during Pre-TECT based on a high resolution mode of the AUTH 
typing scheme and results from the other two aforementioned EARLINET typing schemes are going to be tested in order 
to investigate the overall algorithm performance and consistency. The performance of the classification schemes will be 
evaluated with the collocated aircraft measurements. Going one step further, the applicability of the typing algorithms 
in different water vapor mixing ratios and relative humidity conditions within the aerosol layers is going to be further 
investigated. The Pre- TECT air mass characterizations will be used in future studies of aerosol-cloud interactions. The 
new typing scheme will be used in the future for aerosol typing of the multy-annual datasets of several lidar stations (eg. 
AUTH, Finokalia, PANGEA) in order to better characterize the seasonal evolution of the elevated aerosol masses above 
Greece. Additionally, the new algorithm will be used for the evaluation of the aerosol typing of the upcoming EARTH-
CARE spaceborne lidar of ESA.
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Abstract: The particle linear depolarization ratio and the lidar ratio are intensive aerosol parameters suitable for aer-
osol classification and aerosol-type separation. In this study their long term variability obtained from the inversion 
products of the AErosol RObotic NETwork (AERONET) sun/sky radiometer measurements, is discussed in terms of 
monthly, yearly and seasonal base, for the urban environment of Thessaloniki, Greece (40.63oN, 22.96oE). Time series 
of the aforementioned parameters provide information useful for the estimation of the predominant aerosol type and 
their climatological behavior and variability over the years. Moreover, a point by point comparison with the products 
derived by the European Aerosol Research Lidar Network (EARLINET) for the time period between 2004 and 2018 is 
presented. Cases of discrepancy are furtherly analyzed and discussed in terms of daily variability of the aerosols, taking 
into account the different measurement techniques and the non-simultaneous acquisition of the measurements.

1 Introduction
The characterization of the vertical aerosol distribution is needed for accurate radiative-transfer modeling (IPCC, 2013). 
Moreover, the characterization of the aerosol sources can be an important tool for both the identification of extreme 
atmospheric situations, as well as definition of mitigation strategies. Thessaloniki is in a location where many differ-
ent types of aerosols coexist (Amiridis et al., 2009; Giannakaki et al., 2010; Siomos et al., 2018) and is well suited for 
aerosol typing studies (Voudouri et al., 2019).
A number of optical properties that depend on the size, the chemical composition, and/or the asphericity of the particles 
can be monitored and used for the aerosol typing, as is shown in the recent studies of Siomos (2020) over Thessaloniki. 
Siomos (2020) presented an aerosol classification methodology based on the synergy of two instruments, a double 
monochromator Brewer spectrophotometer and a CIMEL sunphotometer. In his study, the aerosol classification was 
made based on the extinction Ångström exponent and the single scattering albedo (SSA) in the spectral range between 
320 and 360nm. In the above study, Fine Non Absorbing Mixtures (64.7%) are encountered far more often in Thessa-
loniki. Black Carbon Mixtures (17.4%) are less common and DUST Mixtures (8.1%) are more rare. Mixed conditions 
occurred for 9.8% of the cases.
Generally, the intensive parameters are quantities that vary only with the aerosol type and not with the amount of the 
aerosol load and therefore can be used for aerosol classification (Burton et al., 2012). In the study of Voudouri et al., 
(2019) two algorithms are applied and compared for the automated characterization of the aerosol layers over Thessa-
loniki, derived from nighttime lidar measurements, making use of the intensive aerosol optical properties.
The lidar intensive properties that provide the required information for a better discrimination of the aerosol type, as 
demonstrated in numerous studies (Müller et al., 2005; Mattis et al., 2004; Papagiannopoulos et al., 2018) are the 
ratio of the aerosol extinction to backscatter coefficient (LR) and the particle linear depolarisation ratio. The first quan-
tity changes largely for aerosols with different chemical and physical properties. On the other hand, the particle linear 
depolarization ratio is an intensive property that effectively discriminates spherical and non-spherical particles in the 
atmosphere. The particle linear depolarization ratio is an indicator of the particle shape, and the range of the dust plumes 
is estimated between 0.30 and 0.35 (Freudenthaler et al., 2009), with lower values indicating a mixture of non-spherical 
dust with weakly depolarising particles such as biomass-burning smoke or anthropogenic pollution.

2 Data and Methodology
Two datasets are analyzed in this study. The first one contains measurements from the CIMEL multiband sun-sky pho-
tometer. The instrument was installed in Thessaloniki in 2003 as part of the AERONET Global Network. It measures 
the direct solar radiance at 7 wavelengths (340, 380, 440, 500, 675, 870 and 1020 nm) and sky radiance at four of these 
wavelengths (440, 670, 865 and 1020 nm), providing sufficient information to determine the aerosol size distribution 
and refractive index. The data processing is performed automatically with the AERONET inversion algorithms (Dubo-
vik et al., 2000) and all products are publicly available online (https://aeronet.gsfc.nasa.gov). The level 1.5 Version 3 
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Lidar ratio (LR) and the Linear Particle Depolarization values (Dp) at 440, 675, 870 and 1020nm in the period between 
2003 and 2018 were analyzed. Given that uncertainty estimates in the retrieved parameters have not been published yet, 
the standard deviations (less than 10%) of the mean lidar parameters presented in may be iterpreted to represent the 
uncertainty in the mean derived values of LR and Dp.
The second dataset includes measurements from the THEssaloniki LIdar SYStem (THELISYS), operating in the Labo-
ratory of Atmospheric Physics. THELISYS has been used for the detection of aerosol particles as a part of EARLINET 
(Bosenberg et al., 2003; Pappalardo et al., 2014) since 2000 and now it is part of the Aerosols, Clouds, and Trace gases 
Research InfraStructure (ACTRIS; https://www.actris.eu/). Systematic measurements are performed following EAR-
LINET’s schedule (i.e., every Monday morning, and every Monday and Thursday evening after sunset) and additional 
measurements are performed during Saharan dust outbreaks, smoke advection from biomass burning, volcano eruption, 
and CALIPSO correlative measurements. Generally, lidar measurements can not be performed in cloudy conditions and 
during days with strong winds (due to the hardware limitations). The columnar Lidar Ratio at 532nm, is computed fol-
lowing the Raman solution (Ansmann et al., 1992), which allows the independent determination of the extinction and 
backscatter coefficients from nighttime measurements. However, a constant a priori value of the Ångström exponent 
between the elastic and the Raman wavelength has to be assumed. The relative error introduced should be less than 4 % 
(Ansmann et al., 1992).

3 Results and discussion
The results of the climatological analysis of the intensive aerosol properties in Thessaloniki are presented in this section 
on Figure 1 and Figure 2.

Fig. 1. Lidar Ratio values on monthly average (left) and yearly average (right) in the period 2003-2018.

From the above plots, a general high variability of the lidar ratio values is reported, especially at the 440nm, with de-
creasing values at increasing wavelength. Generally, the LR values range between 30 and 115sr. The large variation 
could be mainly attributed to the different aerosol sources with significant different absorption characteristics. Ob-
servations of anthropogenic pollution (urban/industrial aerosol type) correspond to lidar ratio values between 60 and 
70sr (Wang et al., 2016), whereas, lower LR values may reveal a co-existence of anthropogenic particles with marine 
aerosols and dust events (Groß et al., 2016). However, the aerosol typing from the columnar analysis over Thessaloniki 
(Siomos et al., 2020) showed the prevalence of fine non absorbing particles and black carbon mixtures over Thessa-
loniki, along with aerosol mixtures.
The highest values at 440nm, above 70sr, are reported during summer, mostly connected to biomass burning episodes, 
usually attributed to agricultural fires in the Balkans, Belarus, and European Russia, which typically begin after March 
and end in October (Amiridis et al., 2009). Overall, the LR values exhibit a slightly increasing pattern after 2013 (with 
maximum values during 2015), possible attributed to the increasing use of wood and pellets instead of oil and natural 
gas for domestic heating during the winter period (Siomos et al., 2020). The LR at 1020 nm values are found the lowest 
during the summer period.
The monthly average cycle of the Depolarization Ratio values in the period 2003-2018 is presented on Figure 2. The 
depolarization values range between 0.01 and 0.17, indicating the presence of mostly spherical particles (continental, 
biomass). Voudouri (2019) showed that the classification of the typing schemes applied, indicated the PollutedSmoke 
and the CleanContinental categories as the main sources of the aerosol layers observed in 3 years of measurements over 
Thessaloniki. Moreover, Siomos et al., (2020) reported that pure dust cases are the most rare aerosol type observed over 
Thessaloniki (8.1%), maybe due to mixtures with urban particles that usually take place. A similar pattern of the spectral 
variations is also shown.
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Fig. 2. Monthly average cycle of the Depolarization Ratio values in the period 2003-2018.

In what follows, we attempt to verify the consistency of the AERONET-derived values of LR by comparing these values 
to the corresponding values measured with THELISYS (Fig. 3), in order to understand the specific atmospheric or exper-
imental circumstances that lead to either significant or minor differences between the sunphotometer and the lidar data.

Fig. 3. Scatterplot of the LR values from the common days derived from the sunphotometer at440 nm and the lidar 
system at 355nm.

From the above Figure, we conclude that a number of points are highly correlated. However, there are cases in which the 
daily average Lidar Ratio values derived by the sunphotometer are larger than the LR values measured with THELISYS, 
mainly attributed to changes in the aerosol properties inside the boundary layer, and changes in the system’s full overlap 
height (Siomos et al., 2018). This may be a hint about the various aerosol types over the city of Thessaloniki during the 
different time periods of a given day. The different sampling and the non-simultaneous acquisition of measurements 
should be taken into acount, as the sunphotometer measurements are performed during the daytime (before sunset) and 
the lidar Raman measurements during the nighttime (after sunset). Thus, a systematic bias could be introduced due to 
the daily cycles of emission. his behavior is also visible in the monthly annual cycles (Siomos et al., 2018), especially 
for the summer period.
In what follows, we categorize every point of the above scatterplot into five separate categories. The main criterion for 
this separation is the daily variability of the Lidar Ratio, as is provided by the sunphotometer, which performs a number 
of measurements during daytime, in contrast to the only one value calculated from the Lidar system. Thus, each point 
from the previous scatterplot can be classified in the following categories: (i) case of Extreme variability, (ii) case of 
Mild variability, (iii) Cloud cover - Few measurements, (iv) LR decline or (v) LR increase.

Fig. 4. Scatterplot of the LR values from the common days of the two instruments, separated in the following catego-
ries: case of Extreme variability, Mild variability, Few measurements, LR decline or LR increase.
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We conclude that, points that deviate more are attributed to the categories of “Extreme variability” and “Few measure-
ments” (Fig. 4). During those days the aerosol mixture over Thessaloniki changes constantly and randomly. Combined 
with the fact that the measurements are never simultaneous, the difference of the averaged Lidar Ratio between the two 
instruments in these days is significant. Moreover, the sunphotometer performs only a small number of measurements 
(less than four) during days that rainfall or extreme cloud cover are observed, while the lidar system doesn’t perform 
measurements at all. Generally, during those days, the two instruments are more likely to operate at even greater time 
differences.
On the contrary, points that are higher correlated are mostly categorized as cases with “Mild variability”. This outcome 
is expected, because as long as the Lidar Ratio is relatively stable during the day, the difference in the daily average of 
the two instruments is going to be minor, despite the difference in the operating hours.

4 Conclusions
In this study we present the long term variability of the aerosol intensive properties (Lidar ratio - LR and Linear Par-
ticle Depolarization values - Depol) over Thessaloniki, obtained from the inversion products of the AErosol RObotic 
NETwork (AERONET) sun/sky radiometer measurements. The LR values range between 30 and 120sr, indicating the 
presence of both absorbing and less absorbing aerosols during the period 2003-2019, while the Depol values reach up to 
18%, for cases of Saharan dust evens, showing an overall similar spectral variation.
The LR values are furtherly compared with the corresponding ones from the lidar system operated in Thessaloniki. We 
conclude that the two instruments provide the LR values in significant accordance, given the different measurement 
techniques and the non-simultaneous acquisition of the measurements. However, when the Lidar Ratio values are char-
acterized by a daily extreme variability, the products derived from the two systems are expected to deviate significantly. 
In this case, a height – variable LR profile could be more representative for the daytime lidar retrievals.
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Abstract: Operational monitoring of aerosol properties are performed routinely at the Laboratory of Atmospheric Phys-
ics, Thessaloniki (40.63°, 22.95°, 60m asl), Greece, using a combination of different ground-based instruments. These 
include both a single and double Brewer spectrophotometer, a multi wavelength Depolarization Raman Lidar, and a 
CIMEL photometer, among others. Taking advantage of the multispectral information and the high temporal and verti-
cal resolution acquired with all the instrumentation, synergetic  techniques that deploy spectrophotometer data,  lidar 
data and sunphotometer data are applied, in order to provide a full characterization of the aerosol load over Thessaloniki, 
including aerosol type. The results are compared and discussed against the in-situ observations for certain case studies.

1 Introduction
The aerosol classification is a key component in understanding the impact of different aerosol sources on climate, 
weather systems, and air quality. Given that aerosols are emitted from various sources, a significant number of aerosol 
types with different optical and microphysical properties coexist in the atmosphere. Thus, considerable uncertainties 
have been raised in the quantification of aerosols in the radiative transfer calculations and their interactions with clouds.
Thessaloniki is in a key location in the Eastern Mediterranean where different types of aerosols coexist (Amiridis et al., 
2009; Giannakaki et al., 2010; Siomos et al., 2018). Dust plumes transported from the Saharan region are dominant 
during summer above 1.5 km and in autumn below 1.5 km, as shown by Siomos et al. (2018). Moreover, frequent intense 
biomass-burning episodes transported from the Balkans tend to occur during the summer period, mainly associated 
with wildfires (Siomos et al., 2018; Voudouri et al, 2019). Biomass-burning from city sources are monitored during the 
winter period. Continental layers are also prevalent, attributed to mixtures of anthropogenic pollution and particles from 
natural sources and even mixtures of maritime aerosols (Voudouri et al, 2019). Pollen aerosols, with high depolarization 
values, are also monitored.

2 Instrumentation, Data and Methodology
The dataset analyzed and the instrumentation used (Figure 1) are described below. The first dataset includes measure-
ments of a double monochromator Brewer (type MKIII, Brewer#086). It has been operating continuously at the rooftop 
of the Laboratory of Atmospheric Physics of the Aristotle University of Thessaloniki (LAP) since 1993. Automated 
measurements of the global solar irradiance in the range of 290 - 365.5 nm are performed with a spectral resolution of 
0.5 nm and a temporal resolution of approximately 20-30 minutes. Direct UV irradiance measurements are also per-
formed in between the scans of global UV irradiance, in the range 300 - 360 nm with a step of 10 nm and a temporal 
difference of a few seconds from the global measurements, so as to be considered simultaneous.
Measurements from a collocated CIMEL sunphotometer consist the second dataset.The sunphotometer is providing au-
tomatically and almost continuously measurements at the following channels: at 340 nm, 380 nm, 500 nm 440 nm, 675 
nm, 870 nm and 1020 nm. Measurements are automatically gathered, processed, and distributed by the Aerosol Robotic 
Network (AERONET, Holben et al., 1998).
The third dataset consists of the nighttime measurements performed with the multiwavelength Raman lidar of Thes-
saloniki. Aerosol profiles (backscatter coefficient profiles at 1064, 532 and 355 nm, as well as the extinction coefficient 
profiles at 532 and 355 nm) derived over Thessaloniki during the period 2012-2020 are processed. The lidar dataset is 
regularly analyzed and quality assured (following all the Q/A procedures within the European Aerosol Research Lidar 
NETwork - EARLINET) and all products are publicly available at https://www.earlinet.org/.
The Brewer measurements have been validated in international inter-comparison campaigns (Redondas et al., 2018), 
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while the sunphotometer measurements have been validated both on a short term period (Voudouri et al., 2017) and 
on climatological base (Siomos et al., 2018) with the lidar dataset uploaded in the EARLINET database for the case of 
Thessaloniki.
An automated machine learning clustering technique is successfully applied to UV Single Scattering Albedo (SSA) 
and Extinction Angstrom Exponents (EAE) measurements of the double monochromator Brewer spectrophotometer, as 
described in Siomos et al., 2020. The technique utilizes the classification flags obtained from the CIMEL sunphotometer 
measurements in order to define a reference dataset of Brewer measurements. The algorithm applies the Mahalanobis 
distance classifier (Mahalanobis, 1936) to classify the columnar observations to specific aerosol clusters, based on 
selected intensive aerosol optical properties, i.e, the columnar UV Single Scattering Albedo (SSA) at 340 nm and the 
Extinction Angstrom Exponent (EAE) at 320-360 nm. Thus, each measurement is classified into the following aerosol 
clusters: the “DUST” (coarse and absorbing), the carbonaceous “BC” (fine and absorbing), the “FNA” particles (fine 
and non-absorbing) and the “Mixed” cluster (Siomos et al., 2020).
Concerning the lidar system, apart from aerosol profiles, layers can be defined per measurement, given the backscat-
ter/extinction structure. Automated aerosol techniques, developed within EARLINET, have already been applied and 
validated for the Thessaloniki dataset (Voudouri et al., 2019). Both methods of automated aerosol-type characterization 
base their typing on the lidar-derived aerosol- intensive properties (Nicolae et al., 2018; Papagiannopoulos et al., 2018). 
The aerosol classes defined by both techniques, describe the major aerosol components: (i) large particles with medium 
lidar ratios (i.e., dust-like particles), (ii) large particles with low lidar ratios (i.e., marine particles), (iii) small particles 
with high lidar ratios (i.e., pollution and/or smoke particles) and (iv) small particles with medium lidar ratios (i.e., clean 
continental particles). Generally, the CleanContinental categorization is not completely straightforward, as the conti-
nental particles can be attributed to different subcategories (i.e., local, continental polluted or mixtures). However, the 
CleanContinental cases are typically not related to the local atmospheric boundary layer where the pollution and anthro-
pogenic contribution would mean more absorbing particles (Polluted Continental aerosols).

Figure 1: The permanent instrumentation performing measurements in Thessaloniki LAP.

3 Results
The monthly timeseries of the occurrence ratio of the predominant aerosol type resulting from the Brewer dataset during 
the period 1998-2020 is presented in Figure 2, using the classification flags obtained from the CIMEL sunphotometer 
measurements. The daily values of the occurrence ratio are produced firstly from the hourly values. Then, weekly aver-
ages are calculated from daily averages (when at least 2 daily averages are available) and consequently the monthly av-
erages are calculated from weekly averages (with at least 2 weekly averages. The hourly classification flags are applied 
in order to calculate the daily occurrence ratio which equals to the number of times per day a flag appeared, divided by 
the total number of measurements within the same day (Siomos et al., 2020).
The results of the analysis show that the Fine Non Absorbing mixtures (FNA) are generally prevalentbefore 2007. The 
reduction in the occurrence of the fine non absorbing aerosols in favor of black carbon (BC) and polluted dust mixtures 
(DUST) is marked (Fountoulakis et al. 2019), while the occurrence ratio of the Mixed cases is rather stable over years. 
The augmented occurrence ratio of BC particles, especially after 2007, could be associated to the increased emissions 
from domestic heating, further related to the financial crisis and the increasing use of wood and pellets instead of oil and 
natural gas for domestic heating.
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Figure 2: Monthly timeseries of the occurrence ratio of each aerosol type during the period 1998- 2020 with classifi-
cation flags obtained from the CIMEL sunphotometer measurements in order to define a reference dataset for Brewer 
measurements.

On the other hand, the yearly timeseries of the occurrence ratio for the predominant aerosol type per layer during the pe-
riod 2012-2020 is presented in Figure 3. Here, nighttime measurements are processed with the Neural network Aerosol 
Typing Algorithm based on Lidar data (NATALI) classification scheme.

Figure 3: Yearly timeseries of the occurrence ratio of the predominant aerosol type per layer from nighttime measure-
ments during the period 2012-2020 with NATALI classification scheme.

Despite the sparse lidar sampling (mainly Monday’s and Thursday’s measurements are performed following the EARLI-
NET schedule) that could result in predominant types that are not representative (e.g., during 2012, a limited number of 
measurements were performed, due to the systems upgrade) and comparable to the BREWER ones and even though the 
nomenclature is not the same between the typing schemes, some conclusions can be derived. CleanContinental particles 
are generally prevalent during the years, with occurrence ratio above 0.2. Absorbing particles from biomass burning 
(Smoke) and mixtures of them (ContinentalPolluted) are also obvious. Pure dust cases are also marked, and the occur-
rence ratio of the marine particles can be considered almost stable throught the years.
Apart from the routine measurements, two campaigns took place in Thessaloniki in the frame of the
PANhellenic infrastructure for Atmospheric Composition and climatE chAnge (PANACEA) project (PANACEA, 
https://panacea-ri.gr/). The first one covered the period from July to August 2019 and the second one from January to 
February 2020. The two campaigns provided the opportunity of combining the multispectral information and the high 
temporal and vertical resolution acquired with the remote sensing infrastructure of LAP, with the additional instrumenta-
tion that participated. Figure 4 shows the percentages of the typed aerosol layers during the winter PANACEA campaign 
from the nighttime lidar measurements. The majority of the detected layers are attributed to biomass burning aerosols 
(Smoke category, highly absorbing particles) from city sources or from remote sources (e.g. wildfires and agricultural 
fires). The ContinentalPolluted cluster has an occurrence ratio of 15.5%. Moreover, a number of layers were not as-
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signed to any cluster due to the threshold criteria applied. Furthermore, the Black Carbon (BC) concentrations, divided 
in black carbon from wood burning (BCwb) and fossil fuel (BCff), from the Aethalometer are also marked for the Smoke 
and the PollutedContinental category. The mean value during the winter period equals to 2.3 μg/m3, with 1.8 μg/m3 
attributed to fossil fuels and
0.5 μg/m3 to wood burning, during the common measuring days, where smoke layers were also detected with the lidar, 
while the BC percentage attributed to the fossil fules equals to 1.2 μg/m3 for the ContinentalPolluted category.

Figure 4: Percentages of the typed aerosol layers during the winter PANACEA campaign from the nighttime lidar meas-
urements. The mean values of the BC concentrations from Aethalometer measurements are also marked.

4 Conclusions
Automated machine learning clustering techniques are applied to the UV measurements of a double monochromator 
Brewer spectrophotometer, a CIMEL sunphotometer and a multiwavelength Raman lidar operated at the Thessaloniki 
station, in order to get the predominant aerosol type over the years. Generally, the Fine Non Absorbing mixtures are 
prevalent throughout years over Thessaloniki. Black Carbon and DUST mixtures appear only rarely in the period 
1998-2007. After 2007, however, both types tend to appear more frequently. The lidar - automatic classification scheme 
indicates the Continental Polluted and Continental categories as the main sources of the aerosol layers observed 
during 9 years of nighttime measurements over Thessaloniki, while pure dust cases are also observed, with lower per-
centages.
Following in the near future, the aerosol optical properties derived from the aforementioned datasets will be combined 
to provide the full characterization of the aerosol load over Thessaloniki. The results will be further compared and dis-
cussed against the in-situ observations for extreme aerosol cases, during the PANACEA campaigns and the COVID 
relaxation period.
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Abstract: The work under consideration deals with the investigation of the atmospheric refractive index as an impor-
tant factor for operational applications that involve the atmosphere as a field of interest and consequently dependent on 
the corresponding meteorological conditions. The estimation of the atmospheric refractive index is based on the formal-
ism used in radio meteorology, while its evaluation is made with respect to the meteorological observations provided by 
the daily radio-soundings for a particular case of interest. Using these data, the notion of refractive index is evaluated 
on multiple atmospheric levels giving to it an integrated representation. The resulting values of reflectivity are directly 
compared with those of the COSMO numerical weather prediction model that is used operationally at the Hellenic 
National Meteorological Service over a horizontal grid resolution of 0.02o (~2km) and 60 vertical levels. In addition to 
the indicative model comparisons of the refractivity with the corresponding values calculated from the radio-soundings 
performed at the meteorological stations of Thessaloniki, Hellinikon and Heraklion, selected vertical cross sections are 
presented, in order to highlight the sensitivity of the refractivity especially close to mountainous areas.

1 Introduction
The atmospheric refractive index is the main physical quantity that reflects and quantifies the changes in the velocity and 
direction of propagation of the electromagnetic waves propagating in the atmosphere due to its different composition 
and density. In principle, the meteorological conditions on which the refractive index depends on do not show as strong 
fluctuations in the horizontal as compared to the vertical atmospheric levels. Therefore, the more accurate determina-
tion of pressure, temperature and specific humidity, the more accurate is the estimation of the refractive index. In the 
particular case that is analyzed in the present work, the refractive index is represented as a diagnostic numerical weather 
prediction model product but also as a product of observation by radio-soundings over the 48-hour period between 03-
10-2019 12UTC and 05-10-2019 12UTC for the wider area of Greece.

The synoptic situation under consideration was chosen to demonstrate some of the refractive index features for an active 
weather situation that is characterized by a wide cyclonic disturbance over Northern and Central Europe. The geopoten-
tial height contours in the middle-troposphere (500hPa) show an intense through that extends to the north coasts of Af-
rica with the 572 gpdam contour line passing over Greece on 04-10-2019 at 12UTC (Fig. 12). At the same time period, 
a thermal trough is developing in connection with upper level trough with the isotherm contour line passing over Greece 
and the isotherm contour line extending to the northern parts of Africa, which are interpreted as a cold intrusion in the 
upstream of trough (Palmen and Newton 1959). The general circulation is reflected to the low levels, forming a closed 
low circulation both at the level of 850hpa and at the surface. At the level of 850hPa (not shown in this work) which is 
used to identify frontal zones, a strong thermal gradient at the  isotherm was observed, forming a strong baroclinic zone 
which followed the current, causing heavy precipitation over western and northern Greece. The upper level trough is 
connected with the surface closed low formation with the core of 1005hPa in the Southern Ionian in combination with 
the relatively high pressures of 1020hPa prevailing in the Balkans at 04-10-2019 12UTC which is accompanied by a 
frontal activity and extends south as a cold front and north as an alternate between cold and warm front to Scandinavia. 
The current follows a northeastern trajectory, forming an occlusion over Central Greece at 04-10-2019 18UTC crossing 
the Greek area as a cold frontal surface on the poleward direction.
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Fig. 12. Synoptic analysis maps for 500 hPa (left) and PMSL (right) on 04-10-2019 00, 06, 12 UTC from top to bottom 
respectively (© Deutscher Wetterdienst, www.wetter3.de).

2 Data and Methodology

2.1 Data
For a more realistic comparison of the refractive index in association with both literature and the observations, COSMO 
model run in hindcast mode driven by 6-hour boundary conditions from ECMWF analysis over a horizontal grid of  for 
48 hours starting from 03-10-2019 12UTC. Initially, the model run over the wider Mediterranean region on a horizontal 
grid. The hourly results of this run were used as initial conditions for the subsequent model run on a horizontal grid 
of  over the wider area of Balkans (nest type mode) (Roupa et al. 2018). The model uses a terrain following coordinate 
height scheme (Zeng 2014, Zeng et al. 2014) in both runs 60 horizontal levels were used. The observational data were 
taken from the University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html) which maintains the radio-
sounding database worldwide. These data were used as variables to calculate the refractivity.

2.2 Methodology
The refraction index is defined as the ratio of the speed of light in vacuum and the velocity in the medium through which 
the electromagnetic wave propagates:

where n is the refraction index, c is the speed of light in vacuum and v is the light velocity in the medium. Throughout a 
wide range of wavelengths, including both the visible and microwave regions of the electromagnetic spectrum, the index 
of refraction for dry air can be represented by (Johnson 1954, Magnum and Wallace 2015):

Where A, B are constants, p, e stand for the atmospheric and partial water vapor pressure, respectively, in hPa while T is 
the temperature in degrees Kelvin. In addition, the composition of air is taken to include an average amount of carbon 
dioxide (Rueger 2002). The refractivity N is related to the refractive index with the following formula which is used to 
simplify the decimals of the term (Kerr 1951, Bean and Dutton 1966):
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Where N is measured in parts per million. The final formula used for estimating the atmospheric refractive index both in 
weather prediction model (COSMO) and observations by the radio-soundings (Smith and Weintraub 1953,) is:

3 Results
The refractivity that was computed for the first model-level, a few meters over the surface for the wider area of Greece is 
presented in Fig. 13 on 04-10-2019 at 00 and 12UTC, respectively. There are strong contrasts over the sea area address-
ing the differences in surface pressure regarding the two instances. In the mainland, the situation is more complex but it 
is worth mentioning how the orography is highlighted due to the strong dependence of refractivity with surface pressure 
and consequently with surface height. In the marine areas over the southwest of mainland Greece and south of Crete, 
there are developing shades of pink at 04-10-2019 00UTC while at 04-10-2019 12UTC there are extensive changes of 
shades towards blue which are interpreted to  units of refractivity, in contrast to the mountainous areas where changes 
in reflectivity are much more localized.
Before presenting the comparison between model and observation, it would be useful to view the dissimilarity in the 
refractivity calculated by the model at the examined meteorological stations where the observations were made for the 
period under consideration (Fig. 14).

Fig. 13. Refractivity scheme over Greece for the first COSMO model-level (04-10-2019 at 00 and 12UTC) correspond-
ing to 10 meters above sea level; the red dots show the geographical positions of the meteorological stations of Thes-
saloniki, Hellinikon, Heraklion from north to south respectively.
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Fig. 14. Left: Refractivity over Thessaloniki (16622), Hellinikon (16716) and Heraklion (16754) meteorological sta-
tions over the entire considered period calculated by COSMO Model. Right: Corresponding refractivity cross-sections 
in the east-west direction over the same stations at the available radio-sounding times in reference to the model-level 
orography that is addressed separately in the lower part of the figures along with the lower model levels.

As it is shown in Fig. 14 (left), deviations are observed at the stations for the entire period, the largest appearing be-
tween 04-10-2019 06UTC and 04-10-2019 18UTC. Thessaloniki and Hellinikon stations show relatively high values 
(extended blue shades) in the lower levels, while Heraklion displays relatively lower values (green shades). The vertical 
coordinate refers to the height in meters. The white color observed above () height essentially states that the refractivity 
values are so small that the term refraction ceases to apply as the air density is so small that the propagation velocity 
is almost identical to that of the absence of atmosphere. In the right part of Fig. 14, snapshots of the refractive index 
are depicted for the time of radio-sounding at the longitudinal east-west direction of the stations. Since the vertical axis 
refers to model levels (the height values refer to the sea level and are placed for convenience), the corresponding orog-
raphy cross section along with the model level heights is given in the sub-figures below. Due to the relative rough height 
changes and the corresponding surface pressure, there are rapid changes in the refractivity near mountains as well as 
low refractive values above them.
The following Fig. 15 shows the comparisons between the radio-soundings and COSMO model estimated refractivity 
as well as vapor pressure and temperature. The variables are presented as a function of pressure on the vertical axis. In-
dicatively, near the surface the model refractivity values of Hellinikon show better agreement with the values computed 
from the radiosounding data than the other two stations while small distortions are observed in the upper levels. Thes-
saloniki and Heraklion on 04-10-2019 at 00UTC show a high degree of agreement with the model values over the 700 
hPa level while differences are observed at the lowest levels. Although the purpose of this work was to use the weather 
situation only to highlight the diagnostic differences on the refractivity over the three stations and their surrounding ar-
eas, it is worth noticing that on 04-10-2019 12UTC, the cold front was above the area as shown in the surface analysis 
charts (Fig. 12). 

Fig. 15. Comparison of refractivity, vapor pressure and temperature (in vertical alignment) between COSMO model and 
the radiosounding values for the stations of Thessaloniki, Hellinikon and Heraklion. The radio-sounding time is shown 
at the top.
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4 Conclusions
Although this is mainly a tentative diagnostic study, it was possible to address some of the main features of atmos-
pheric refractivity over the complex terrain of Greece. The differences on the dependence of the refractive index from 
the meteorological conditions as well as the orographic features that it depends were also shown.  The variable that 
seems to affect the refractivity most forcibly is the specific humidity (and therefore the vapor pressure which is directly 
related).  Regarding atmospheric water content, it should be emphasized that the refractive index is calculated taking 
into account only water vapor. The presence of water droplets is not taken into account because in this case the polariza-
tion of the molecules enters the calculations and the consequent complexities are beyond the scope of this work. It was 
very encouraging to note that the refractivity diagnosed by the model was in good comparison with the values derived 
from the radio-soundings in the vertical column of atmospheric levels. The term “good” of course depends on the vast 
and complex field of applications of the refractive index. The differences might be considered prohibitive in some and 
negligible in other applications especially in the area of remote sensing. For a model product refractivity to be used op-
erationally, extensive further research is needed as well as systematic and detailed comparison with observations from 
radio-soundings and remote sensing products in general.
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Abstract: Greece has a unique Mediterranean climate, well suited for irrigated agriculture. Climate is an important fac-
tor in the production of many high-value crops, including tomatoes.  However, climate change has many immediate and 
long-term challenges for the agricultural industry. To help farmers, growers manage risks; it is crucial to study locally 
relevant agronomic indicators. This study aimed to analyze the growing season trend in the top two tomato-producing 
regions in Greece. More specific the aim was to investigate the projected change in the amount of time required for 
processing tomatoes in Greece to achieve physiological maturity using accumulated growing degree days (AGDDs) into 
the twenty-first century. Based on the findings, the climate model indicated a significant decrease in the number of days 
between transplanting and maturity, with an expected harvest 10-15 days earlier than normal under current conditions. 
This study indicates that farmers should redesign their crop management protocols to succeed in sustainable tomato 
production. They should make strategic decisions such as variety selection, planting and harvest dates, agricultural 
water management, and studying trends in pests and diseases due to shifts and lengthening of tomato growing season in 
Greece’s tomato production areas.   

1 Introduction
Crop production is sensitive to climate variability and thus directly affected by climate change. The temperature and CO2 
increase and the changing precipitation patterns may lead to a substantial decline in crop production. Also, droughts, ex-
treme heatwaves, and floods caused by heavy rainfall increased in past decades. Enhancing crop production to meet ris-
ing demands owing to the increasing population, against the background of climate change threats, is a challenging task. 
It is required more attention to adaptation and mitigation research to minimize adverse impacts. Adaptation to extreme 
events and climate variability could reduce vulnerability to long-term climate change. Some good but straightforward 
adaptation practices that could help mitigate the impacts of climate change on crops are: a) the use of climate-ready 
crops or thermal stress-tolerant varieties, b) to adjust planting dates, c) to improve water conservation and management 
practices, d) to use efficient irrigation and fertilizer management and e) to diversify crops.  
The Mediterranean is characterized by wet winters and hot, dry summers. It is a transitional stage between central and 
northern Europe’s wet climate and the arid/semi-arid North Africa climate. A relatively minor modification of the global 
climate may cause essential changes in the Mediterranean climate (Giorgi and Lionello 2008). The annual precipitation 
trends differ between northern Europe (wetter conditions) and southern Europe (drier conditions), reflecting a broader 
hemispheric pattern of contrasting zonal-mean precipitation trends between high and low latitudes (Hulme et al. 1998). 
Agriculture is susceptible to changes in climate (mean values and extremes). In Europe, the impacts of climate change in 
agriculture and forestry will be more severe in the southern and eastern regions than in northwestern Europe, aggravat-
ing current economic and social problems (Bindi et al. 1996). The overall impacts of climate change in agriculture will 
ultimately depend on the timing of plant physiological requirements and the spatial variations, seasonality, and magni-
tude of the warming (Butterfield et al. 2000, McCarthy 2001).
The impact of temperature anomalies and changes in annual rainfall patterns will vary for different Mediterranean 
regions’ crops (Saadi et al., 2015). In the Mediterranean, the decrease in precipitation totals seems relevant to winter-
spring crops than for summer ones. Modeling the most pessimistic climate change scenario (RCP8.5) revealed substan-
tial restrictions on crop cultivation suitable areas (da Silva et al. 2017b, Ramos et al. 2018). Climate change affects the 
consumption, processing, and distribution of tomato products (Oyekale, 2011). According to Cammarano et al. (2020), 
there would be a reduction of 15 % in Italy’s tomato yield. They also say that the tomato flowering date can be shortened 
between 1.5–3 days based on future climate projections. This work aims to analyze the impact of climate change on the 
growing season trend in the top two tomato-producing regions in Greece. 
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2 Data and Methodology
Tomato is a vegetable with moderate temperature demands. Although tomato plants can survive low temperatures up 
to 1oC without being damaged by refrigeration, their growth is wholly inhibited at temperatures below 9oC (Dempsey, 
1970). In general, the fruiting of tomatoes begins to show problems when the temperature during the day drops for 
long periods below 16-17oC, while below 13oC, the issues become very serious, mainly due to the inferior production 
of pollen. According to Charles and Harris (1972), the pollen formed at a temperature of 10oC cannot germinate and is 
therefore sterile in its entirety. Severe problems with fruit set also occur at very high temperatures (above 31oC). The 
fruits have great demands on temperature during the stage of their ripening. At temperatures below 16oC, no pigments 
are formed, and therefore, the fruits do not turn red (Dempsey, 1970). In addition to the low temperatures, particularly 
in climate change impacts and the projected rise in temperature, the too high temperatures’ adverse impact should also 
be considered. At temperatures above 32oC, tomato blossoms cannot bear fruit, as pollen’s germination is drastically 
reduced and alien. However, at temperatures above 30oC, the lycopene synthesis, which is the pigment responsible for 
the fruit’s red color, is already inhibited. Even at temperatures of 27oC, the yields are significantly reduced compared to 
the recommended temperatures mentioned above.

2.1 Data
Daily temperature values were used to analyze the impact of climate change on crops over North Greek regions. Data 
was provided by RegCM4 (regional climate model). The climate data covers the reference period from 1981 to 2000 
and two future periods: 2031-2050 (TP1) and 2051 to 2070 (TP2), while the domain covers two different Greek regions, 
Eksohi-Pieria and Vasilika Thessaloniki (Figure 1). The RegCM4 (https://www.medcordex.eu/index.php/#btn-cap002) 
temperature data were analyzed using the nearest grid point of the model to the case study region. Projected changes in 
temperature for the 21st century using Representative Concentration Pathways (RCPs) 8.5 Wm− 2 are also analyzed over 
the two selected case studies.

2.2 Methodology
The agro-climatic characteristics of the two study regions for the cultivation of tomatoes will be studied. The analysis 
will assess Grown Degree Days (GDD) and Accumulated Grown Degree Days (AGDD), evaluating the suitability of the 
area for growing tomatoes and the quality of the vegetable under climate change.
The suitability assessment was based on the optimal temperatures of tomato plants (20.0oC-24.0oC). 
The Unsuitable day for cultivating tomato is defined as the day when the daily temperature is outside the range of opti-
mal temperatures.
The Accumulated Grown degrees Days is the sum of the grown degrees days. Growing Degree Days are calculated as:
GDD = ((Tmax + Tmin)/2) – Tbase, Tbase = The base temperature of the plant
The AGDD is accumulated daily of GDD, following a specified start date, by adding each day’s total to all previous 
days’ totals.
Quality metric in tomato cultivation is the ability to form nutrients that affect the plant’s quality characteristics, for ex-
ample, lycopene. Quality is presented into 5days classes; the higher class corresponds to less quality of the plant.

Fig. 1. The location of the selected case studies
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3 Results

Fig. 1. Line plots for the mean monthly temperature of Ensemble grid points for the three time periods (Reference, TP1 
and TP2), according the RegCM4 data, region 1: Eksohi-Pieria

The mean temperature shows the typical Mediterranean temperature distribution. The warmest months are July (24.2oC-
reference period) and August (22.5oC), and the two coldest months are January (2.9oC) and December (4.7oC). There is 
a gradual increase in temperature variation, which is more intense in the cold months (from 1.7oC (reference period) to 
2.4oC (TP2)) compare to the summer months (from 1.0oC (reference period) to 1.5oC (TP2)).

Table 1. Monthly suitability for cultivating tomato in the Region1: Eksohi-Pieria region for the period 1981-2010.

Fig. 2. Accumulated Grown Degrees Days (AGDD) of tomato cultivation for the reference period (orange) and the fu-
ture period (blue) for the two regions
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For the period 1981-2000 (Table 1), the suitable days for the cultivation of tomato are from May (Region 1: 5%; Region 
2: 2% of days) to October (Region 1: 2%; Region 2: 3% of days). August presents the highest percentage, almost equal 
to 30%. The percentages change for the two future periods. For the first future period (TP1), the percentage of suitable 
days for June and September increase, whereas the percentage for August and  July presents a significant decrease. It 
could be explained because more hot days with higher than the maximum optimum temperatures will be observed. The 
percentage of September increases by 5% (Region 1) and by 9%, becoming 28% (Region 2). In the second future period 
(TP2), the pattern described for TP1 is amplified, underlining the expansion of the growing season in September.
According to Figure 2, for Region 1, there is a slight decrease in AGDD (about five days) for the first future period, 
while the mean increase for the next future period is almost ten days. A significant decrease of AGDD in Region 2 is 
also highlighted in Figure 2. It means that in the next fifty years, the AGDD for tomato cultivation will decrease about 
ten days, imposing a possibility for two cultivation periods per year.

Region 1 Region 2
a)Reference Period b)TP2: 2051-2070 c)Reference Period d)TP2: 2051-2070

Fig. 3. Quality metric for tomato cultivation for the a, c) reference period, and b,d) TP2 (2051-2070) time period, for 
the two regions

Finally, there is a gradual increase in days that the quality nutrients cannot be synthesized, resulting in reduced tomato 
production quality (Figure 3). More specifically, during the reference period, only the class of 5-10 days appears in a 
few years (Region 1 and Region 2). The first future period (TP1) almost all years show the class 5-10 days, while some 
years also show the class 15-20 days (not shown). The increase in the days of reduced quality in the second future period 
(TP2) is significant. At the end of TP2 for both regions, the days of reduced quality expanded from May to September. 
In summer, the plant shows reduced product quality for more than 20 days per month.

4 Conclusions
The present study was designed to determine the impact of climate change on tomato in two regions: Pieria (Eksohi) 
and Vasilika (Thessaloniki). The data used in this research is the regional climate model data, RegCM4 following the 
RCCP8.5 scenario. Some of the more significant findings to emerge from this study are:

- The analysis of the biophysical impact of climate changes associated with regional warming shows that higher tem-
peratures generally hasten plant maturity in annual species, thus shortening crop plants’ growth stages.
- There is an extension of cultivation suitability to transitional months (May, September) for tomato
- The Accumulated Grown Degrees Day (AGDD) will be reduced into the two regions. 
- For tomato cultivation, it seems that there will be the possibility of more growing seasons per year. 
- The quality of tomato production decreases significantly in the second future period (2051-2070) in July and August. 
- Tomato cultivation in Vasilika region will be affected more than Pieria region by climate change.
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Abstract: The Hellenic National Meteorological Service favors the implementation of the climatic version (CCLM) of 
COSMO Model as a proper choice towards the climate investigation of the wider area of Greece as well as a potential 
tool for seasonal forecasting. Of special value is the non-hydrostatic formulation of the Model that makes it suitable for 
downscaling at a horizontal spatial resolution between 1 and 20 km.  The model performance is examined over a 0.06250 
(~6.5km) horizontal grid mesh for the wider area of Greece by placing emphasis over the Central and Eastern Mediter-
ranean area. The forcing was applied by employing dynamical downscaling on the existing results of CCLM over the 
MENA-CORDEX domain at 0.220. These data were provided by CMCC Foundation, where CCLM was forced by the 
global atmospheric reanalysis of ERA-INTERIM of ECMWF. Results related to 2-meter Temperature for 10 representa-
tive Greek meteorological stations are presented. At a later stage, the goal is to go beyond this period by using the results 
from Global Climate models for simulations over the 21st century according to the IPCC RCP4.5 scenario.

Keywords: climatic modeling; Era-Interim; MENA-CORDEX; downscaling; COSMO-CLM; Mediterranean.

1 Introduction
Over the last thirty years, regional climate models (RCMs) have been developed as the natural complement of their 
global counterparts (GCM) mainly towards the direction of dynamical downscaling (Giorgi and Mearns, 1991). A prin-
cipal motivation of this development stands on the possibility to resolve climatic issues on the local scale, a critical 
endeavor from the scientific perspective but also in relevance to the various resulting policies regarding long-term 
environmental topics. Furthermore, high resolution allows the possibility to obtain more detailed climate analysis and 
scenarios, which can be useful for several applications, especially as an input for impact models (Rianna et al., 2016). 
The significance of these features is highlighted by the WCRP (World Climate Research Programme) of WMO (World 
Meteorological Organization) through the CORDEX (COoRdinated Climate Downscaling Experiment) (Giorgi et al., 
2009). Within this framework, the climatic version of COSMO numerical weather prediction model CCLM (COSMO 
Climatic Limited-area Model, https://www.clm-community.eu/) (Rockel et al. 2008) is addressing state of the art cli-
matic studies almost in every CORDEX designated area and in a wide range of applications (Jacob et al., 2014).  As 
a founding member of COSMO (Consortium of Small Scale Modeling, http://www.cosmo-model.org/), the Hellenic 
National Meteorological Service (HNMS) considers CCLM as a suitable candidate to cover the ever increasing need 
for high level climate products. Upon the successful installation of CCLM at the Cray XC super-computing system of 
ECMWF (European Center for Medium Range Forecast), it was considered to test the model pragmatically by downs-
caling the CCLM results obtained by CMCC (Centro EuroMediterraneo sui Cambiamenti Climatici) Foundation for the 
wider MENA CORDEX domain (Bucchignani et al. 2016a, Bucchignani et al. 2016b, Bucchignani et al. 2018). More 
specifically, a high-resolution simulation over a 0.06250 (~6.5km) horizontal grid mesh was performed over the wider 
Eastern Mediterranean area with an emphasis on Greece for the period 1979-2005 nested into the MENA-CORDEX 
domain at 0.22° resolution (Fig.1). 

Fig.1. MENA-CORDEX domain (left part). The orange line indicates the domain used to perform the simulations at 
0.06250. The positions of the considered meteorological stations along with the last three digits of their international 
code numbers are displayed in the right part of the figure.
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As an indication of the model performance, the computed average monthly mean values for 2-meter Temperature (T2m) 
has been considered, being one of the most basic climatic variables. Modeled T2m values were found to be in fair agree-
ment with those provided by the climatic database of HNMS for ten selected meteorological stations spread over the 
whole area of Greece. Their seasonal variability was consistent with the resulting climatic values and in good compari-
son with observations.

Fig.2. Monthly average and trend lines are displayed for the T2m (deg C) over the period 1979-2005 for the ten sta-
tions under consideration, where blue and orange colors stand for observation and ERA-INTERIM driven simulations 
respectively.
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2 Data and Methodology
The Model set-up refers to a domain that covers the wider area of Central and Eastern Mediterranean with Greece in 
the middle (orange frame in Fig.1) over a horizontal grid of 0.06250 (~6.5 km) (360x260 points), 40 vertical levels and 
40-second integration time-step. It was forced with data provided by CMCC related to an ERA-INTERIM (www.ecm-
wf.int/en/forecasts/datasets/reanalysis-datasets/era-interim) driven simulation with CCLM over the MENA-CORDEX 
domain shown on the left part of Fig.1 (Dee et al. 2011,  Bucchignani et al. 2016b) over a  0.220 (~25 km) horizontal 
grid of  524x226 points, 40 vertical levels and 40 second time-step.

Fig.3.  Comparisons of the 1979-2005 period averages for the ten stations  for the ERA-INTERIM driven simulations 
against observations ( orange and blue color respectively) for monthly T2m, T2m_min and T2m_max (0Celsius).

The version 5.0_clm9 of CCLM was used in this investigation. The model ran at ECMWF’s High Performance Comput-
ing Facility (HPCF) on the Cray XC40 super-computing system (https://confluence.ecmwf.int/display/UDOC/HPCF). 
Hourly meteograms for sixty metereological stations over Greece were produced based on the nearest grid point to their 
geographical coordinates. From these meteograms, 10 stations were selected and their mean monthly T2m were com-
pared with those of the existing climatological database of HNMS. The selected meteorological stations are spread over 
the whole domain of Greece to address the model performance in reference to the various climatological features of the 
country.  The stations of Thessaloniki (LG16622), Nea Filadelphia (LG166701) and Heraklion (LG16754) were chosen 
as a skeleton regarding the meridional geographical character of the mainland as well as the main metropolitan areas of 
Greece. Some of the continental climatic features were addressed via the choice of the stations of Kastoria (LG16614), 
Ioannina (LG16642) and Larissa (LG16648). The stations of Elefsina (LG16718) and Araxos (LG16687), positioned 
relatively closer to the coastline are also considered along with the island station of Kos (LG16742) and the station of 
Tanagra (LG16699) positioned north of Attica and the wider metropolitan area of Athens.

3 Results
The average mean monthly values of T2m over the period 1979-2005 are presented at first against the corresponding 
values derived from the climatological database of HNMS for the selected stations (Fig.2). The trends provided by 
the model are consistent and in fair agreement with the climatic values for all these stations. However, there is a clear 
relative overestimation for Thessaloniki (LG16622) and Larissa (LG16648) as opposed to an underestimation for Nea 
Filadelphia (LG166701) and Elefsina (LG16718) stations.
 In the left upper part of Fig.3, it is shown that there is an overall overestimation of 1.41 degrees Celsius of the average 
monthly minimum T2m over all stations while the corresponding overestimation regarding maximum T2m is reduced 
to 0.44 degrees Celsius. However, in the same figure, it can be seen that the overall increase of the average monthly 
temperature for all stations is 0.05 degrees Celsius. In analogy to the same fields and with reference to every one of the 
considered stations, the average monthly minimum T2m  is overestimated by the model, mainly for the stations geo-
graphically positioned in the northern part of the country while for Elefsina station (LG16718) there is a small underes-
timation (lower left part of Fig.3). 
Regarding the average monthly maximum T2m (lower right part of Fig.3) the situation is more disperse. There is an over-
estimation for Kastoria (LG16614), Thessaloniki (LG16622), Larissa (LG16648), Araxos (LG16687), Kos (LG16742) 
and Heraklion (16754) stations. In contrast, there is an underestimation for Ioannina (LG16642), Tanagra (LG699), Elef-
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sina (16718) and Nea Filadelphia (16701) stations. The status of the trend regarding these references remains practically 
the same for the average monthly T2m shown in the upper right part of Fig.3.
     
4 Conclusions
Despite the fact that this work was carried out for testing purposes regarding the installation and implementation of 
COSMO-CLM at HNMS, the results can be regarded as encouraging justifying the substantial computational resources 
that will be invested. The model is properly addressing the local climatic features of Greece regarding T2m, leaving 
plenty of space for further investigation. A more systematic testing is in progress in compliance with the standards 
demanded by the community of climatology, in particular considering other variables besides temperature like precipi-
tation and wind.  It is worth noting that MENA-CORDEX domain could not be the optimum choice since Greece lies 
relatively far from its center to its north side, but the results look realistic and probably they will provide important com-
plementary resources for simulations for domains closer to those of the EURO-CORDEX domain. Further work is in 
progress for climatic simulations over the whole 21st century considering the IPCC RCP4.5 scenario (Moss et al., 2010).  
The outcome of this work is also expected to be used as a basis for further downscaling activities that might lead to 
considerable advances towards the evolution of the climate of Greece and the Eastern Mediterranean on the local scale.

Acknowledgments CMCC Foundation (Italy) is gratefully acknowledged for providing the COSMO-CLM output at 
0.220 over MENA-CORDEX domain.
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Abstract: It is widely recognized that wildfire risk is likely to be exacerbated by climate change. Vulnerability and risk 
assessments encompass several elements to express the complex interaction of the different factors that determine the 
system proneness to fire. In this study, we evaluate the potential fire behaviour and exposure at the regional level under 
climate change for three representative vulnerable areas of the Mediterranean (Sardinia, Corsica, and Crete islands). 
Towards this aim, we first map the spatial and temporal distribution of fire danger and then apply the high-resolution fire 
spread and behaviour model (FlamMap), which requires several topographic, fuel type and meteorological parameters. 
Wind speed and fuel moisture content data necessary for fire simulation are derived from the 3-hourly climatic output 
of EURO-CORDEX RCM/GCM pairs. We find that under the RCP2.6 scenario, the conditions towards the end of the 
century are returning closer to the present, though, under the RCP8.5 a prominent increase of potential fire behaviour 
and exposure is evident, especially for Crete. The obtained information concerning burn probability and intensity can 
contribute to mapping fire behaviour changes due to climate change, and supporting fire managers, decisions, and policy 
makers to respond to the potential increase in fire vulnerability and risk.

1 Introduction
Wildfires play important role in the Mediterranean ecosystems impacting positively and negatively all biosphere com-
ponents and with aftereffects on different spatial and temporal scales. They determine landscape structure and plant 
composition and cause enormous economic and ecological damages, besides human casualties (Haas et al. 2015). In the 
Mediterranean, wildfires are mainly related to human activities (FAO 2013) and vary considerably from year to year, 
suggesting a strong dependence on fire-weather conditions, such as droughts and heatwaves (Bedia et al. 2014). 
However, during the past decades, fire frequency and fire extent have changed (e.g. Pausas and Fernández-Muñoz 2012, 
Turco et al. 2016), as well as the burning patterns, especially concerning the fire-prone areas expansion (e.g. Arianoutsou 
et al. 2008, Koutsias et al. 2012) and the lengthening of the fire season (e.g. Koutsias et al. 2015). Moreover, it is widely 
recognized that wildfire risk and exposure are likely to be exacerbated by climate change (IPCC 2014). A substantial 
increase in temperatures and drought conditions will likely alter the actual fire regime and may lead to an increase in 
fire hazard and risk. Extreme events, such as droughts, heatwaves, and strong winds, facilitate the incidence and the 
behaviour of forest fires, especially when followed by poor forest management. Within this context, determining climate 
change impacts and assessing vulnerabilities and risks are essential steps for efficient adaptation measures and adequate 
preparation of landscape and society for the future risks imposed by climate change. 
Here, we apply FlamMap model (Finney 2006), which allows the simulation of thousands of fires and generates burn 
probability and intensity maps. We aim to estimate and evaluate future climate fire characteristics and impacts and iden-
tify landscapes prone to large and severe fires, under different climate models, future emissions, and time periods for 
three Mediterranean islands; Sardinia, Corsica, and Crete.

2 Data and Methodology
FlamMap model (Finney 2006) requires a gridded landscape file composed of eight layers related to fuels and topogra-
phy: elevation, slope, aspect, fuel models and canopy cover, canopy bulk density, canopy base height, and stand height. 
Here, we assembled all input data at a 500-m resolution. The topographic input data (elevation, slope, and aspect) were 
derived from a 25-m digital elevation model. 
To define fuel type and canopy cover layers, we reclassified the 2018 Corine Land Cover map (500 m resolution) fol-
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lowing Salis et al. (2013). We obtained 13 fuel types, for which we associated standard or custom fuel models (e.g. Scott 
and Burgan 2005) from the original 44 Corine Land Cover categories in the study area. The canopy fuel layers (canopy 
bulk density, canopy base height, and stand height) were built using average values derived from the Italian Inventory 
of Forests and Forest Carbon Sinks (INFC 2005).
Wind speed and fuel moisture content data necessary for fire simulation were derived using 3-hourly climatic output 
from state-of-the-art RCM/GCM pairs, developed within the EURO-CORDEX initiative, for three periods [1986–2005 
(reference), 2046–2065 (near future) and 2081–2100 (distant future)]. The future simulations are based on two RCPs; 
RCP2.6 and RCP8.5. The selected RCM/GCM pairs are a) ICHEC-EC-EARTH/RCA4, b) MPI-M-MPI-ESM-LR/
RCA4, and c) MOHC-HadGEM2-ES/RCA4. Wind speed frequency was estimated considering the fire season periods 
for each island and each study period and the most recurring wind speed was used in the simulations. We estimated 
dead and live fuel moisture using the Fine Fuel Moisture (FFMC) and Drought (DC) codes of the Fire Weather Index 
(FWI) system as indicators because they have been proved to be good estimators of dead and live surface fuel moisture 
(Lozano et al. 2017).
Specifically, the FWI system provides numerical non-dimensional ratings of relative fire potential for a generalized fuel 
type (mature pine stands) based solely on weather observations (van Wagner 1987). Since 2007, FWI has been adopted 
at the EU level and used by the European Forest Fire Information System (EFFIS) of the Copernicus Emergency Man-
agement Service (since 2015). It is widely used for exploring the mechanisms of fire danger change, and it has been 
proved to adequately perform for several locations, including the Mediterranean basin (e.g. Viegas et al. 1999, Dimi-
trakopoulos et al. 2011, Giannakopoulos et al. 2012, Karali et al. 2014). FFMC provides numerical ratings of litter and 
other fine fuels’ moisture content, while DC represents the average moisture content of deep, compact organic layers. 
To estimate fuel moisture conditions, for each selected island and period, DC and FFMC were classified as ‘moderate’, 
‘moderate-dry’, ‘dry’, ‘very dry’, and ‘extreme’. Then, specific fuel moisture conditions were associated with each 
class, which were used in the simulations. Finally, we calculated the percentage of days corresponding to the above five 
fuel moisture categories.
The wildfire simulations were performed using the minimum travel time (MTT) fire spread algorithm of FlamMap. This 
technique calculates the fastest fire travel time along straight-line transects connecting nodes (cell corners) of the grid 
(Finney 2002, 2006). We simulated 50,000 random ignitions for Sardinia and 20,000 for Corsica and Crete for each fuel 
moisture conditions. Simulations were performed at 500 m resolution, in agreement with the data inputs, with constant 
fuel moisture, a burning period of 10 hours for each simulated wildfire, and spot probability of 1%. Wind speed was 
fixed at 16 km h-1 and direction at 315° for Sardinia and Corsica and 45° for Crete, which reflected the most common 
conditions of the most extreme wildfire in the study areas. 
FlamMap outputs are the Burn Probability (BP), the Conditional Flame Length (CFL), and the Fire Size (FS). BP is 
the spatial likelihood that a pixel will burn given a single fire in the study area; CFL defines the weighted mean of the 
different flame lengths generated from the multiple fires burning each pixel; FS represents the extent of the fire for each 
ignition point in the simulations. The outputs are calculated and presented at NUTS 3 level (nomenclature of territorial 
units for statistics at level 3) (Fig. 1).

Fig. 1. Nomenclature of territorial units for statistics at NUTS 3 level of the three study areas.
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3 Results
The FWI values for the fire season (May to October) are used as the climate hazard indicator under both future change 
scenarios. The normalized (for comparable results among the islands) FWI values on a sub-island (municipality) scale 
(Fig. 2) evaluate vulnerable areas concerning the potential of fire occurrence at the regional level under climate change 
by mapping the spatial and temporal distribution of fire danger. As FWI is based solely on meteorological variables, 
projected changes in temperature, precipitation, relative humidity, and wind patterns under both RCP2.6 and RCP8.5 are 
reflected in the FWI patterns throughout the study areas. It is found that the fire danger increases as we move from west 
to east and from north to south. Under RCP2.6, it seems that the fire danger returns to the present conditions towards 
the end of the century. Under RCP8.5, the increase is much more prominent, ranging from 22% to 46%, with the largest 
difference for Corse and Sardinia, which implies that the climate variables of FWI for the central Mediterranean will be 
more affected under this scenario.
From the outputs of FlamMap simulations, the set of fire exposure indicators maps (BP, CFL, FS) was derived for the 
different models, study periods and islands at a spatial resolution of 500 m (not shown). In order to provide information 
on the most relevant areas at high risk, here we analyzed the difference between the reference period (1986–2005) and 
the near future (2046–2065) and distant future (2081–2100) at the administrative level of NUTS 3 (Table 1). 

Fig. 2. Normalized FWI distribution on Sardinia (upper left), Corsica (upper right) and Crete (lower) for the reference 
period, RCP2.6 near future, RCP2.6 distant future, RCP8.5 near future, RCP8.5 distant future.

For Sardinia, the highest values of probabilities were observed in Sud Sardegna (0.0005) regarding present climate. 
Considering fire length, the highest values were again observed in Sud Sardegna (~1.2 m), while the lowest values were 
observed in Oristano (~0.75 m). Finally, fire size is maximum in Sud Sardegna (~1130 ha) and the lowest values in 
Cagliari (~630 ha). 
For Corse, the highest probability (0.0010) and fire size (870 ha) are found for Corse du Sud, but the fire length is higher 
in Haute Corse (~1.23 m) against Corse du Sud (1.16 m). 
For Crete, Lasithi and Rethymno exhibit the higher burn probability (0.0020). Regarding fire lengths, the highest values 
are also observed in Lasithi (1.44-1.45 m) and the lowest in Heraklion (0.89). Fire size is again larger in Lasithi (1780 
ha), while the lowest values were observed in Chania (1380 ha). 
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Under RCP2.6, the burn probabilities in Sardinia and Corsica slightly increase and tend to return to present conditions 
towards the end of the century. In Crete’s regions, the increase is more prominent and persists towards the distant future. 
Similarly, the fire length (CFL) and fire size (FS) values exhibit a marginal increase for Sardinia and Corse regions, but 
the increase in more evident for Crete, especially for Heraklion.
Under RCP8.5, the increase of burn probabilities is much more prominent than RCP2.6, reaching in distant future 27% 
in Sardinia, 30% in Corse, and 35% in Crete. Likewise, CFL values greatly increase for the baseline exceeding up to 
22% in the distant future. The evolution of FS is analogous to BP and CFL in all the sub-areas.

Table 1. Future changes (%) derived from the 3-model ensemble of Burn Probability (BP) Conditional Flame Length 
(CFL) and Fire Size (FS) for the subareas of Sardinia, Corse and Crete under RCP2.6 and RCP8.5 for the near (2046–
2065) and distant future (2081–2100). 

4 Conclusions
This study aimed to improve our understanding of the potential impact of future climate change on wildfires for three 
Mediterranean islands, using a wildfire spread modelling approach, three regional climate models (RCMs) under two 
RCP scenarios (RCP2.6 and RCP8.5).
According to the fire danger analysis, as approached by the Fire Weather Index (FWI), based solely on meteorological 
variables, the danger increases from central to the eastern Mediterranean, which maximizes the distant future RCP8.5. 
On the contrary, under RCP2.6, fire danger slightly increases only for Crete. 
The changes of FWI and, more specifically, of fine fuel moisture and drought codes (FFMC and DC), greatly influence 
fire characteristics. Under the RCP2.6, the burn probability (BP), the fire length (CFL) and size (FS) seem to return to 
the present climate conditions towards the end of the century, especially in Sardinia and Corsica. On the other hand, 
under the RCP8.5 the increase is much more prominent, ranging from 6% to 37%, for fire characteristic and time period. 
These changes are more prominent in Crete, with maximum values for all fire characteristics appearing in Heraklion.
This information concerning burn probability and fire intensity obtained through this approach can contribute to map-
ping fire behaviour changes due to climate change, and support fire managers, decision and policymakers to respond to 
the potential increase on fire vulnerability and risk.
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Abstract: The climate over the Middle East and North Africa (MENA) region is simulated using the Weather 
Research and Forecasting (WRF) model driven by the ERA- Interim reanalyses. WRF is coupled with two differ-
ent land surface schemes (LSS), Noah and NoahMP, at 50 km and 16 km horizontal resolution simulations for the 
period 2000- 2004. We calculate coupling metrics related to the soil moisture - air temperature feedback. The effect 
of the different LSS and model resolution on the derived metrics is quantified and the role of the associated soil-
moisture temperature feedback is discussed.

1 Introduction
It is anticipated that simulations with higher horizontal resolution regional climate models (RCMs) improve the repre-
sentation of climate. An added value is expected in regions with variable orography, land–sea and other contrasts, as well 
as in capturing sharp, short- duration and extreme events (Rummukainen, 2016), however, this is not always obvious 
(Bucchignani et al., 2018). Kotlarski et al. (2014) revealed that the impact of higher resolution depends on the season 
and the domain considered. A better representation of heat wave indices over the Mediterranean (Molina et al., 2020) and 
of warm extremes over Europe (Vautard et al., 2013) has been achieved when reducing the grid size of the performed 
simulations. Bucchignani et al. (2016) explored the effects of increasing spatial resolution over the region of Middle East 
and North Africa (MENA) and stated that improvements had been achieved for various climatological aspects.
Research on how the simulated climate is influenced by the model physics in the MENA region has also been the 
focus of several studies, which have tested the Weather Research and Forecasting (WRF) model’s ability to realis-
tically represent the observed climatology under different convection, micro-physics and radiation schemes at 50 
km resolution simulations (Zittis et  al.,  2014a;  Zittis  and  Hadjinicolaou,  2017). The  need for more systematic 
evaluation of the representation of land surface processes in climate models is highlighted by Davin et al. (2016) 
and especially over the MENA domain which is not broadly studied regarding land surface schemes (LSS) (Buc-
chignani et al., 2018). The effect of different land surface schemes coupled with RCMs over this region was investigated 
by Almazroui (2016) and Constantinidou et al. (2020b) revealing a non negligible role on the simulated climate.
As part of the climate system, land-atmosphere interactions are also influenced by the selection of the horizontal resolu-
tion and LSS. Soil moisture - air temperature coupling is the mechanism that describes how soil moisture is affecting air 
temperature via evapo- transpiration, interactions that are particularly relevant to the occurrence of temperature extremes 
and heatwaves (Seneviratne et al., 2010; Zittis et al., 2014b; Knist et al., 2017), which are becoming more common in 
the area of MENA.
The aim of this work is to study the effect of higher resolution (with the two LSS) on the soil moisture- air temperature 
coupling, which it has been shown, as described in Zittis et al. (2014b), that it is associated with reduced winter/spring 
rainfall and enhanced summer heat. More specifically, two of the best performing LSS deduced from the 50-km runs 
and the evaluation presented in Constantinidou et al. (2020a) are incorporated in WRF in simulations at coarse and high 
resolution. The model output is used to investigate the effect of the choices of resolution and LSS on the above mentioned 
coupling over the MENA-CORDEX domain.

2 Data and Methodology
2.1 Data
The Weather Research and Forecasting (WRF) model (version 3.8.1) is used to perform simulations over the 
MENA-CORDEX domain for a period of five years (2000-2004). As initial and boundary conditions, we 
used the ERA-Interim reanalysis dataset (Dee et al., 2011). The first 11 months (January-November 2000) are 
considered as spin-up period and are therefore excluded from the analysis. The employed model configuration 
follows the one described in Constantinidou et al. (2020b,a) using two options of LSS (Noah and NoahMP with 
dynamic vegetation option turned on) at horizontal resolutions of 0.44◦ (∼50km) and 0.147◦ (∼16km). The 
simulations are implemented over 30 vertical levels.
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2.2 Methodology
The analysis focuses on the effect of soil moisture on near-surface climate, which is associ- ated with changes in 
air temperature brought about the soil moisture-temperature coupling (Seneviratne et al., 2010). Coupling is a 
composite metric, which illustrates how variables are connected with each other (Seneviratne et al., 2010) and 
the strength of the coupling is defined as the degree to which land surface anomalies affect the atmosphere (Soares 
et al., 2019). Metrics are used to discern between dry, moisture-limited–strong–coupling regimes, and energy-
limited–weak–coupling regimes. Dry, moisture-limited–strong–coupling regimes are defined as areas where the latent 
heat flux, in order to compensate for the atmospheric moisture deficit, is constrained by the soil moisture content. 
Energy-limited–weak–coupling regimes, on the other hand, is where the soil moisture content is always suffi-
ciently high, and the latent heat flux is controlled by the state of the boundary layer and of the net radiation 
(Soares et al., 2019).
The analysis here is performed for the summer season (June-July-August; JJA) for the period of 2000-2004. 
We look at the sensible - latent heat fluxes and soil moisture
- maximum air temperature coupling metrics, i.e. associations between these climatic variables, by calculating correla-
tion coefficients between time-series consisting of 10-day averages, non-overlapping, (as in Knist et al. (2017) and 
Soares et al. (2019)), for the WRF simulations coupled with Noah and NoahMP schemes and at ∼16km and ∼50km 
horizontal resolution.

3 Results
As it was previously noted, soil moisture is  driving  variations  in  air  temperature. In areas where soil moisture con-
strains the total energy used by latent heat flux (LH), higher amount of energy is available for sensible heating (SH), 
stimulating an increase of near- surface air temperature.
Since the associated changes are driven by the two turbulent fluxes, the first strength coupling (Figure 1) shows the 
correlation between sensible and latent heat (SH-LH) for the summer season. High positive correlations characterize 
energy-limited regimes, where the available energy limits evapotranspiration (humid areas). The WRF does not simu-
late any wet areas across the MENA domain as defined by this metric, apart from parts in west Asia. Low correlations 
designate dry regions such as deserts, where all the available energy is partitioned into the sensible heat flux(Soares et 
al., 2019). High negative correlations indicate strong coupling (Knist et  al.,  2017). In  Figure  1,  areas  with  low  cor-
relations are observed overall in the central part of MENA. The Noah (16km) simulation (top- left map in Figure 
1) results in more dry regimes than the other runs, outcome that is statistically significant at the 95% confidence level 
(represented with the hatched areas with p-value <0.05). The northern (south-east Europe, Anatolia) and southern (Sa-
hel) parts of the MENA domain are simulated as areas with strong coupling (ρ > 0.6) by all WRF simulations, with the 
exception of Noah-16 which does not capture it in the Balkans.

Figure 1: Summer season (JJA) non-overlapping 10-day average correlation between sensible heat flux and 
latent heat flux of Noah & NoahMP 16 and 50km resolution. Hatched areas indicate correlations that are statisti-
cally significant at the 95% level.
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In order to describe how soil moisture and air temperature are ultimately linked, the correlation between soil 
moisture and maximum 2-metre air temperature is derived for summer (JJA) and it is presented in Figure 2. This 
coupling metric is calculated and examined because it is closely related to temperature extremes that are 
dominant in our area of interest during summer season. It is evident that a strong coupling (more extended areas 
of negative values of correlation) in orange and red colour is simulated by all simulations and especially for the 
northern and eastern parts of the domain. Looking at the upper maps of Figure 2, Noah (high and low resolution) 
simulates more areas with weak coupling. The NoahMP (16km) simulation results in enhanced strong coupling over 
Mesopotamia showing that soil moisture deficit intensifies the increase in maximum air temperature. Conversely, this 
effect almost disappears over the area of Sahel.

Figure 2: Summer season (JJA) non-overlapping 10-day average correlation between soil moisture and maximum 
2-metre air temperature of Noah & NoahMP 16 and 50km resolution. Hatched areas indicate correlations that are 
statistically significant at the 95% level.

4 Conclusions
We examined whether the simulated soil moisture - temperature coupling is affected by the horizontal resolution and the 
choice of LSS. For this purpose, the WRF model was incorporated to perform simulations over the MENA-CORDEX 
domain coupled with Noah and NoahMP schemes at 50 and 16 km resolution for a five-year period (2000-2004).
The assessment of the soil moisture - air temperature effect for summer with the use of two metric couples, indicated that 
the NoahMP simulates a stronger coupling than the Noah, irrespective of the resolution. The strength of this coupling 
varied at different areas around the MENA when considering maximum air temperature, with the NoahMP at 16-km 
producing the strongest one over the western Asia part of the domain.
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Abstract: Climate change is expected, among various other severe consequences, to impact the energy performance of 
buildings. The work focuses on non-residential (NR) buildings and exploits available data from energy audits of about 
2,400 Hellenic NR buildings from the national electronic repository that have been performed for issuing energy per-
formance certificates (EPC). The available information includes general architectural features, construction details and 
mechanical systems characteristics. The data are analyzed for different NR building uses and main services and screened 
in order to increase confidence on the results. The quality checked data are used as examples of real NR buildings to 
estimate the buildings’ energy performance in their existing condition using typical weather data. The work then investi-
gates the impact of climate change, by generating future weather data and estimating the anticipated energy performance 
of these NR buildings in their existing condition and under a retrofit scenario. The assessment considers average climatic 
projections following two representative concentration pathways scenarios. The first is a baseline scenario continuing 
business as usual, representing the highest greenhouse gas emissions. The second is an intermediate stabilization sce-
nario, assuming the imposition of conservative emissions mitigation policies. 

1 Introduction
European policies target buildings in order to achieve a sustainable and competitive low-carbon economy through en-
ergy efficiency and decarbonisation. The challenge of improving energy efficiency is huge, both for the stock of existing 
buildings and for the flow of new constructions. If no action is taken to improve energy efficiency, global energy demand 
is projected to rise by 50% by 2050 [IEA 2013]. Space heating and cooling demand are critical priority areas for energy 
efficiency actions in the building sector. Space heating currently accounts for more than one-third of global energy use 
in buildings and will continue to be a major energy-consuming end use to 2050. On the other hand, space cooling is the 
fastest-growing end use in buildings and could increase by as much as tenfold to 2050 in warm-climates [IEA 2016]. 
About 75% of the European building stock is energy inefficient, while the annual renovation rate ranges between 0.4-
1.2% depending on the country. Therefore, increased renovation of existing buildings may lead to significant savings in 
both total energy consumption and CO2 emissions by about 5% [European Commission 2019].
Buildings typically have a long life span, lasting for 50 to 100 years [Sandberg et al. 2016)]. Therefore, it is important 
to be able to analyze how buildings will response to climate change in the future and assess possible changes in their 
energy use and the corresponding impact on carbon footprint. Climate change is expected, among various other severe 
consequences, to impact the energy performance of buildings, through changes mainly in heating and cooling demands. 
Specifically, global warming will result to less heating during winter and more cooling during summer even in areas 
that have historically not used cooling [Li et al. 2021]. Even in severe cold climates, where the reduction in heating is 
expected to outweigh the increase in cooling demand, there can still be an overall increase in CO2 emissions because of 
the different carbon footprint of generating heat and cold. 
According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [IPCC 2014], there are 
four scenarios defined as Representative Concentration Pathways (RCPs), which describe different climate futures, 
depending on the volume of greenhouse gases (GHG) emitted in the years to come. The RCPs are labelled after a pos-
sible range of radiative forcing values in the year 2100. Radiative forcing is the difference between the incoming and 
outgoing radiation at the top of the atmosphere and the targets for 2100 have been set at 2.6, 4.5, 6.0 and 8.5 W/m2 that 
are reflected into the code names of the RCPs, i.e. RCP2.6, RCP4.5, RCP6.0 and RCP8.5, respectively. The RCP2.6 is 
the most ambitious scenario, with emissions peaking early in the century and then rapidly declining. The RCP4.5 and 
RCP6.0 are intermediate lower emissions scenarios, with emissions stabilizing after 2100. Finally, RCP8.5 is a scenario 
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arising from limited efforts to reduce emissions and with a CO2 concentration continuing to rapidly rise. Each pathway 
results in a different range of global mean temperature increases over the 21st century from 1.6°C to 4.3°C. If no further 
efforts are made to limit emissions, scenarios will lead to pathways ranging between RCP6.0 and RCP8.5.
This work exploits available information from energy audits of Hellenic buildings that have been performed for issuing 
energy performance certificates (EPCs), focusing on non-residential whole-buildings (i.e. stand-alone buildings with 
exclusive use, e.g. office, school). This data is used as case studies of real NR buildings located throughout the country. 
The work then investigates the impact of climate change on weather data and the calculated energy performance of NR 
buildings for two average climatic projections (RCP8.5 and RCP4.5). The calculations are performed with the different 
climatic data to estimate the energy use intensity (i.e. energy per unit floor area) of the various case studies.

2 Building data 
From 2011 until December 2016, a total of about 24,000 energy audits for NR-whole buildings have been officially 
submitted and stored to the national electronic repository (buildingcert). The available information includes various 
parameters concerning the building geometry, construction details and technical characteristics of the electromechani-
cal installations. The data is organized in 30 different building uses* with similar operational conditions and screened 
to ensure better quality by comparing against benchmarks and exclude outliers. At the end of this process, the database 
used in this work includes 2,445 energy audits for NR whole-buildings that will be used as case studies.

* BU1-Hotel (annual), BU2-Hotel (summer), BU3-Guest house (annual), BU4-Guest house (summer), BU5-Guest 
house (winter), BU6-Boarding school, BU7-Restaurant, BU8-Coffee shop, BU9- Music hall, BU10-Theater/Cinema, 
BU11-Exhibition hall/Museum, BU12-Conference hall, BU13-Bank, BU14-Multi-purpose venue, BU15-Indoor Sports 
hall/ Pool, BU16-Kindergarten, BU17-Schools, BU18-Universities, BU19-Private cram school, BU20-Hospital, BU21-
Health care clinic, BU22- Nursing home, BU23-Nursery, BU24-Police station, BU25-Shopping mall, BU26-Small re-
tail, BU27-Fitness center, BU28- Hair salon, BU29-Office, BU30-Library

3 Climatic data
The normative calculations for the energy performance of the buildings according to the national regulation on the 
energy performance of buildings (KENAK), are using monthly values of Outdoor air temperature (℃), Specific humid-
ity (gr/kg) and Solar irradiation on horizontal (MJ/m2). These values are available for 62 Hellenic cities and have been 
derived from 30 year strings of official meteorological measured data up to 2000, from the Hellenic National Meteoro-
logical Service with the use of appropriate empirical or mathematical approaches. This typical climatic data is defined 
in a technical guideline and used by default in all KENAK calculations for the energy performance calculations. This is 
referred to in this work as the “measured” climatic data. 
For future climatological data, we have employed data for the closest land grid point to the meteorological station’s loca-
tion from a transient realization of the Regional Climate Model (RCA4) of the Swedish Meteorological and Hydrologi-
cal Institute [Strandberg et al. 2014] driven by the Max Planck Institute for Meteorology Global Climate Model - MPI-
ESM-LR [Popke et al. 2013]. The simulations were carried out in the framework of the EURO-CORDEX modeling 
experiment with a resolution of the RCA4 model about 12 × 12 km horizontal grid spacing [Jacob et al. 2020].
The data from the regional model do not match the specific location that corresponds to the measured climatic data for 
each city. In order to derive the values for the meteorological parameters for every city in the database, three different 
approaches were considered and tested: Model climatic data from the closest land grid point (model-Point1), Weight 
average of the model climatic data for the four closest land grid points using the Inverse Distance Weighting (IDW) 
method [Melo and Melo 2015], taking into account latitude, longitude and altitude (model-IDW) and Weight average 
of the model climatic data for the four closest land grid points, using the IDW method, taking into account only latitude 
and longitude (model-IDWna).
The monthly values for each of these three approaches and for each of the 62 cities were calculated, averaging the cor-
responding data between 1980–2000, representing the “present” of the model. Comparing the Root Mean Square Error 
of the differences between the derived model climatic data for each approach and the measured climatic data, the model-
IDW approach had a better fit. Furthermore, a linear regression model was applied for each parameter of the model-IDW 
data, in order to bias correct the model climatic data. 
The same procedure was followed for the model climatic data for each of the 62 cities, for the two future time bands, 
namely near future - 2050 (averaging data between 2040-2060) and distant future - 2090 (averaging data between 
2080-2100) and for the two RCP scenarios. The average monthly values for the model-IDW approach were calculated 
and then bias corrected using the same linear regression model. The model-IDW corrected values are referred to as the 
“model” climatic data (Table 1). 
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Table 1. Annual average data from the measured and model climatic data.

4. Building energy performance
The energy audit files were used with the official calculation engine used in Greece for the energy performance of build-
ings to generate the primary energy use intensities for the total consumption (EUIp) and for the different main services. 
Since climate change affects mainly space heating and space cooling, energy consumption for domestic hot water and 
lighting are not presented in detail, but included in the total energy consumption.
As a first step, the energy performance of the NR buildings was assessed for their existing condition using the measured 
climatic data, as well as the model climatic data for the present, near and distant future for both RCP scenarios. As a sec-
ond step, the energy performance of the NR buildings was assessed in case of a retrofit scenario, estimating the resulting 
energy conservation in energy for space heating and space cooling using the measured and the model climatic data. The 
retrofit scenario considered in this study focuses on the thermal insulation of the envelope, since minimizing heating and 
cooling demand is the first step towards nearly zero energy buildings. 

4.1 Existing Condition
The primary energy use for space heating is expected to decrease in the future since the outdoor air temperature is 
expected to increase due to climate change, while the energy consumption for space cooling is expected to increase 
(Figure 1). Projecting the existing condition of the buildings to the future (no retrofit actions taken), the average primary 
heating energy for the thirty building uses decreases for RCP4.5 by 4%-30% and 7%-31% for the near and distant fu-
ture respectively, while for RCP8.5 it decreases by 9%-30% and 28%-58% respectively. On the other hand, the average 
primary cooling energy increases for RCP4.5 by 9%-38% and 17%-47% for the near and distant future respectively, and 
by 16%-44% and 38%-92% for RCP8.5.

Figure 1. Average primary energy use intensity for heating (EUIp,H) on the left and cooling (EUIp,C) on the right, for 
the existing condition of the thirty building uses in the Present (using the measured climatic data), as well as in the near 
(2050) and distant (2090) future for scenarios (a) RCP4.5 and (b) RCP8.5.

4.2 Retrofit Scenario
The energy performance of the NR buildings was assessed in case of a retrofit scenario for the buildings’ envelope. Ac-
cordingly, the thermal transmittance all building envelope elements are set to comply with the minimum requirements of 
KENAK for new buildings. Figure 2 presents the range of the primary energy use intensity for space heating and space 
cooling, as well as the average value for all building uses, for the existing condition (EC) and for the retrofit scenario 
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(RS). Looking at the Hellenic NR sector, the average primary EUI for space heating for the retrofit scenario decreased by 
48% using the measured climatic data. Taking into account the model climatic data for the two scenarios, the decrease is 
about 58% in the near future (2050), while it ranges between 58%-68% in the distant future (2090). On the other hand, 
the average primary energy intensity for space cooling for the retrofit scenario decreases by 12% when taking into ac-
count the measured climatic data. Note that the average primary EUI for space cooling increases by 3%-6% for 2050 
and by 7%-28% for 2090. 

Figure 2. Variation of primary energy use intensity for heating (left) and cooling (right), using measured climatic files 
for the existing condition (EC) and for the retrofit scenario (RS), and various model climatic files.

The primary energy conservation for space heating per building use taking into account the model climatic data is 
slightly increased in comparison to the results using the measured climatic data. Improving the thermal protection of the 
buildings’ envelope in most cases leads to an increase of primary EUI for space cooling by using the model climatic data 
and a decrease by using the measured climatic data. Detailed variations are summarized in Figure 3. 

Figure 3. Average energy conservation percentage of primary energy use intensity for (a) space heating, (b) space cool-
ing and (c) total, per building use, resulting from the retrofit scenario for measured and model climatic data. Near future 
(2050) is presented on the left and distant future (2090) on the right column.

5. Conclusions
This paper examined the potential impacts of climate change on the energy performance of existing Hellenic NR build-
ings. The work exploited available information from about 2,400 energy audits for NR-whole buildings from the official 
national EPC register and used as case studies for buildings located around the country. 
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The building energy performance was assessed using the official calculation engine for issuing EPCs. Two types of 
climatic data were used in the assessment. The typical weather files included in the national regulation with measured 
climatic data for 62 Hellenic cities and model climatic data derived from the Regional Climate Model RCA4, following 
two representative concentration pathways scenarios, i.e. RCP8.5 and RCP4.5. The model climatic data was first vali-
dated for the “present” against the observed climatic data and then corrected using a linear regression model. The results 
show an increase in annual average outdoor air temperature and specific humidity, while solar irradiation remains at the 
same levels compared to the measured climatic data.
The first objective of this work was to analyze the energy performance of the existing condition of NR buildings under 
the present and the future climatic conditions. Looking at the present of the Hellenic NR sector, the average primary 
heating EUI was 138.3kWh/m2 ranging from 4.2kWh/m2 to 503.5kWh/m2 for the different buildings uses, while the 
average primary cooling EUI was 141.3kWh/m2 ranging from 2.8kWh/m2 to 407.9kWh/m2. If no action is taken, the 
primary heating energy is expected to decrease and the primary cooling energy to increase due to climate change. For 
RCP4.5, the primary heating energy decreased by 20% both in near and distant future, while cooling increased by 27%. 
For RCP8.5, the primary heating energy decreased by 20% and 44% in the near and distant future, respectively, while 
the increase for cooling was 31% and 67%. These results are in line with other findings for 2010-2100 [Asimakopoulos 
et al. 2012] that have predicted a decrease in heating energy demand by 50% and an increase in cooling by 85% for 
Hellenic residences.
The second objective of this work was to compare the resulting primary heating and primary cooling energy savings for 
the different NR building uses in near and distant future using the measured and the model climatic data. The retrofit 
scenario considered in this work was for improving the thermal performance of the buildings’ envelope, so as to comply 
with the minimum requirements for new buildings. The primary energy savings for space heating using the model cli-
matic data are slightly increased in comparison to the measured climatic data. On the other hand, for most building uses 
this leads to an increase of the primary energy use for space cooling.
Future work will exploit the model climatic data for improving the Hellenic building stock model and the assessment 
of energy conservation measures for short and long term renovation scenarios. It will also be necessary to account for 
a variable primary energy conversion factor for electricity in the coming decades, which is expected to be significantly 
lower as a result of the increased share of renewables in the energy mix. 
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Abstract: This paper examines the climate change at Macedonia, Greece using the climatic parameters of Annual tem-
perature range (Supan 1880) and thermal Continentality Index (Gorczynski 1918). Specifically it examines the alteration 
of climate type by using a dense network of meteorological stations. There are 85 meteorological stations, belonging 
to the Ministry of Rural Development and Food and Hellas Gold, positioned at the Macedonia district with data dur-
ing period 1950-2010. However, only the data from 43 meteorological stations, of the studying area, had available data 
for temperature, to be used in order to calculate the mean monthly and annual temperature and only 19 had continuous 
data for the aforementioned period. The three periods that were examined are 1954-1984, 1964-1994 and 1974-2004.
The climate type of Macedonia has changed from mixed, Continental and Transitional maritime climatic type to only 
Continental climate type from first to third examined period. This clear change in the climate type is visible at almost 
half meteorological stations of Macedonia. 

1 Introduction
Climate change is a long term alteration of temperature and changes in the typical weather patterns of an area or place 
that is usually characterized by changes regarding temperature, precipitation, and wind. Effective climatic classification 
requires, at least, a 30 year period of data. The spatial temporal distribution of Greece’s meteorological - climatologi-
cal stations was very sparse and therefore any possible climate change was not easily spotted in the past. Most areas of 
North Greece were classified by Peel et al. (2007) at C (temperate, Cfa and Csb) and D (Cold, Dsb, Dfb, Dfa and Dfc) 
climate type, while only specific areas of high altitude at Bsk (Arid) climate type, according to Köppen (1936) climatic 
types, which states clearly a mixed climate type at North Greece. 
In this paper digitised data of 1.150.000 measurements (Grimpylakos 2020) from 82 meteorological - climatological 
were used to define and compare 3 different periods of 30 years each. In order to determine 3 different periods with no 
overlapping and continuous data, at least a period of 90 years is needed. As there were no available data for 90 years 
it was decided to use data from 1954-2004 divided in three different periods of 30 years as follows 1954-1984, 1964-
1994 and 1974-2004, by having overlapped periods of 10 to 20 years; while try to define possible climate changes in 
Macedonia, North Greece. The aforementioned approach, detects possible alterations in climate types that could not be 
examined otherwise.

2 Data and Methodology
The climatic parameters of Annual temperature range (Supan 1880) and thermal Continentality Index (Gorczynski 
1918) were estimated at each one of the 43 stations situated at the district of Macedonia, Greece, for the 3 aforemen-
tioned periods. Unfortunately from 43 stations only 24 had available data for 2 different periods and only 16 for all three 
periods, in order to examine possible climatic change at these periods.  

2.1 Data
Data from 85 meteorological – climatological stations, which correspond to different time periods during an eighty year 
period (1930-2010) and include daily, monthly and annual measurements of precipitation, were provided by the Minis-
try of Rural Development and Food (82) and Hellas Gold (3), while 43 of them included also daily monthly and annual 
measurements of temperature (Grimpylakos et.al. 2013, Grimpylakos 2020). A scientific study of climatic parameters 
for a given area requires at least a 30-year period with good spatial and temporal distribution. For our studying area, 
after sorting the data from all 85 meteorological – climatological stations the three following periods 1954-1984, 1964-
1994 and 1974-2004 were chosen. Climate stability is assumed by absolute homogenization methods, whereas relative 
homogenization methods use data from nearby stations in a climate homogeneous area (Peterson et al. 1998 Aguilar et 
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al. 2003); as the main aim of this research is to examine possible climate change within the study area and at each station, 
no homogenization was done to the stations data to avoid possible alteration to the results. 

2.2 Methodology-Parameters used
The climate change was examined using the climatic parameters of Annual temperature range (Supan 1880) and thermal 
Continentality Index (Gorczynski 1918). Mean annual Temperature range at each station, derives by calculating the 
mean monthly temperature for a 30-year period and abstracting from the maximum monthly temperature the minimum 
monthly temperature. Annual temperature range can be used to categorise the climate type in 4 different types (Supan 
1880):

i. A ≤ 15οC Equator climate type, 
ii. 15οC < Α ≤ 20οC Transitional maritime climate type 
iii. 20οC < Α ≤ 40οC Continental climate type
iv. 40οC < Α Extreme continental climate type.

The Gorczynski thermal Continentality Index (GCI), parameter K, which is most often used in Europe was proposed by 
Gorczynski in 1918 and applied by many researchers (Brázdil et al. 2008b, Mikolaskova 2009, Ciaranek 2014, Szabó-
Takács et al. 2015, Vilček et al. 2016, Grimpylakos 2020).
Equation 1 – Gorczynski for Thermal Continentality K = 1,7(Α - 12sinθ)/sinθ or K = 1,7Α/sinθ – 20,4
Parameter K is the index of continentality expressed as a percent, A is annual range of temperature in °C and θ is latitude 
in degrees (WGS84). Expression A=12sinθ corresponds well to observations above the sea (Gorczynski 1922), constant 
value 1,7 derives from the assumption that Verchojansk, in eastern Siberia, is representative of 100% continentality. K 
value range is 0-100, where 0 is observed at sea locations, where climate is no longer influenced by continental surface 
and 100 at purely continental areas, where there is no influence from maritime air masses. This parameter is not ap-
plicable at low latitudes (Conrad and Pollak 1950) but it is applicable in Greece. Gorczynski suggests three degrees of 
continentality according to parameter K value:

0% ≤ K ≤ 33% Transitional maritime climate type
33% < K ≤ 66% Continental climate type 
66% < K ≤ 100% Extreme continental climate type.

3 Results
All results regarding A and for GCI are shown at table 1 and 2 respectively and are projected at a plot synthesis map 
(2x3) for the three different periods (figure 1).
For the climatic classification by Annual Temperature Range (Supan 1880), during period 1954-1984, only 23 of 24 
stations had adequate data. At this period 13 of 23 stations have Transitional maritime climate type while only 10 of 23 
have Continental climate type (table 1).
During period 1964-1994 all 24 stations had adequate data. At this period 13 of 24 stations showed Transitional mari-
time climate type while 11 of 24 showed Continental climate type which indicates a small change in the climate type 
from Transitional maritime to Continental, but no trend (table 1).
During period 1974-2004 19 of 24 stations had adequate data. At this period there were no stations with Transitional 
maritime climate type and all 19 stations have Continental climate type (table 1). 
The continuity of meteorological – climatological data at stations with serial number 20 to 24 was not adequate and 
therefore those stations could not provide climatic classification for the third period. 
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Table 1. Climatic Classification by Annual temperature range (Supan 1880). Number 1 corresponds to Transitional 
maritime climate type while number 2 corresponds to Continental climate type.  

Regarding the climatic classification by GCI during period 1954-1984, 23 of 24 stations had adequate data. At this pe-
riod 15 of 23 stations have Transitional maritime climate type while only 8 of 23 have Continental climate type as shown 
at table 2. The difference between A and GCI is at Kato Nevrokopi station (tables 1 and 2).
During period 1964-1994 all 24 stations had adequate data. At this period 18 of 24 stations showed Transitional mari-
time climate type while only 6 of 24 showed Continental climate type (figure 2) which indicates a small change in the 
climate type but different than the one shown by the annual temperature range (tables 1 and 2).
During period 1974-2004 19 of 24 stations had adequate data. At this period there were no stations with Transitional 
maritime climate type and all 19 stations have Continental climate type which is exactly the same result as with the an-
nual temperature range classification (tables 1 and 2). 
The continuity of meteorological – climatological data at stations with serial number 20 to 24 was not adequate and 
therefore those stations could not provide climatic classification for the third period (table 2).

Table 2. Climatic Classification by Gorczynski thermal Continentality Index (GCI). Number 1 corresponds to Transi-
tional maritime climate type while number 2 corresponds to Continental climate type.  
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The map (figure 1) projecting the Annual temperature range and thermal Continentality Index at each station through the 
three different periods was created using the ArcMap 10.3 software.

Fig. 1. Map projecting the Annual temperature range (Supan 1880) and Gorczynski thermal Continentality Index (GCI) 
at three periods. A1 and GC1 with blue (1954-1984), A2 and GCI2 with red (1964-1994) and A3 and GCI3 with green 
(1974-2004). Number 1 corresponds to Transitional maritime climate type while number 2 corresponds to Continental 
climate type and line means no data. The trend is clear from period 1 and 2 to 3d period from mixed climate type to 
Continental climate type.
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4 Conclusions
The climate type at Macedonia North Greece, by Annual temperature range classification, has changed from Transitional 
maritime climatic type to only Continental climate type from first to third examined period in 11 of 19 stations. In addi-
tion, the climate type, by Gorczynski thermal Continentality Index, has changed in 12 of 19 stations from first to third 
period. Both climatic classification methods detected a significant and unquestionable climate change from first period 
(1954-1984) to third period (1974-2004) in 11 and 12, respectively, of 19 stations which is 58-63% of stations. 
As shown at this paper, a fifty year period of data with overlapping periods could be used in order to define possible 
climate changes when ninety or sixty years of continuous data are not available. Further research and implementation 
of this method, with overlapping periods, at different areas is suggested. Lastly, it is possible that different climate types 
may apply outside the polygon of the study area, at high distances from the stations or near the sea level. 
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Abstract: Teleconnection patterns (TP) describe recurring and persistent atmospheric patterns that span over various 
geographical regions. TP reflect changes in the large-scale atmospheric circulation and influence temperature, rainfall, 
storm tracks, and jet stream location or intensity over vast areas. TPs are frequently associated with the Madden–Julian 
oscillation (MJO), affect weather and climate phenomena. The MJO is a large scale eastward circulation anomaly, with 
a strong influence on the Northern Hemisphere’s climate conditions. 
The present research aims to study the influence of the MJO pattern over the European area and, more specifically, to 
investigate how the MJO phases are related to two climate parameters, temperature and precipitation. For this purpose, a 
database of NCEP/NCAR reanalysis data covering the period from 1976 to 2015 was used. Extreme values of the RMM 
index (>90%) were used to study the relation between MJO and the European Climate. The results showed that a sta-
tistically significant decrease in precipitation occurs in most MJO phases. In contrast, a statistically significant increase 
in winter temperature is observed in eastern Europe during the 1st and 2nd phases. On the other hand, the 3rd and 4th 
phases of MJO are related to the decrease of winter temperatures over Scandinavia.  

1 Introduction
The Madden-Julian oscillation (MJO) is the main mode of intraseasonal variability across the tropics (Madden and Ju-
lian 1971, 1972,1994). It consists of large-scale atmospheric patterns and is characterized by deep convection that con-
tributes to the variation in diverse climate parameters such as rainfall, atmospheric pressure, wind, etc. One of the most 
essential features that distinguish the MJO from the other phenomena, in the tropical atmosphere, is its slow eastward 
propagation at an average speed of 5ms-1 (Weickmann et al., 1985; Knutson et al., 1986). Although the Madden-Julian 
pattern is referred to as an “oscillation” it does not oscillate normally, but its period ranges from 30 to 90 days (Zhang 
2005). It is detected by a “dipole” which is determined by areas with opposite signal anomalies. In particular, there is an 
eastward-moving center of strong deep convection and increased rainfall (“active” or “enhanced” phase) followed by 
weak convection and decreased rainfall (“inactive” or “suppressed” phase) (Gottschalck et al. 2010). 
Depending on the intensity and the timing of the phenomena, MJO is divided into eight phases (Wheeler and Hendon 
2004). In the first phase, enhanced convection develops over the western Indian Ocean. At the second and the third 
phases, the strong deep convection center moves slowly eastwards over the Indian Ocean and parts of the Indian sub-
continent. At the fourth and fifth phases, enhanced rainfall has reached Indonesia and the West Pacific, and finally at 
the sixth, seventh and eighth phases, the enhanced convection center continues to move eastward from the west to the 
central Pacific Ocean until it dies out.
 Although the MJO is detected in the tropical zone, it displays broad impacts on global weather and climate (Zhang 
2013). It can influence the midlatitude weather, such as the precipitation and the surface temperature (Zheng et al. 2018) 
as well as the extratropical cyclone activity over northern Europe (Grise et al. 2013, Guo et al. 2017). Additionally, MJO 
can modulate various climate phenomena, including monsoons, tornadoes, lightning etc., and affects the frequency of 
occurrence in several climate modes. For instance, Jiang et al. (2016) found an essential relationship between MJO and 
NAO by analyzing NAO events in both active and suppressed MJO phases. 
The present research’s main purpose is to study the influence of the Madden-Julian oscillation on the European climate 
and the correlation between the eight MJO phases with the specific climate parameters for the boreal winter.

2 Data and Methodology
For the needs of this study, daily reanalysis data were obtained from the National Center for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR) over Europe (80°N-30°S, 20°W-45°E) with spatial resolu-
tion of 2.5°x2.5°. The data cover the period from 1976 to 2015 for the boreal winter and, in particular, for the months 
December-February (D-J-F). The reanalysis data represent anomalies and mean conditions for the climate parameters of 
temperature, precipitation, wind and sea level pressure.
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Fig. 22. RMM index’s phase diagram (Wheeler and Hendson, 2004)

To represent the MJO, we utilized the Real-time Multivariate MJO (RMM) index from Wheeler and Hendon (2004), 
which is derived from a combined empirical orthogonal function (EOF) analysis of daily anomalies in the zonal wind, 
at 850hPa (U850) and 200hPa (U200), and outgoing longwave radiation (OLR). The first two principal components, 
referred to as RMM1 and RMM2, are normalized by their standard deviation in order to find the daily amplitude of the 
index:
Each day is plotted as a dot on a phase diagram (Figure 1) to define the MJO phase and the convection center’s location. 
When the daily amplitude of RMM index is greater than 1 the MJO events are considered very strong. On the contrary, 

when the amplitude is less than 1 the convection is very weak or does not exist and can be assigned as phase 0.
In this study, firstly, we obtained the daily values of RMM1 and RMM2, as well as the MJO phase from the Australian 
Bureau of Meteorology (http://www.bom.gov.au/climate/mjo/). It was assumed that the extreme values of the MJO-
RMM index would be the ones that would have the most significant impact on remote areas such as Europe. For this 
reason, percentages were used as an objective method for defining extreme indices. For each phase, the extreme index 
threshold is defined as the RMM value that corresponds to the 90% percentage. Then, the RMM values higher than this 
threshold (90%) were selected and the dates corresponding to them were identified as extreme days. The means and the 
anomalies of the climate parameters (temperature, precipitation, wind, and sea level pressure) were estimated for the 
specific dates and plotted. This methodology was repeated for all phases of the MJO index. 

3 Results
A detailed monthly analysis for the RMM index was accomplished. The number of the days (C.D.) and the extreme days 
(C.D.E.V) that belong in each phase were counted (Table 1).  The mean RMM index for all days and the extreme days 
per phase were estimated as well(Table 2). According to Table 1, the 3rd phase (December),  the 5th phase (December), 
and the 7th phase (February) present the most extreme days ( 21, 22 and 24 respectively). As it is shown in Table 2, the 
highest average values of the index appear in the 3rd phase (3.1, January),  4th phase  (3.2, February) and the 8th phase 
(3.1, February). 

Table 1. Detailed record of the counting days (C.D.) corresponding to each phase of the RMM index per month, and the 
counting days of the extreme values (C.D.E.V.).
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Table 2. Detailed record of the average value of the RMM index for each phase per month (A.V.), and the average of 
extreme values (A.E.V.).

The mean daily data corresponding to the extreme values of the RMM index was acquired from NCEP/NCAR for each 
of the climate parameters. The mean conditions of the lower (surface) and upper (250hPa) zonal wind, and the sea level 
pressure parameters were visualized, as well as the climate anomalies for temperature, precipitation and sea level pres-
sure after their calculation. Finally, the statistical significance of temperature and precipitation anomalies was tested and 
visualized using Student t-test at 95% significance level.  
Figure 2 and 3 display the mean climate conditions prevailing at the fields of the surface zonal wind (e), the jet (h), the 
sea level pressure (f), as well as the climate anomalies in the temperature (a), the precipitation (c), and sea level pressure 
(g) fields. The temperature and precipitation fields are accompanied by the statistical significance maps (Figure (b,d)). 

Fig. 23. The anomalies maps of temperature(a), precipitation(c) and sea level pressure (g) , the mean maps of the sur-
face wind (e), the sea level pressure(f) and the jet stream (h) for the December of 5th MJO phase. The black white maps 
present the statistically significant temperature (b) and precipitation (d) anomalies at the 95% confident level.

Figure 2 presents the synoptic and the climate characteristic of the extreme days of the 5th phase (highest number of 
extreme days in December). The synoptic systems seem to have notable effect on the global circulation. Figure 2h illus-
trates the spiral-like structure of the subtropical jet which extends from eastern Africa to the central Pacific. In contrast, 
the polar jet stream covers the area over North America and terminates in the western Atlantic. The average speed of the 
subtropical jet is estimated to be 55ms-1 , whereas peak values at 75ms-1 occur over eastern Asia. At the left exit region 
of the polar jet,  the Icelandic Low-pressure system is developed (Figure 2f), which seems to be enhanced, as negative 
anomalies are detected at the sea level pressure anomaly field (Figure 2g). The signal of the Azores High system is un-
clear, while at the same time, a high-pressure center dominates over the European area.  In particular, the cyclonic flow 
over the eastern Atlantic (Figure 2e)  caused by the Icelandic Low, is responsible for the increase of the precipitation 
rate up to 2% (Figure 2c), in the United Kingdom and Scandinavia. On the other hand, the lack of rainfall in the  other 
areas and the statistically significant increase of temperature up to 2-4°C (Figure 2a,b), are associated with the dominant 
high pressure system over Europe. 
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Figure 3 displays the synoptic and the climate characteristics of the extreme days of the 3rd phase  during February. It was 
chosen because it seems to be remarkable. In this phase, the subtropical jet extends from western Africa to the western 
Pacific and presents two peak values of 65ms-1 that might be responsible for the synoptic systems modulation (Figure 
3h)). Mainly, the Siberian High is boosted at the higher latitudes, covering the pole area and the northern part of the 
European region (Figure 3f). In fact, at the sea level pressure anomaly field (Figure 3g), positive anomalies are detected 
over Scandinavia and the north-eastern part of Europe. On the other hand, the enhanced Icelandic Low is shifted to the 
central Atlantic. Its cyclonic flow is observed at the surface zonal wind field having maxima wind speed greater than 
11ms-1 (Figure 3e). Additionally, westerly winds prevail at the Mediterranean, contributing to the rainfall increase at the 
right part of the basin (Figure 3c). The extension of the Siberian high-pressure system over northern Europe is affili-
ated with statistically significant negative anomalies in the temperature and precipitation fields (Figure 3a,b,c,d). More 
specifically, the negative temperature anomalies show statistically significant decrease of temperature up to 10°C over 
eastern Scandinavia and 4-9°C over eastern Europe, accompanied by a precipitation deficit.

Fig. 24. The anomalies maps of temperature(a), precipitation(c) and sea level pressure (g), the mean maps of the surface 
wind (e), the sea level pressure(f) and the jet stream (h) for the February of 3rd  MJO phase. The black white maps present 
the statistically significant temperature (b) and precipitation (d) anomalies at the 95% confident level 

4 Conclusions and Discussion
The present study aims to investigate the impact of the Madden-Julian Oscillation on the European climate, examining 
how climate parameters are modulated by each MJO phase. Daily data corresponding to extreme values (>90%) of the 
RMM index are  used, covering the period 1975-2016 for the boreal winter.
 Regarding the results that came up, we realized that in most MJO phases, positive anomalies in the temperature field 
prevail in the wider European area. The statistically significant increase of temperature is observed in eastern Europe 
during the 1st and 2nd phases, which is consistent with Matsueda and Takaya (2015), who found that the extreme warm 
events over Scandinavia are associated with the 1st and the 2nd RMM phases. Matsueda and Takaya (2015) also hypoth-
esized that the extreme cold events over eastern Europe are affiliated with the 4th RMM phase. This result is in accord-
ance with the present study. We found that during the 3rd and 4th phases (February)  statistically significant decrease of 
temperature over the north-eastern part of Europe is noticed. Additionally, a decrease of temperature with statistical 
significance is detected over Europe during the 7th and 8th MJO phases, which can be associated with the negative NAO. 
Henderson et al. (2016) also found that during the 7th MJO phase, the Azores High and the Icelandic Low in the Atlantic 
are being weakened, resulting in the negative phase of NAO. Regarding the precipitation parameter, statistically signifi-
cant decrease is observed in most of the MJO phases  . Only in January, the 2nd , 3rd, and 4th phases presented an increase 
in rainfall parameter, which seems to be associated with the enhanced positive NAO. Lin et al (2015) found that the 
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enhanced convection over the Indian Ocean, corresponding to the 2nd-4th MJO phases, leads to more frequent positive 
NAO cases. Ubo (2008) also analyzed the winter circulation and showed that the Norwegian coast, as well as the north-
ernmost part of Scandinavian Peninsula, is directly affected by the moist westerly winds generated by the confluence of 
the Icelandic Low and Azores High over the Atlantic that, together with orographic lifting, cause precipitation. 
Our results confirm that the MJO pattern influences the European climate during the winter depending on the RMM  
index value. However, further work is needed to understand the effects on individual climate parameters and how the 
extreme weather events on the European region are related to each MJO phase.     

References
Gottschalck, J., Wheeler, M., Weickmann, K., Vitart, F., Savage, N., Lin, H., Hendon, H., Waliser, D., Sperber, K., 

Nakagawa, M., Prrestrelo, C., Flatau, M., and Higgins, W. (2010) A framework for assessing operational Madden-
Julian oscillation forecasts. American Meteorology Society, 1247-1258.

Grise, K. M., Son, S., & Gyakum, J. R. (2013). Intraseasonal and interannual variability in North American storm 
tracks and its relationship to equatorial Pacific variability. Monthly Weather Review, 

Guo, Y., Shinoda, T., Lin, J., & Chang, E. K. (2017). Variations of Northern Hemisphere storm track and extratropical 
cyclone activity associated with the Madden–Julian Oscillation. Journal of Climate, 30(13), 4799–4818.

Henderson, S. A., Maloney, E. D., and Barnes, E. A., 2016: The influence of the Madden-Julian oscillation on Northern 
Hemisphere winter blocking. Journal of Climate, 4609,4613, 4597–4616.

Jiang, Z, Feldstein, S., B., and Lee, S. (2016) The relationship between the Madden-Julian Oscillation and the North 
Atlantic Oscillation. Quart. J. Roy. Meteor. Soc., 143, 240-250.

Knutson, R. R., K. M. Weickmann, and J. E. Kutzbach (1986) Global-scale intraseasonal oscillations of outgoing long-
wave radiation and 250 mb zonal wind during Northern Hemisphere summer, Mon. Weather Rev., 114, 605–623.

Lin, H., Brunet, G., & Yu, B. (2015). Interannual variability of the Madden-Julian Oscillation and its impact on the 
North Atlantic Oscillation in the boreal winter. Geophysical Research Letters, 5571–5576.

Madden, R. A., and Julian, P. R., (1971) Description of a 40–50 day oscillation in the zonal wind in the tropical Pacific. 
J. Atmos. Sci., 702–708.

Madden, R. A., and Julian, P. R. (1972) Description of global-scale circulation cells in the tropics with a 40–50 day 
period. J. Atmos. Sci., 1109–1123.

Madden, R. A., and P. R. Julian (1994) Observations of the 40–50 day tropical oscillation: A review, Mon. Weather 
Rev., 112, 814–837.

Matsueda, S., and Takaya, Y., 2015: The Global Influence of the Madden–Julian Oscillation on Extreme Temperature 
Events. Journal of Climate, 4145, 4141–4151.

Uvo, C. B., 2003: Analysis and regionalization of northern European winter precipitation based on its relationship with 
the North Atlantic oscillation. International Journal of Climatology, 1185–1194.

Weickmann, K. M., G. R. Lussky, and J. E. Kutzbach (1985) Intraseasonal (30–60 day) fluctuations of outgoing long-
wave radiation and 250 mb stream function during northern winter, Mon. Weather Rev., 113, 941–961.

Wheeler, M., C., and Hendon, H.H. (2004) An all-season real-time multivariate MJO index: Development of an index 
for monitoring and prediction. Monthly Weather Review., 132, 1917-1932.

Zhang, C. (2005) Madden-Julian oscillation. Reviews of Geophysics.,43,1-36.
Zhang, C. (2013) Madden-Julian oscillation: Bridging weather and climate. American Meteorology Society, 1849-

1870.
Zheng, C., Chang, E. K. M., Kim, H., Zhang, M., and Wang, W. (2018). Impacts of the Madden–Julian Oscillation 

on storm‐track activity, surface air temperature, and precipitation over North America. Journal of Climate, 31(15).



518 | Climate dynamics / Climate change

Spatial and temporal evolution of drought conditions in the eastern 
Mediterranean

Kostopoulou E.1*, Giannakopoulos C. 2 and Varotsos K.V.2 
1 Department of Geography, University of the Aegean, Mytilene 81100, Greece
2 Institute for Environmental Research and Sustainable Development, National Observatory of Athens, Athens, Greece

*corresponding author e-mail: ekostopoulou@aegean.gr

Abstract: Climate change affects the hydrological equilibrium with severe consequences in socio-economic sectors, 
the environment and living beings. The southern parts of Europe are projected to become drier in future, while in some 
cases heavy precipitation events are likely to become more frequent, even in areas where total precipitation is projected 
to decrease. The Eastern Mediterranean region is particularly sensitive to drought and rising temperatures. A decrease 
in precipitation together with high temperatures lead in increased evapotranspiration and pose a severe threat for wa-
ter shortages in the adjacent countries. This study analyses the spatiotemporal characteristics of drought events in the 
Eastern Mediterranean using the Standardized Precipitation Index (SPI). The drought index is used to describe and 
compare present and future long-term projections of droughts under different climatic conditions. The investigation is 
performed for a reference and a future period under RCP 4.5 and RCP 8.5 using a sub-set of high resolution simulations 
from EURO-CORDEX. Spatial distributions of the drought severity according to the indices are plotted and discussed. 
The assessment of drought patterns under climate change provides crucial information for decision-making on future 
management actions within the Eastern Mediterranean region.  

1 Introduction
Drought is the most widespread and damaging natural disaster, with negative impacts on economic and social develop-
ment. Frequent and intense droughts result in significant water shortages that have critical repercussions on agriculture, 
ecosystems, hydrology and the environment (Vicente-Serrano et al. 2010, Zhang et al. 2012). Overall, global warm-
ing will result in increased world precipitation, however climate change is projected to trigger droughts in some areas. 
Eastern Mediterranean is among the hot spots that according to the Special Report on Climate Change and Land of the 
Intergovernmental Panel on Climate Change, drought and desertification are expected to increase due to climate change 
(IPCC 2019). Hence, a better understanding of drought is of primary importance in order to enable early warnings of 
threats to environmental resources and manage future drought risks and water crises (Zhang et al. 2012, Yao et al. 2018). 
Several indices have been developed to depict and monitor drought events. Among the most commonly used are: the 
standardized precipitation index (SPI, McKee et al. 1993), the Palmer drought severity index (PDSI, Palmer 1965) and 
more recently, the standardized precipitation evapotranspiration index (SPEI, Vicente-Serrano et al. 2010). This study 
analyses the spatial and temporal variability of dryness in Greece based on the SPI, for present and future 30-year-
periods using model data to examine potential increasing drought risk in Greece caused by climate change.

2 Data and Methodology 
We used Regional Climate Model Simulations from the EURO-CORDEX (Jacob et al. 2014) to examine past and future 
drought conditions over Greece. The climate projections are available for the period 1971-2098, at a horizontal resolu-
tion of about 12km. The SPI projections were estimated from two regional climate models (RCMs) under two future 
emissions scenarios, the moderate RCP4.5 and the more extreme RCP8.5 (Moss et al. 2010). RCP4.5 is a stabilization 
scenario where total radiative forcing is stabilized before 2100 by employment of a range of technologies and strate-
gies for reducing greenhouse gas emissions. RCP8.5 is characterized by increasing greenhouse gas emissions over time 
representative of scenarios in the literature leading to high greenhouse gas concentration levels. The RCM simulation 
outputs used in this study are: the SMHI-RCA4 driven by three General Circulation Models or GCMs (ICHEC-EC-
EARTH, HadGEM2-ES, MPI-M-MPI-ESM-LR) developed by the Swedish Meteorological and Hydrological Institute 
(Samuelsson et al. 2011, Strandberg et al. 2014) and the Royal Netherlands Meteorological Institute’s KNMI-RAC-
MO22E (Van Meijgaard et al. 2012), driven by ICHEC-EC-EARTH, HadGEM2-ES, CNRM-CERFACS-CNRM-CM5. 
Both RCMs were generated under the EURO-CORDEX initiative (www.euro-cordex.net).
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The Standardized Precipitation Index (SPI) is a widely used index to identify meteorological drought on a range of tem-
poral scales. The SPI is a simple index to calculate as monthly precipitation is the only parameter required as input, and 
the index can be estimated for a wide range of accumulation periods from 1 month up to 72 months (WMO 2012). The 
SPI indicator (McKee et al. 1993; Edwards and McKee 1997) quantifies observed total precipitation amounts for an ac-
cumulation period of interest, as a standardized departure (i.e. anomaly) from a selected probability distribution function 
that models the raw long-term historic precipitation record for that period (European Commission 2019). The SPI values 
for any given location and accumulation period, are classified into seven different precipitation regimes (from dry to 
wet), as shown in Table 1. The SPI value provides a measure of the seriousness of the drought, and since it is normalized, 
this value is comparable from site to site and from year to year (Yuan et al. 2016). Positive SPI values indicate greater 
than median precipitation and negative values indicate less than median precipitation. A drought event starts when SPI 
value reaches -1.0 and ends when SPI becomes positive again. 

Table 1. SPI classification scheme-

The computation of SPI for long accumulation periods (12-months or longer), estimates long-term precipitation patterns 
and identifies anomalous dry and wet periods of relatively long duration and indicates impacts of drought in hydrologic 
regimes and groundwater resources (Vicente-Serrano 2006, European Commission 2019). Shorter timescales such as 
the 6-month SPI indicates medium-term trends in precipitation and can be relevant for practical use, e.g. for detecting 
agricultural droughts, reduced stream flows and reservoir levels (WMO 2012). This work focuses on the SPI timescales 
of 6- and 12-months. The 12-month SPI is a comparison of the precipitation for 12 consecutive months with the same 
12 consecutive months during all the previous years of available data. We used the SPI-12 values of September, which 
represents the hydrological year, denoting the 12 month period from October 1st of one year to September 30th of the 
next year. The 6-month SPI compares the precipitation for that period with the same 6-month period over the historical 
record. A 6-month SPI can be very effective showing the precipitation over distinct seasons. Two 6-month timescale 
SPI have been analyzed in this study. One at the end of March, which compares the precipitation total for the Octo-
ber – March period with all the past totals for that same period. According to the WMO (2012) this gives a very good 
indication of the amount of precipitation that has fallen during the wet season period for certain Mediterranean locales. 
The second 6-month SPI at the end of September, includes the effect of precipitation from April through September 
during the warm/dry season in Greece. The climate projections are available for the period 1971-2098. The 30-year 
period 1971–2000 of the historical simulations was used as a reference period. The analysis was conducted for three 
sub-periods: 2001-2030, 2031-2060, and 2061-2090. Due to paper limited length, detailed analysis is presented for the 
end of the 21st century and 1971–2000 base period. 

3 Results
We used observational data and produced a contour diagram which illustrates the annual precipitation in 20 Greek sta-
tions over the reference period (top-left panel in Fig.1), to identify dry periods. Green and brown colors indicate wet 
and dry years respectively. The 12-month SPI was used to assess the quality of the RCMs in simulating historic climate 
of recent decades. In particular, we investigate the ability of the models to reproduce the spatial distribution of dryness 
for known dry years of the reference period, namely for 1977, 1985, 1988, and 2000 (Fig.1). Both models captured the 
dryness of the region and revealed similar results under RCP 4.5 (shown in Fig.1) and RCP 8.5 (not shown) scenarios. 
In general, KNMI-RACMO22E indicates more intense drought conditions compared to the SMHI-RCA4 (see example 
for year 1988 in Fig.1).
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Fig. 1. Contour plot of total annual precipitation for 20 stations for the 1971-2000 period (top left) and spatial distribu-
tion of 12-month SPI in Greece for selected years from two RCMs under the RCP4.5 scenario.

To evaluate potential future changes towards wetness or dryness in Greece, we calculated the percentage of grid points 
of the study region, which fell within dry conditions (SPI < -1) for the entire period of study 1971–2098. In Fig.2 the 
results of both RCMs, under RCP8.5, are presented for the 6-month SPI of the cold/wet period (October to Match), 
as well as for the 6-month SPI of the warm/dry period (April to September). Overall, the period from 2070 onwards 
seems to become drier for large part of the study region. Regarding the wet/cold period, 20% of the study region seems 
to frequently present moderate to extreme dry conditions by KNMI-RACMO22E. While SMHI-RCA4 projects that, 
occasionally, a large part of the study region (up to 50%) might fall within dry conditions towards the end of the 21st 
century. A swift towards dry conditions is detected by SMHI-RCA4 after the middle of the 21st century. With respect to 
the dry-warm period, we see that 10% of the region will experience dry conditions on a regular basis and occasionally 
the percentage of grid-points showing dry characteristics would reach or even exceed 40% of the area. 

Fig. 2. Temporal evolution of the percentage of grid points which fall within dry conditions (SPI < -1) over the period 
1971–2098. Top row: 6-month SPI for the cold/wet period (October to Match), bottom row: 6-month SPI for the warm/
dry period (April to September).

Additionally, we created maps to visually inspect the dry/wet periods at every grid point, for the reference (1971-2000) 
and the far-future (2061-2090) 30-year-periods. We calculated the percentage of years that a grid point presents dry 
conditions (SPI6<-1). Frequent dryness is found to occur over most of the continental parts of the country, mainly dur-
ing the warm period of the year. The findings regarding the 6-month SPI of the warm/dry period are shown in Fig.3. We 
see that the results between the two scenarios are similar (see first two columns of Fig.3). Under the most severe emis-
sion scenario (RCP8.5), the SMHI-RCA4 projects more frequent droughts compared to the KNMI-RACMO22E, in the 
southeastern Mediterranean area. Towards the end of the 21st century, more than 30% of the years will be characterized 
by dry conditions mainly in the western continental part of Greece. SMHI-RCA4 estimates that dry conditions will also 
affect the eastern Aegean islands, while KNMI-RACMO22E depicts frequent dryness in north Greece. 
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Fig. 3. Percentage of years with dry conditions (SPI6<-1) for the warm/dry period (April to September). Top row: refer-
ence period 1971-2000, bottom row: future period 2061-2090.

To examine the areas which are under greater threat of drought occurrence, we calculated 30-year-averages of the 
12-month SPI using the two RCMs under both scenarios, for the end of the 21st century and the reference period. The 
resulting SPI values obtained by averaging of the annual indicator values are much lower, nevertheless this analysis 
clearly indicates that by the end of the 21st century, the study region will experience more drought. Under the moderate 
emission scenario (RCP4.5), droughts are expected to mostly affect continental parts of western Greece, while dryness 
is projected to become more frequent in central and southern parts of Greece under the most severe emission scenario 
(RCP8.5).

Fig. 4. Spatial means of the 12-month SPI for the two RCMs under both scenarios used. Top (bottom) row panels present 
the reference (future) period.

4 Conclusions
The evolution of meteorological drought was investigated in Greece, using EURO-CORDEX regional climate model 
simulations for the southeastern European domain, and for the period 1971–2098. We calculated 6-month and 12-month 
SPI values based on output from two RCMs under two RCP scenarios and analyzed the dryness spatiotemporal variation 
in Greece. Our results indicated that the SPI calculated based on the RCMs monthly precipitation data well represented 
historical droughts in Greece. Moreover, we implied SPI to predict potential future dryness variations in the study re-
gion. This study provides evidence for increasing drought severity caused by temperature rise. Between 1971 and 2098, 
the temporal distribution of the 6-month SPI revealed increasing drought conditions at large part of the study region. In 
particular, at a seasonal scale, a tendency towards drier conditions has been detected in the wet/cold period in several 
parts of Greece, with the 20% of the grid points frequently falling within dry conditions (SPI<-1), and occasionally up 
to 50% of the grid points presenting drought conditions. At seasonal level, the warm season constitutes the most affected 
period, revealing an increase of dry events over large part of Greece, with 10% of the region experiencing dry conditions 
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on a regular basis, whereas 40% of the area might occasionally present dry characteristics.
In order to take into account the dryness in the various parts of the study area, the percentage of years with dry conditions 
was estimated for the reference period 1971-2000 and the future period 2061-2090. According to the results obtained for 
the 6-month SPI in the warm period of the year, frequent dryness is found to occur over most of the continental parts of 
the country. Most grid points exhibit more than 30% of years with dry conditions towards the end of the 21st century, 
revealing particular dryness in the western continental part of Greece, which normally receive the higher amounts of 
precipitation in the country. 
Finally, for the last 30-year period of the twentieth century, the models simulated drought conditions mainly in eastern 
and central parts of the Greek territory. The spatial means of the 12-month SPI in the twenty-first century suggest an 
overall shift of the SPI towards frequent and spatially extended dry events, which are expected to mostly affect conti-
nental parts of western Greece (under RCP4.5), while drought episodes are projected to become frequent in central and 
southern parts of Greece, compared to other parts of the country (under RCP8.5). Further analysis of SPI trend and spa-
tial and temporal fluctuations will provide a valid method for future dryness forecasting, which assist adaptation policies 
to the adverse impacts of climate change.
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Abstract: The Mediterranean region is considered as a vulnerable region to the impacts of climate change. Global 
warming triggers warmer and drier conditions affecting the climate over the Mediterranean basin. This study investi-
gates the possible future changes of fundamental components of eastern Mediterranean (EMed) summer tropospheric 
circulation during 21st century. For the analysis eleven Global Climate Models available from 5th (CMIP5) and three 
from 6th (CMIP6) phase of Coupled Model Intercomparison Project are used. The analysis is focused on July-August 
(JA) period from 1980 to 2005 according to historical scenario and on the last period of 21st century (2075- 2100) 
under the high emission scenarios (rcp8.5 for CMIP5 and ssp5-8.5 for CMIP6 simulations). The findings for CMIP5 
simulations suggest that during future six out of eleven model simulations show a strengthening of northerly wind com-
ponent. Moreover, the majority of simulations show a significant decrease of JA subsidence over EMed possibly due to 
the weakening of Indian Monsoon activity. Models show that the JA 250 hPa zonal wind speed increases southward of 
about 45°N indicating the strengthening of STJ. Finally, future changes of the dominant features of EMed tropospheric 
circulation in CMIP6 are in line with the results of CMIP5 simulations.

1 Introduction
During the summer period the fundamental features of atmospheric circulation over the EMED are the northerly Etesian 
wind system in low and the subsidence in middle troposphere (Tyrlis et al. 2013; Logothetis et al. 2019). The atmos-
pheric circulation over the EMED is a part of the tropical circulation (over the African domain) and the low-level branch 
of Hadley circulation which are related to the Etesian wind system (Raicich et al. 2003). The Etesians are northern sec-
tor (annual) winds prevailing in the lower troposphere over the Aegean basin during the extended summer months (from 
May to September). They are one of the dominant and most prominent wind system over the east Mediterranean (EMed; 
Dafka et al., 2016). July and August consist the main period for the Etesian regime which they present their maximum 
intensity, persistence and frequency (Logothetis et al., 2019). The northerly flow over the Aegean corresponds in high 
degree to the Etesian regime. Reanalysis data set and CMIP5 simulations for the EMed show a relation between subsid-
ence and northerly winds (Logothetis et al., 2019).
Rodwell & Hoskins, (1996) have established the monsoon-desert mechanism where they explained the mechanism of 
connection between the atmospheric circulation of south Asian Monsoon and EMed. The impact of west Indian Sum-
mer Monsoon (wISM) activity on EMed, through the influence of wISM on Persian thermal Low, acts as a driver for the 
EMed tropospheric circulation (Bollasina and Nigam, 2011). In spite of the rainfall enhancement some studies suggest 
that the large scale circulation over the ISM seems to weakens during the future (Krishnan et al., 2013). The climate 
response of monsoon activity according to the high emission scenario (rcp8.5; Moss et al., 2010) compared to rcp4.5 
is more intense due to the strong global warming. This study is focused on the high emission scenarios (Representa-
tive Concentration Pathways; rcp8.5 and Shared Socio-Economic Pathways; ssp5-8.5) due to the low and moderate 
scenarios. For more information about scenarios please see Moss et al. (2010) and Riahi et al. (2017). Logothetis et al., 
2014a have shown that rcp2.6 and rcp4.5 present inconclusive results in terms of seasonal number and wind speed of 
Etesian days. Previous studies using reanalysis data and model simulations have already shown the connection of ISM 
on EMed summer atmospheric circulation (Tyrlis et al., 2013; Logothetis et al., 2019).
In this work we aim to study the possible changes of dominant features of EMed summer tropospheric circulation 
(northerly winds in low, subsidence in middle and, zonal winds in upper troposphere, respectively). The analysis is 
based on the composite differences of northerly Etesian winds, subsidence and 250hPa zonal wind speed between future 
(2075-2000; according to rcp8.5 and ssp5-8.5 scenarios) and recent-past (1980-2005; historical) periods using CMIP5 
and the next generation of model (CMIP6) simulations, respectively. The analysis is focused on JA future period with 
the maximum changes in EMed atmospheric circulation. Finally, we investigate the impact of ISM activity on the 
change of EMed low tropospheric circulation during future.
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2 Data and Methodology
Monthly data for meridional wind component (10m), vertical velocity (“omega”) at 500 hPa (Ω500) and zonal wind 
speed at 250hPa (U250) have been obtained from CMIP5 and CMIP6 model coupling project (Taylor et al., 2012; 
Eyring et al., 2016). The historical scenario refers to the period 1850-2005 and it imposes changing conditions (e.g. 
including anthropogenic or natural sources, solar forcing, volcanic activity, aerosol emission, GHGs concentrations etc; 
Taylor et al., 2012). In this study, the historical scenario (20th century simulations) for the period from 1980 to 2005 and 
the high emission scenario (rcp8.5) for CMIP5 and ssp5-8.5 for CMIP6 simulations are analyzed. For more information 
about CMIP6 project please see Eyring et al. (2016). In order to evaluate the ability of CMIP5 simulations to reproduce 
the JA subsidence over EMed data from ERA-Interim (ERA-Int.; 1.0°x1.0° spatial resolution), available from ECMWF, 
are used. Please note that ERA-Int was used as reference, so as to facilitate comparison to our previous work (Logothetis 
et al., 2019). In our future work ERA- Int will be replaced with the most recent ERA-5 dataset. We focus our analysis on 
the changes between two periods covering years from 1980 to 2005 (PA) and from 2075 to 2100 (FUT). Moreover, we 
compare the CMIP5 to CMIP6 future projected changes of the dominant tropospheric circulation features of EMed. For 
the analysis we select eleven CMIP5 and three CMIP6 model simulations (namely ACCES-ESM1-5, MPI-ESM1-2-HR 
and MIROC-ES2L). The CMIP6 model selection is based (a) on data availability and (b) we select the CMIP6 simu-
lations from the institutes which the related CMIP5 simulation reproduce fairly well the dominant features of EMEd 
atmospheric circulation (as it was shown in Logothetis et al., 2019). All models are interpolated in common spatial grid 
by bi-linear interpolation (1.0°x1.0°). A two-tailed t test is used for the assessment of the statistical significance at 0.95 
confidence level.
The analysis is focused on East Mediterranean (17°E-31°E, 30°N-41°N; EMed following Logothetis et al., 2019). In 
order to study the possible change in low tropospheric circulation over EMed the meridional wind component com-
posite (JA) difference (m/s) between FUT and PA period (FUT minus PA) are calculated. For the middle troposhpere 
the mean (JA) vertical velocity (Ω500) and the differences between FUT and PA (base period) is calculated in order to 
study future changes in Ω500 over EMed. For the upper troposphere, the (JA) U250 hPa composite difference (m/s) 
between studied periods are calculated in order to study possible changes of STJ. Finally we investigate the change of 
September-October (SO) meridional wind component over the central Aegean (35°N-39°N, 23°E- 28°E) during FUT 
over EMed and the possible connection between Ω500 (-Pa/min) seasonal evolution over west Indian Summer Monsoon 
(70°E-77°E, 5°N-22°N; wISM). The central Aegean region is selected to study the northerly (Etesian) regime over the 
Aegean basin because the sign of Etesian (meridional wind component) peaks over these region (please see Fig. 5 of 
Logothetis et al., 2019).

3 Results
The comparison of model simulations with ERA-Int shows that the majority of GCMs can reliable reproduce the sub-
sidence over EMed (Fig. 1a). The Ω500 differences between FUT and PA show significant changes mainly between 
last period of 21st century (2075-2100) and PA. In particular, seven out of eleven GCMs (Fig. 1d) show a decrease of 
subsidence during FUT and only one shows an increase of Ω500 (IPSL-CM5B-LR) over EMed (please note that posi-
tive values in Fig 1b,c,d show decrease of subsidence during FUT compared to PA period).

Fig. 1. (a) BarPlot of JA mean Ω500 (-Pa/min) over EMED for ERA-Int and CMIP5 simulations.
(b-d) BarPlot of JA mean Ω500 (-Pa/min) differences between FUT minus (2010-2035), FUT minus (2040- 2065) and 
FUT minus PA periods for CMIP5 simulations. Whiskers indicate one standard deviation and the bold bars show statisti-
cal significant differences at the 0.95 confidence level.
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The GCMs analysis do not show clear results over the Aegean basin as far as it concerns the differences between FUT 
and PA of JA meridional wind speed. Three model simulations (Fig.2 a,c and d) presents a weakening of meridional 
wind speed, five simulations (Fig. 2b,h,i-k) show a strengthening of northerly wind components and CNRM-CM5 and 
IPSL simulations (Fig. 2e-g) present limited insignificant increase of meridional wind during FUT. Our results are in line 
with Dafka et al. (2019) where they analyzed a number of Euro-Cordex model simulations. They found a strengthening 
of Etesian winds speed about 0.5 to 1.0 m/s. These results indicate changes in low and middle atmospheric circulation 
during the last period of 21st century compared to base period (PA).
In the upper troposphere, the majority of GCMs show that the U250 increases southward of ~ 45°N indicating the 
strengthening of STJ during FUT (Fig.3). In particular, ACCESS1.3, CMCC, and IPSL- CM5A-LR simulations show 
a significant increase of U250 southward of ~45° (Fig. 3a-c, f). The other model simulations present mainly positive 
insignificant changes (Fig. 3i, j-k) except MIROC5 which shows a significant decrease of the STJ (Fig. 3h). Dafka et 
al., (2019) found that the 200hPa zonal wind is projected to increase northward of 55°N and southward of 45°N during 
the last period of 21st century. These results support our analysis showing the strengthening of STJ southward of about 
45°N. Using the Ω500 as an indicator for monsoon activity (Logothetis et al., 2019), IPSL and CNRM-CM5 
simulations show a strengthening of JA wISM activity whereas ACCESS1.3, CMCC and CanESM2 show a weakening 
of Ω500 over wISM (Fig. 4).

Fig 2. (JA) meridional wind component composite difference (m/s) between FUT and PA for CMIP5 simulations. Stip-
pling shows statistical significant differences at the 0.95 confidence level. Positive/ negative values denote weakening/ 
strengthening of northerly wind speed.

Fig 3. (JA) zonal wind at 250 hPa (U250) composite difference (m/s) between FUT and PA for CMIP5 simulations. Stip-
pling shows statistical significant differences at the 0.95 confidence level. Positive/ negative values indicate a strengthen-
ing/ weakening of easterly zonal wind.
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Furthermore, results of this analysis indicates that during FUT the majority of model simulations show an increase of 
wISM activity during SO period except for CNRM-CM5. This change of Ω500 seasonal evolution possibly explains 
the change of meridional wind over the central Aegean. All model simulations show a significant strengthening of SO 
northerly wind speed over central Aegean (not shown; except for CNRM-CM5 which shows an insignificant strength-
ening of meridional wind). The insignificant strengthening of meridional wind speed of CNRM-CM5 during FUT is 
possibly explained by the insignificant change of SO monsoon activity over wISM   (Fig. 4; note changes in light blue 
line). This result possibly indicates that future changes in seasonal monsoon activity influence on the low tropospheric 
circulation of EMED.
In order to have a first result of the projected changes over EMed atmospheric circulation using the new generation 
GCMs (CMIP6) we calculate the (JA) composite difference maps between FUT and PA for the meridional wind 
speed (m/s; Fig 5 a-c), Ω500 (-Pa/min; Fig 5 d-f) and U250 (m/s; Fig 5 g- h). Results are in line with the analysis of 
CMIP5 simulations. In particular, the CMIP6 simulations show a reduction of northerly wind component over south 
EMed. Over the middle troposphere the Ω500 analysis indicates a weakening of subsidence over EMed. In the upper 
troposphere ACCESS- ESM1-5 and MPI-ESM1-2-HR show an increase of U250 northward of ~60°N and southward of 
45°N during the FUT (Fig. 5g-h). MIROC-ES2L presents an insignificant change of zonal wind speed (~45°N) during 
last period of 21st century.

Fig 4. Ω500 (-Pa/min) seasonal evolution over wISM during (a) PA (1980-2005), (b) FUT (2075-2100) periods and (c) 
the difference of Ω500 (-Pa/min) seasonal evolution over wISM between FUT and PA periods for ERA- Int and CMIP5 
simulations.

Fig 5. (JA) composite difference between FUT and PA for (a-c) meridional wind speed (m/s; please note that negative/ 
positive values denote strengthening of northerly/ southerly winds), (d-f) Ω500 (-Pa/min), and (g-h) 250 hPa zonal wind 
speed (U250; m/s) for CMIP6 simulations. Stippling shows statistical significant differences at the 0.95 confidence level.

4 Conclusions
The analysis shows that CMIP5 simulations compared to ERA-Int can reproduce reliably the magnitude of subsidence, a 
key climatological feature of the middle tropospheric circulation over EMed. The main change of descent motion over 
EMed is presented mainly during the last period of 21st century. Model simulations do not show a robust sign for the 
change of northerly wind speed component during future period. This change of (JA) northerly wind speed over EMed 
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during future period is possibly related to the weakening of (JA) monsoon activity as implied from the respective change 
of (JA) Ω500 over wISM. However, five out of eleven CMIP5 simulation show a strengthening of meridional wind 
speed. Additionally, the strengthening of northerly wind speed component over Aegean during (SO) is possibly linked to 
the strengthening of (SO) wISM activity during future. For the upper troposphere five out of eleven model simulations 
show a strengthening of zonal wind speed southward of 45°N indicating the strengthening of STJ during the last period 
of 21st century. Finally, results of CMIP6 simulations are in line with CMIP5 projected changes of EMed troposperic 
circulation.
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Abstract: Seasonal forecasting occurs between short-term weather forecast and long-term climate projection. Seasonal 
forecasting is carried out for a time period of one to six months from the initial condition. It differs from weather fore-
cast, as the last one gives much more spatial and temporal detail, but for a short period in the future. Beyond a few days, 
the atmosphere’s chaotic nature limits the ability to predict precise changes at local scales. This is one of the reasons 
that meso-scale forecasts of atmospheric conditions present some uncertainty. Early forecasting of potential climate 
anomalies contribute significantly to sectors related to the production process and the environment, such as agriculture 
and the management of water resources and water supplies, but also various sectors of the economy, such as tourism.
The present study addresses the evaluation of different seasonal climate models based on the accuracy of their the tem-
perature projection in Europe. Climate models were evaluated by comparing projections with the most recent reanalysis 
database, ERA5. Results show that the studied climate models present a pattern, an underestimation for the warm period 
and an overestimation for the cold period. The intensity of this pattern differs spatially.

1 Introduction
Seasonal forecasting started only a few decades ago and, since then, has gone through extensive modification. Initially, 
it was used only for academic and research exercises back in the early ‘90s. Nowadays, several meteorological fore-
cast services worldwide provide periodic operational seasonal forecasting activities, providing statistical evaluation of 
weather on a monthly and seasonal basis. seasonal forecast is not weather forecast but it is a long term forecast. Al-
though seasonal forecasts share some methods and tools with weather forecasting, they differ in their purposes. Seasonal 
forecasting is not used to predict the weather expected at a particular location the next few days, but to provide climate 
information about a long time period from one to six months. 
In many studies, seasonal forecasts have been utilized and evaluated by many researchers in sectors related to economy 
and society such as wind energy sector (Lee et al. 2019), water management (Hailu Gebrechorkos, S. and Sheffield, J. 
2020), showing that seasonal forecasting is a constantly evolving research field. Scaife et al. (2014) used Met Office 
seasonal forecast and showed that the winter NAO and regional winter extremes could be skillfully predicted months 
ahead in Europe. The ensemble of Seasonal forecast systems was used to obtain successfully wintertime NAO and AO 
(Athanasiadis et al. 2017; Baker et al. 2018; Kang et al. 2014). On the other hand, some studies claim that seasonal fore-
casting model representations in some phenomena such as global teleconnection pattern found to be too weak (Beverley 
et al. 2019), indicating that there is still plenty room for improvement
The present study focuses on evaluating seasonal forecast systems for the 2m temperature parameter over the European 
continent. 

2 Data and Methodology
Two operational seasonal prediction systems are analyzed GCFS 2.0 (German Climate Forecasting System) and Météo-
France System 6-7  in this study. 
GCFS 2.0 is a coupled model with a 1-hour coupling frequency. It uses the ECHAM 6.3.04 atmosphere model and the 
JSBACH land model with T127 (approximately 100 km) horizontal resolution on a regular gaussian grid. The ocean 
model used is the MPIOM 1.6.3 with 0.4o horizontal resolution on a tripolar grid and thermodynamic and sea-ice dy-
namics with the same resolution as ocean model, configure the GCFS 2.0 forecast system (Baehr et al. 2015). 
Météo-France System 6 (MFS6) is also a coupled model with a 3-hour coupling frequency.  The models used in the 
MFS6 are the ARPEGE v6.2 atmosphere model, the SURFEX v8.1 land surface model, the NEMO v3.4 ocean model, 
and the GELATO v6 sea ice model configure Météo-France System 6 (Dorel et al. 2017) 
Météo-France System 7 configuration is based on the same atmosphere, land surface and sea ice models as System 6 
and an updated ocean model version NEMO v3.6. Furthermore, Météo-France System 7 “runs” on a 1-hour coupling 
frequency (Batté et al. 2019)
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2.1 Data
To evaluate the seasonal forecasting systems, we utilized data derived from the Copernicus Climate Change Service 
(C3S) database, more specifically, seasonal forecast monthly statistics on single levels on 3-month and 6-month lead-
time for July and December of 2018-2020, as well as ERA5 monthly averaged re-analysis data (Hersbach et al. 2020) 
during the same time periods across the European continent. The examined variable is 2m temperature.  

2.2 Methodology
The differences between GCFS and ERA5 and Météo-France (MFS6) and ERA5 were calculated, mapped and com-
pared using climate data operators (CDO) and NCAR Command Language scripts and graphics. The relationship be-
tween seasonal forecast data and reanalysis data was analyzed using scatter plots plotted using the R project.

3 Results
Table 1 summarizes the temperature statistics of the two seasonal forecasting models (for lead time 3 and 6) for the 
four Europe sub-regions (Northwest, Northeast, Southwest and Southeast) during 2019. There was no significant differ-
ence between lead time 3 and 6, both for the winter and summer months. The forecast models overestimate the winter 
temperatures and underestimate the summer ones. An example of the winter temperature overestimation can be found 
in the Southwest sub-region, where the 12oC (ERA5) is overvalued by 1.9oC (GCFS) and 1oC (MFS6). Accordingly, the 
summer mean temperature of 23oC (ERA5) of the southeast sub-region is underestimated by the two models, 21.2oC 
(GCFS) and 22.2oC (MFS6). Another interesting aspect of this table is that the MFS6 model presents closer temperature 
to the reanalysis data than the GCFS forecast model. 

 Table 1. Temperature statistics for the two seasonal forecast models and the two lead times over Europe during 2019.

Figure 1 shows scatter plots of the mean seasonal temperature from the two forecasting models plotted against the 
reanalysis data (ERA5). The correlation analysis results show a strong positive linear relation between the seasonal 
forecast data (both GCFS and MFS6) and the re-analysis data. Extreme negative values of winter temperature were not 
well forecasting by the two models. Summer extreme temperatures are partially related to the re-analysis extremes, for 
both seasonal forecasting models. 
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Fig. 25 Scatterplots for 2m Temperature (oC) during July (Left) and December (right). X axis refers to ERA5 reanalysis 
data and y axis refers to GCFS (red) and Météo-France (blue) data. Top plots refer to 3-month lead time and bottom plots 
refer to 6-month lead time. Black line represents y=x equation linear line.

Fig. 26 Differences in Temperature parameter, between GCFS – ERA5 and Météo-France – ERA5 respectively, in 
3-month and 6-month lead time, during July 2019 over Europe.

The biases between seasonal forecasting temperature and reanalysis data were estimated, the plots for the year 2019 are 
presented in Figure 2 and Figure 3. During July 2018 (not shown), both models represent the European region colder 
than it actually was, in the 3-month lead time. In the 6-month lead time, GCFS represented the Eastern Mediterranean 
region warmer than the reanalysis data, as well as MFS6, overestimated the same aforementioned Balkan region. Re-
garding July 2019 (Figure 2), in the 3-month and 6-month lead time, GCFS and MFS6 represented northeastern Europe 
hotter than it was. While both forecasting models underestimated temperature in Northern Scandinavia. These patterns 
change in the Balkan regions (Bulgaria, Romania) where GCFS underestimates temperature while MFS6 overestimates 
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temperature values. Finally, for July 2020 (not shown), GCFS and MFS6 show different signal, while GCFS underesti-
mates temperature values (except Scandinavia) and MFS6 represents European Continent warmer than it was, with an 
except of the Iberian Penninsula. This pattern occurs in both examined lead times.
In December 2019 (Figure 3), both models represented European region warmer than it was observed, according to 
re-analysis database. It is worth mentioning that MFS6 is underestimating temperature values across Mediterranean 
coastlines, as well as shows worth mentioning differences in Scandinavian coastlines. This pattern does not differentiate 
in the year 2018 or 2020, besides the fact that MFS6 in 2020 shows a more satisfying approach in observed temperatures 
across the coastlines as mentioned above.

Fig 3. Differences in Temperature parameter, between GCFS – ERA5 and Météo-France – ERA5 respectively, in 
3-month and 6-month lead time, during December 2019 over Europe.

4 Conclusions
In this study, standard metrics were applied to the temperature parameter extracted from two seasonal forecasting data 
products to evaluate their performance relative to ERA5 re-analysis data in Europe.. Data derived from the C3S database 
and more specifically, seasonal forecast monthly statistics on single levels on 3-month and 6-month lead-time, as well 
as ERA5 monthly averaged reanalysis data  during July and December of 2018-2020 across the European region. Ιn 
summary, the main results of the work are: 

• The multiple lead times presented no significant differences in the seasonal forecasting model outputs, except the 
extreme values and outliers. 
• Both forecasting models (GCFS and MFS6) show more moderate temperatures than ERA5 ones, meaning warmer 
winters and cooler summers. 
• Model representations underestimate the annual temperature range over Europe.
• Extreme temperatures are better represented by seasonal forecasting models in July.
• Seasonal forecast models  are too weak in representing the temperature values in Northwest and Southwest Europe 
during July and December respectively.

Further analysis will be performed to evaluate which model best represents actual values of climatic parameters on 
seasonal and annual basis.
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Abstract: The estimation of carbon and energy fluxes between the ecosystems and the atmosphere is critical for the 
assessment of their overall performance and their contribution to the global carbon cycle and climate change mitigation. 
In this study we present one-year measurements of the carbon assimilation and energy fluxes of a forest plantation in 
the restored fields of the Western Macedonia Lignite Center, Greece, with the use of the eddy covariance technique. The 
dominant species of the plantation is Robinia pseudoacacia L. The results of this study can contribute to the better un-
derstanding of the species ecophysiology under harsh conditions. The energy closure for the site can be considered very 
adequate, as the sum of latent and sensible heat flux was equal to 88% of net radiation minus soil heat flux. According 
to our measurements, the ecosystem acts as a carbon sink for about half of the year, and as a carbon source for the rest of 
it. The ecosystem acts marginally as a carbon sink, with a total gain of about 15 g C m-2

Keywords: eddy covariance technique, Net Ecosystem Productivity, Gross Primary Productivity
Robinia pseudoacacia., Greece

1 Introduction
The study and accurate estimation of ecosystem carbon and energy fluxes is critical within the scope of understanding 
their overall performance and their response to the ongoing climate change. Terrestrial ecosystems absorb atmospheric 
CO2 in order to produce organic compounds through photosynthesis, a procedure that on ecosystem level is known as 
Gross Primary Productivity (GPP), while at the same time they release CO2 in the atmosphere through ecosystem respi-
ration (Reco). The eddy covariance technique (Baldocchi 2003) is a micrometeorological method that considered as the 
most reliable to provide measurements of carbon and energy fluxes on ecosystem level (Balzarolo et al. 2014).
The rising levels of atmospheric CO2 concentration due to anthropogenic emissions and their attributed climate change, 
leads to a need of a transformation to a lower carbon impact model. Until this transformation is achieved, fossil fuel 
combustion for energy production is not very easy to be totally abandoned, so there is also a strong need for the determi-
nation of methods of mitigation or carbon offsets (Galatowitsch 2009). In this direction, carbon farming, i.e. the establish-
ment of plantations in disturbed lands, has been recognized as a very promising and economically viable method, not 
only for carbon sequestration, but also for ecological restoration and biodiversity enhancement of the disturbed lands 
(Evans et al. 2015). Robinia pseudoacacia is a species that has met many applications in restoration projects (Carl et al. 
2017; Skousen and Zipper 2014), however its ecophysiological performance is not well studied yet (Vítková et al. 2017).
The aim of this study is to present the results of one year of measurements of ecosystem carbon and energy fluxes of a 
R. pseudoacacia plantation in the restored areas of the Western Macedonia Lignite Center, Greece, contributing to the 
better understanding of the species performance and developing a methodology that can be used in other relative ap-
plications.

2 Data and Methodology

2.1 Study site
The site is located on a flat field of about 5*105 m2 (40.59 oN, 21.65 oE) that is part of a greater planted area of about 
24*106 m2 in the restored areas of the Western Macedonia Lignite Center. The dominant species of the plantations is 
Robinia pseudoacacia, a deciduous broadleaf species, which accounts of 95% of the total area of the plantations. The 
age of the trees at the study site is about 20 years. The mean tree height in the study site is 13.5 m and is relatively ho-
mogenous. Understory vegetation consists mainly of perennial grasses, with Cynodon dactylon being the dominant one. 
The growing period of the understory grass starts after leaf fall, as the leaves of trees are very thin and delicate, resulting 
in a very quick decomposition, and it is active until the trees’ leaf expansion, in the beginning of May. The substrate 
consists of deposition material from the mining process that, in general, is very depleted and poor (Papadopoulos et al. 
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2015). Mean annual precipitation for the ten-year period (2010-2020) is 510±156 mm and mean annual temperature for 
the same period 13.36±0.92 oC, as they estimated from the nearby meteorological station of the National Observatory of 
Athens (http://penteli.meteo.gr/stations/amyntaio/).

2.2 Eddy covariance measurements
In the study site, an eddy tower has been installed at the end of July 2019 and since then con-
tinuous measurements are taken (Photo 1). The tower was placed in the middle of the forest, so 
that unidirectional measurements can be achieved. It is equipped with an integrated IRGA ana-
lyzer and sonic anemometer (Irgason, Campbell Scientific Inc) with enhanced barometer (PTB 
110, Vaisala Inc), that performs high frequency CO2/H2O and temperature measurements, as 
well as 3-dimension wind speed analysis. The analyzer was placed in the top of the tower, at 
a total height of 17.5 m, providing us an average fetch radius of 200 meters. The tower is also 
equipped with a full meteorological station, including, among others, a net radiometer (NR 
Lite2, Kipp and Zonen BV), a temperature/humidity probe (HygroClip2 Advanced, Rotronic 
Inc) and 3 soil heat flux plates (HFP01, Hukseflux Thermal Sensors BV). Raw data are col-
lected from a datalogger (CR1000X, Campbell Scientific Inc) in a frequency of 10 Hz and 
processed on-site via an integrated analysis software (EasyFlux DL, Campbell Inc) and post-
processed with a use of a computer software (EddyPro 7, Licor GmBh). Data processing and 
corrections (i.e. WPL, planar fitting, time lag optimizations, spike removal, spectral correc-
tions etc.), as well as quality control, were performed with the use of the EddyPro software, 
according to standardized eddy covariance methodology (Aubinet et al. 1999, 2012). Data 
gap-filling and flux partitioning were done with the use of a standardized methodology, as well 
(Reichstein et al. 2005). The default time step of data processing was 30 min and then scaled 
to daily time steps. The period of data acquisition for this study was 1/1 – 31/12/2020.

3 Results
The seasonal fluctuations of energy fluxes net radiation (Rn), latent (LE), sensible (H) and soil heat flux(G), are pre-
sented in Fig.1. The peak period of net radiation activity is met during the period between the beginning of June until the 
end of July (Fig.1a). Latent heat flux (Fig.1b) reaches its highest values from the beginning of May until the middle of 
August, with a severe intermediate decrease during June, indicating some mild water stress during that period. Sensible 
heat flux (Fig.1c) is generally lower than the respective latent heat flux, indicating that the studied ecosystem is likely to 
be more water rather that air cooled (Rotenberg and Yakir 2011). Soil heat flux (Fig.1c) accounts for the smallest com-
ponent of the total energy budget, maximizing its values during spring and summer. The energy closure for the site can 
be considered very adequate, as the sum of latent and sensible heat flux was equal to 88% of net radiation minus soil heat 
flux (Fig.1, embedded diagram), which is at the top of the performance among relative systems (Allen et al. 2011; Burba 
2013). According to our results, the accuracy of the installed system is very high, so the results can be considered very 
reliable. Mean daily temperature, total precipitation and total solar radiation for the study period are presented in Table 1.

Photo 1: The eddy 
tower in                     the study site.
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Fig.1. Seasonal fluctuation of daily energy fluxes for 2020 (8day running averages), Net radiation (Rn) (a), latent heat 
flux (LE) (b), sensible heat flux (H) (c) and soil heat flux (G) (d). The embedded diagram shows the
energy balance equation.

Fig. 2. Seasonal fluctuation of NEP and GPP during the study period. In Fig.1a and 1c, mean half hourly NEP and GPP 
values during the peak and the lowest seasonal ecosystem activity are presented. In Fig.1b and d are
presented the seasonal fluctuation of the respective daily values in 8-day running averages.

The seasonal fluctuation of Net Ecosystem Productivity (NEP) and Gross Primary Productivity (GPP) is presented in 
Fig.2b and 2d, for both daily values and representative daily instant values fluctuation during the seasons of the high-
est and lowest ecosystem activity. The peak activity for GPP was during May and was associated with increased pho-
tosynthetically active leaf area. The GPP declined from June until the beginning of November. The values of GPP were 
relatively high during the growing period but so was and the ecosystem respiration. Seasonally, the peak activity for NEP 
was from the middle of April until the middle of May. The ecosystem acts as a carbon sink for about half of the year, 
and as a carbon source for the rest of it (Fig.2b). In the beginning of growing season, from March until end of June, the 
ecosystem acts as a sink of CO2 but during the summer period tends to be source due to increased ecosystem respiration 
and the decomposition of the soil organic matter. At the end of growing season in September, there is also a period where 
the ecosystem is limited sink. On annual basis, the studied ecosystem acts marginally as a carbon sink, with a total gain 
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of about 15 g C m-2 of ecosystem area. The studied ecosystem doesn’t seem to suffer from severe water stress during the 
study period, which is obvious by both GPP (Fig.2d) and LE (Fig.1d) values. The daily curve of NEP and GPP (Fig. 2a, 
Fig.2c) in May showed that the NEP acts as sink during day light period showing the maximum activity between 10:00 
and 14:00 h. In May only during night due to ecosystem respiration acts as source. In January NEP and GPP had low value, 
and low ecosystem respiration due mainly to low air temperature. The NEP had limited positive value only around noon 
from 12.00 to 15.00 h. This study can also efficiently guide the performance of additional relative applications in carbon 
offset and mitigation studies, contributing to carbon sink quantify.

Table 1. Meteorological parameters during the study period (1/1-31/12/2020).

4 Conclusions
In this study we presented the results of a one-year study of carbon and energy fluxes between a forest plantation and 
the atmosphere with the use of the eddy covariance technique. The results showed the seasonal performance of energy 
and carbon fluxes of Robinia pseudoacacia plantations. The energy closure for the site can be considered very adequate, 
as the sum of latent and sensible heat flux was equal to 88% of net radiation minus soil heat flux. The NEP showed that 
ecosystem acts as a carbon sink for about half of the year, and as a carbon source for the rest of it. The GPP values are 
high but also the ecosystem respiration. Consequently, on annual basis, the ecosystem acts marginally as a carbon sink, 
with a total gain of about 15 g C m-2.
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Abstract: The rapid increase in global population during the past century has led the agricultural sector to rely heavily 
on greenhouse-based agriculture activities (e.g. Nikiel and Elthahir, 2019). Future projections include the installation of 
massive greenhouse establishments in Africa, which will alter irreversibly the Earth-Atmosphere balance in the tropical 
belt with unknown consequences (e.g. Dommain et al, 2018). Regional cooling and surface shortwave radiative forcing 
(SWRF) effects for greenhouse areas has already been reported (e.g. Campra et al., 2008) in direct contrast to continu-
ously increasing surface temperatures in the surrounding areas. The current work is focused on assessing satellite obser-
vations of land surface temperature, the visible and infrared albedo, solar irradiance and other relevant climatic quanti-
ties over areas with known strong greenhouse growing activities, such as Almeria, Spain, The Netherlands and Crete, 
Greece. More than thirty years’ worth of space-based observations are statistically analyzed in order to evaluate and 
quantify the effect that the land use change has inflicted on the local planetary balance by decreasing the near-surface 
temperature and inducing a negative radiative forcing. The quantification of the possible masking effect of local climate 
change warming effects will furthermore be discussed.  

1 Introduction
EUMETSAT’s Satellite Application Facility on Climate Monitoring (CM SAF) is dedicated to the long-term monitoring 
of the climate system’s state and variability. It generates satellite-derived near-real time climate monitoring products on 
a continuous basis as well as high-quality, validated, and consistent climate data records. CM SAF provides climate data 
records of cloud parameters, surface albedo, radiation fluxes at the top of the atmosphere and at the surface, atmospheric 
temperature and water vapour profiles, vertically integrated water vapour (total, layered integrated), turbulent flux pa-
rameters and precipitation at the ocean surface, as well as brightness temperatures.
Agriculture often leads to cooling temperatures in different patterns, and the cooling effect can usually be magnified 
when it comes to irrigation and large-scale agricultural greenhouses. Campra et al., 2008 showed that development of 
greenhouse agriculture in S.E. Spain has led to a local long-term cooling trend in surface air temperatures at the area of 
−0.3 °C per decade, despite the generalized warming in the surrounding region of +0.4 °C per decade. The analysis of 
the observational records suggested that the increase in surface albedo associated with greenhouse development, +0.09 
averaged over all seasons, has been the most probable cause of this cooling trend. Fan et al., 2015, performed field ex-
periments covering grasslands with plastic sheets and showed that surface albedo increased by ∼23.5 and ∼33.9% on 
clear and overcast days, respectively.
In the following study we utilise open-source CM SAF climate data records of multiple radiation-related parameters to 
examine the effect that the rapid increase in numbers of greenhouses has had on the local climate of Almeria, Spain, the 
region of Westland, The Netherlands and the island of Crete, Greece. It has already been postulated that the microclimate 
of regions which have seen a vast increase in their agricultural activities in the beginning of the 90s (Campra et al., 2008) 
are exhibiting regional cooling effects which counter-act the global rise in temperature, hence masking an even larger 
local climate change effect. 

2 Data and Methodology
The Physical Land Surface Temperature, LST, SUMET ed. 1.0, v001, product discussed in this work is produced by the 
EUMETSAT CM SAF Climate Data Records, based on MVIRI/SEVIRI on METEOSAT observations of the entire disk 
covering Europe and Africa (Duguay–Tetzlaff et al., 2017). The temporal range is between 1991-01-01 and 2015-12-01, 
the temporal resolution is monthly and the spatial resolution is 0.05x0.05°. The Physical LST retrieval is performed us-
ing the GeoSatClim Physical LST Algorithm v2016 (Duguay-Tetzlaff et al., 2015). Further details can be found in the 
PUM, the ATBD  as well as the Validation Report. In terms of the latter, it was shown that the monthly physical LST 
product achieves an accuracy (bias) of 0.8K and precision (bias-corrected RMS) of 0.5K, both well within the target 
requirement.
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The Surface Albedo, SAL, CLARA-A v2.1, v002, product is produced by the EUMETSAT CM SAF Climate Data 
Records, based on AVHRR observations on various polar orbiting satellites (Karlsson et al., 2020). The temporal range 
is between 1982-01-01 and 2019-06-30, the temporal resolution is monthly and the spatial resolution is 0.25x0.25°. 
CLARA-A2.1-SAL is a broadband albedo product, defined with a wavelength range of 0.25 - 2.5 µm for AVHRR ob-
servations. Further details can be found in the PUM, the ATBD  as well as the Validation Report. In terms of the latter, 
it was shown that the SAL product achieves a 10% bias accuracy as well as a ~8% stability accuracy, both well within 
the target requirements. 
The Surface incoming shortwave radiation, SIS, CLARA-A v2.1, v002, product is produced by the EUMETSAT CM 
SAF Climate Data Records, based on AVHRR observations on various polar orbiting satellites (Karlsson et al., 2020). 
The temporal range is between 1982-01-01 and 2019-06-01, the temporal resolution is monthly and the spatial reso-
lution is 0.25x0.25°. CLARA-A2.1-SIS is retrieved based on the method presented in Mueller et al., (2009). Further 
details can be found in the PUM, the ATBD as well as the Validation Report. In terms of the latter, the overall accuracy 
of the CM SAF CLARA SIS data set has been estimated to be 9 W/m2 for the monthly mean data and 18 W/m2 for the 
daily averages, both well within the target requirements.
For the analysis of these records, the open-source CM SAF R-Toolbox (Kothe et al., 2019) was used for the ingestion 
and statistical representation shown in the following section.

3 Results
Three regions around Europe were chosen to examine the effect of greenhouse agriculture based on the intense green-
house horticulture activities in these areas. 

i. Westland, the Netherlands (52°N, 4.13° E): this area has the highest concentration of greenhouses in the world and 
is the second-largest exporter of food by value globally, in part because of the high yield inside greenhouses. In the 
Netherlands, the vast majority of commercial greenhouses use glass as the major component of the greenhouse shell. 
Glass is used due to its stable optical properties and its durability; however, it has a relatively low thermal performance 
(e.g. high emissivity). This may cause a dual effect, decreasing the crop yield capacity of the greenhouse while chang-
ing the microclimate of the region surrounding the installation. 
ii. Almeria, Spain (36.75° N, -2.8° W): The province of Almeria in South-Eastern Spain has experienced a rapid devel-
opment of greenhouse horticulture since the 1970s. The coastal plain which will be studied in this work is located 30 
km southwest of the city of Almería, and currently represents more than half of the total Spanish greenhouse area. It 
has become a continuous greenhouse‐covered surface of 18,300 ha in 2007 to ~ 27 000 ha in 2015 (Fernández-Montes 
& Rodrigo, 2015). Its coastal location has further enforced the cooling effect brought about the change in surface al-
bedo; Khorchani et al., 2018, showed a significant increase between 1982 and 2014 in LST over Spain, ~0.71°C dec.−1 
annually, with the exceptions of the Almeria region, where the high albedo of the greenhouses had a negative radiative 
forcing cooling effect.
iii. Ierapetra, Crete (35.02° N, 25.70° E): The total greenhouse area in Greece amounts to about 5,600 ha, which cor-
responds to approximately 0.12% of the total cultivated area of the country while nearly 96% of the greenhouses used 
for vegetables in Greece are plastic-covered. Crete is the leading region of Greece in greenhouse production (Savvas 
et al., 2016) however due to its relatively small hectarage no dedicated study appears in literature examining whether 
the local cooling effects observed in the other areas studies also apply for the island of Crete. 
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In Figures 1-3 all the parameters studied over the selected regions are shown. In the upper panels, the time-series of the 
land surface temperature (in K, available since 1991) and the surface albedo are shown. In the four maps of each figure, 
monthly means of the areas for the summer months (June-August) are considered to calculate maps of trends (multiplied 
by the length of the time-series) for the land surface temperature (middle-left panel), the surface albedo (middle-right 
panel), the global incoming solar radiation (bottom-left). The scale of the contour maps is adjusted to each area and the 
magnitude of the parameter under investigation, but it is always symmetric around zero.
The land surface temperature ranges between 272 – 295 K for Westland and between 285 – 302 K for Almeria and 
Ierapetra and appears to have a strong seasonal dependency. The mean surface albedo is ~7.5 % for Westland, ~15% for 
Almeria and ~ 13% for Ierapetra during summer months. Before 1996 it appears quite variable and has a more stable 
behavior afterwards, which is a common feature for all three areas. As expected, due to the increasing greenhouse ac-
tivities during the past 30 years at the three locations under study, the trend in albedo is positive, namely +1% for West-
land, +4% for Almeria and +0.5% for Ierapetra. The global incoming radiation (SIS) trends for each site show that it is 
decreasing throughout the years, at a rate of -10 W/m2 for Westland, -5 W/m2 for Almeria and -2 % W/m2 for Ierapetra, 
which is due to the increasing albedo in the areas, as well as due to changes in the properties of cloudiness (i.e. optical 
depth) and the total cloud cover. The well-known decrease in aerosols is certainly another source of this enhancement. 
The resulting Land Surface Temperature (LST) in the three locations under study has an increasing trend of +0.7 K for 
Westland, +0.4 K for Almeria and +1 K for Ierapetra during the 25 years of available data.

Fig. 1: Westland, Netherlands. Upper 
panel: the time-series of the land surface 
temperature (left) and the surface albedo 
(right). Middle-left panel: trends for the 
land surface temperature, middle-right 
panel: trends for the surface albedo, 
bottom-left panel: trends for the incoming 
global solar radiation.
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4 Conclusions
Studying each location separately, the following conclusions can be drawn: 

Almeria, Spain (Figure 2): The pixel that includes the greenhouses area has a positive albedo trend of +4% in 33 years, 
while for the neighboring pixels the trend is much lower and even becomes negative, up to -1.5% in 33 years. This in-
dicates the strong increase of the greenhouse total area of coverage throughout the years. The respective LST has a mild 
positive trend of +0.5Κ in 25 years for the greenhouses’ pixel, while the pixels above that are characterized by a much 
stronger, also positive, trend that goes up to +2.5Κ in 25 years. The global incoming radiation (SIS) has a negative trend 
in our area of interest (-5 W/m2) compared to the nearby pixels, where the trends increase and go up to +15 W/m2 in 33 
years. 

Fig. 2: As in Fig. 1 for Almeria, Spain.
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Ierapetra, Crete and Westland, Netherlands (Figures 1 and 3): The trends of all the studied variables for the respec-
tive pixels of these two areas appear to also differ with respect to neighboring pixels, but the divergences are not as en-
hanced as they were seen for Almeria. At Westland the density of the greenhouses is minor compared to Almeria. In the 
case of Crete, the main cause appears to be that the total area covered with greenhouses is rather limited than in Almeria. 
Nevertheless, there are many small areas in the southern part of the island with scattered greenhouses that have different 
effect on surface albedo trends, e.g. Timpaki (lat: 35.0, lon: 24.7) with a strong positive trend up to +2.5% in 33 years. 
Due to the complex geological topography this area has to be further studied in the future. 
Our study, and its preliminary results, on the effect that the presence and the growth of greenhouses might have on the 
regional climate, showed that the parameters affecting the microclimate of each area studied also result from local sur-
face characteristics, such as the constructed greenhouses, but they can also be masked by larger-scale variations, such as 
the global climate change. The extension of the LST data backwards until 1981 and further statistical analysis is planned 
for the near-future.
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Abstract   The aim of this study is to investigate whether different Representative Concentration Pathways (RCPs), as 
they are determined in the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC), 
lead to different regimes in the energetics components of the Lorenz’s energy cycle. The four energy forms on which 
this investigation is based on are the Zonal and Eddy components of the Available Potential and Kinetic Energies. The 
correspondingly considered transformations between these forms of energy are also studied.
RCPs are time-dependent, consistent projections of emissions and concentrations of radiatively active gases and parti-
cles. In the present study, four RCPs are explored, namely, rcp26, rcp45, rcp60, rcp85; these represent projections (for 
the future period 2006-2100) based on scenarios that result approximately in radiative forcing of 2.6, 4.5, 6.0 and 8.5 
Wm-2 at year 2100, respectively, relative to pre-industrial conditions.
The results are presented in terms of time projections of the energetics components from 2020 to 2100 under different 
RCPs. The results have shown that the different RCPs yield diverse energetics regimes, consequently impacting on Lor-
enz’s energy cycle. In this respect, Lorenz’s energy cycle projections are presented, under different RCPs.

1 Introduction
The World Climate Research Programmes’ (WCRP) Coupled Model Intercomparison Project (CMPI) is a collaborative 
scientific effort aiming at improving knowledge of climate change. CMIP - Phase 5 (CMIP5) is a completed phase of 
this project, addressing unresolved scientific questions regarding its outputs that are useful to those considering possible 
consequences of climate change. A detailed description of the CMIP5 experiment design is provided by Taylor et al. 
(2012). Within this framework, a number of future scenarios of radiative forcing due to greenhouse emissions have been 
established on the basis of which four Representative Concentration Pathways (RCPs) were considered: one high path-
way for which radiative forcing reaches >8.5 Wm-2 by year 2100 and continues to rise for some amount of time (termed 
as RCP85); two intermediate “stabilization pathways” in which radiative forcing is stabilized at approximately 6 Wm-2 
and 4.5 Wm-2 after year 2100, (RCP60 and RCP45, respectively); and one pathway where radiative forcing peaks at 
approximately 2.6 Wm-2 before year 2100, declining afterwards (RCP26). These RCP’s are subsequently used as input 
to several experiments with the adoption of global models of the climate system, thus generating a multi-model dataset 
designed to advance out knowledge of climate, its variability and change.
For this study, the output from the HadGEM2-ES model has been utilised. HadGEM2-ES is a coupled Earth System 
Model that was used by the British Meteorological Office Hadley Centre in the CMIP5 centennial simulations (Jones 
et al. 2011). This climate model comprises an atmospheric and an ocean General Circulation Models. The Earth system 
components include the terrestrial and ocean carbon cycle and tropospheric chemistry. Details on HADGEM2-ES are 
given by Collins et al. (2011) and Martin et al. (2011).
The output from HadGEM2-ES model forms the basis for this work which focuses on the daily  calculation of the vari-
ous components of Lorenz’s energy cycle  (Lorenz 1965, 1967) for the  entire period  covered by the dataset; however, 
in the present paper, results for the period from 2020 till the end of this century under different RCPs are presented. 
The aim is to investigate whether different RCPs yield diverse energetics regimes, consequently impacting on Lorenz’s 
energy cycle. The results presented in the following refer to the global atmosphere.

2 Data and Methodology
The calculations of the energetics components and their corresponding dynamical processes, as they are implicated in 
the numerical solution of the mathematical expressions describing the cycle’s components, present by themselves great 
computational challenges. These calculations call for the estimation of horizontal and vertical derivatives, as well as 
vertical integrations and areal averaging. Limitations imposed on the vertical derivatives and integrals by the lower and 
upper atmospheric boundaries, as well as on the derivatives and areal averages imposed by the singularities at the poles, 
are few of such challenges requiring special computational handling. 

2.1 Data
The present study is based on climate projections in the period from 2020 to 2100 and makes use of the r1i1p1 ensemble 
global, resulting from the CMIP5 experiments by using the HadGEM2-ES model. The projections used are daily grid-
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ded fields of Temperature, Eastward and Northward Wind components and Lagrangian pressure tendency available at a 
2.5o×1.875o (lat-lon) spatial resolution and at eight isobaric levels, namely, 1000, 850, 700,500, 250, 100,50 and 10 hPa. 
The temporal resolution is one day; each year in the data base is considered to have 360 days. Hence, the total number 
of days involved in the calculation of the energetics is 80×360=28800, for each RCP. The best estimates of the energy 
cycle have been obtained by using the particular set of data available within the CMIP5 project. 

2.2 Methodology
Lorenz’s energy cycle basically describes the fate of atmospheric energy, namely of the Available Potential Energy and 
Kinetic Energy. In Figure 1, the four energy forms involved in this cycle are shown: Zonal and Eddy Available Potential 
Energies (hereafter, AZ and AE, respectively) and Zonal and Eddy Kinetic Energies (KZ and KE, respectively); rates 
of change of these energy forms are shown in the boxes as local derivatives with respect to time (t). In order to comply 
with Lorenz’s conceptualization of the direction of flow of energy on the global scale, the arrows in this figure, denote 
positively valued conversions. For any two forms of energy, e.g., AA and BB, the symbolic representation of energy 
conversions, e.g., <AA→BB> implies conversion from AA into BB for positive values and reversed conversion for nega-
tive values.  Therefore, <AA→BB> = - <BB→AA>. The convention adopted here allows for formulating the set of dif-
ferential equations describing Lorenz’s energy cycle such that for the set of four equations defining local rate of change 
of the four energy forms, there is an equal number of positive and negative inputs. The generation terms of Zonal and 
Eddy Available potential energies (GZ and GE, respectively) are considered as positive inputs to the respective available 
potential energy rates; the dissipation of Zonal and Eddy kinetic energies (DZ and DE, respectively) are considered as 
negative inputs, i.e., contributing in the direction of reducing the respective kinetic energy rates.
The respective mathematical relationships describing each of the energy forms, conversions, generation and dissipation 
terms are those developed by Muench (1965) for the entire Earth’s atmosphere (i.e., without boundary energy transfers).  

Fig. 1. Lorenz’s energy cycle.

Fig. 2. Time series and fitted linear regression as a function of day (d), for AZ.
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3 Results
To assess the temporal variability in the components of the Lorenz’s energy cycle during the period under study for the 
four RCPs, time series and fitted regression lines have been established for all of the energetics components but are not 
displayed or discussed herein; due to space limitations, only selected time series are presented. 
Figure 2 displays the time series and fitted linear regressions as a function of day (d), for AZ corresponding to each of 
the four RCPs. A larger forcing results only in quite small tendencies for decreases in AZ.
Figure 3 displays the time series and fitted linear regressions as a function of day (d), for KZ corresponding to each of 
the four RCPs. A larger forcing is related to noticeably larger tendencies for increases in KZ.

Fig. 3. Time series and fitted linear regression as a function of day (d), for KZ.

The energy balance for each of the four RCPs in the 2020-2100 period is presented in Figure 4. The rates of change 
of both AZ and AE are negative for all scenarios with the most intense ones under rcp85, suggesting a decrease of the 
pool of available potential energy under the extreme scenario. The rate of change of KZ obtains the highest positive 
values for the rcp60 and rcp85 forcings, indicating a strengthening of the zonal flow (closely related to the presence of 
tropospheric jet-streams) with increased greenhouse gases concentrations. The respective rates for KE are negative for 
almost all scenarios, but the highest gas concentration appears to be related with a significant decrease in the kinetic en-
ergy associated with the eddying motions. The conversion rates <AZ→AE>, <AZ→KZ> and <AE→KE> decrease with 
increasing radiative forcing; however, <KE→KZ> tends to increase in response to increased forcing, explaining partly 
the above increase in the zonal flow. In general, the impact of increased radiative forcing decreases for GZ and DE but 
increases for GE and DZ.
Tables 1 and 2 display various statistical measures of the atmospheric energetics components, namely, the minimum 
(min), maximum (max) and standard deviation (StDev), under the four climate change scenarios.
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Fig. 4. Mean Lorenz’s energy cycle for the four RCPs shown on top left of each diagram. Unit are in 10-3Wm-2.

Table 1. Energy forms and their rates of change. Units: energies in 103Jm-2, rates of change in 10-3Wm-2.

4 Concluding remarks
Different future climate scenarios have a different effect on the components of the energy cycle. The rates of change of 
both AZ and AE are negative for all scenarios. The rate of change of KZ obtains the highest positive values for more in-
tense forcing. The respective rates for KE are negative for all scenarios. All the conversion rates appear to decrease with 
increasing radiative forcing. The corresponding behavior of the generation and dissipation terms appears to be related 
to their zonal or eddy forms.

Table 2. Energy conversion, generation and dissipation terms. Units are in 10-3Wm-2. 
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Abstract: We assess observed and modeled temperature extremes over the MENA region during the last four decades 
in order to evaluate the performance of global climate model simulations individually. For this purpose, a list of indices 
of temperature extremes, based on threshold, percentile, heatwave and coldwave characteristics is used, as defined by 
the Expert Team on Climate Change Detection and Indices (ETCCDI). We use daily near-surface air (2-metre) tem-
perature (Tmax and Tmin) to derive the extremes indices for the period 1980-2018 from: i) re-analyses (ERA-Interim, 
MERRA2) and gridded observational data (Berkeley) and ii) 18 CMIP5 model runs combining historical (1950-2005) 
and scenario runs (2006-2018 under RCP 2.6, RCP4.5 and RCP8.5). Using these datasets, the indices of temperature ex-
tremes were derived and their differences were calculated with regard to their statistics (climatological average, trends). 
The obtained biases allowed the evaluation of the performance of different model realizations in space and time. Finally, 
a model performance ranking was performed based on their individual biases from the re-analyses and observational 
data. Thus, an identification of the best performing realizations was achieved, useful for selecting global model fields 
required for further downscaling and/or impact studies related to temperature extremes.  

1 Introduction
The global average air temperature near the Earth’s surface has increased by approximately 1°C above the pre-industrial 
levels and this warming was likely due to man-made forcing by increased green-house gas (GHG) levels, as reported in 
the Intergovernmental Panel on Climate Change (IPCC) Special Report on Global Warming of 1.5°C  (Allen et al. 2018). 
The Middle East – North Africa (MENA) region emerges as a climate change hotspot, with temperature increases and 
rainfall reductions since the middle of the 20th century (Lelieveld et al. 2012, Zittis et al. 2018). Several studies based on 
long-term temperature station data suggest that since the 1970s, not only the mean climate, but also temperature related 
extremes have intensified in the MENA (Donat et al. 2014,Tanarhte et al. 2015).
Considering the intensifying warming trend and impact of heat extremes it is important to thoroughly evaluate the 
performance of the still commonly used CMIP5 models (Taylor et al. 2012) over the MENA region. The analysis of 
climate extremes is facilitated by a standard procedure that defines a set of temperature and precipitation indices, the 
Expert Team on Climate Change Detection and Indices (ETCCDI) (Karl et al. 1996). In this study we update and assess 
the evolution of the observed and modeled temperature extremes in the MENA region up to 2018.  We also evaluate 
the   performance of global climate model simulations individually in order to reveal the best performing realizations.

2 Data and Methodology

2.1 Data
Daily minimum and maximum near-surface air temperatures(TN and TX, respectively) were retrieved for 18 CMIP5 
models. The data were acquired from the historical simulations for the period 1950-200581and scenario projections for 
the period 2006-2018 (under the RCP2.6, RCP4.5 and RCP8.5). In addition,  for the purposes of assessing the model 
performance , re-analysis and observational datasets were used.  We derived the indices for two re-analysis datasets: 
ERA-Interim (Dee et al. 2011) and MERRA-2 (Gelaro et al. 2017).  ERA-Interim was developed by the European 
Centre for Medium-Range Weather Forecasts (ECMWF) and is available on a regular 0.7° x 0.7° grid from 1979 until 
August 2018. The Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2) is created 
by NASA’s Global Modeling and Assimilation Office (GMAO) and is available on a 0.63 ° × 0.5° grid for the 1980-2018 
period. Regarding observations, we used the gridded Berkeley Earth dataset (Rohde et al. 2013). The Berkeley dataset 
is provided only over land  on a 1° × 1 ° grid for the 1950 – 2017 period. The  detailed list of the 18 CMIP5 models, as 
well as more information regarding the other datasets can be found in Ntoumos et al. 2020.
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2.2 Methodology
The indices under investigation are defined and described in detail by (Klein Tank et al. 2009) and (Zhang et al. 2011) 
and can be subdivided into four categories: (1) absolute value indices, which describe, for instance, the hottest or the 
coldest day of the year; (2) threshold indices, which count the number of days when a fixed temperature threshold is 
exceeded, for instance, frost days; (3) duration indices, which provide the duration of hot or dry spells; (4) percentile-
based threshold indices, which are the exceedance rates above or below a threshold, which is defined, as the 10th or 90th 
percentile derived from the 1981-2010 base period. The set of the 12 indices used is summarized in  Ntoumos et al. 2020.
The temperature based indices are derived for the CMIP5 output, the two re-analyses, and the Berkeley Earth datasets. 
The calculations are performed with the R package climdex.pcic as documented at The Comprehensive R Archive 
Network website (https://cran.r-project.org/web/packages/climdex.pcic/climdex.pcic.pdf). In this analysis we used the 
1981-2010 interval as a base period for the percentile based calculations, as we focus on the recent past (until 2018).  
Since our analysis addresses the MENA region, we focused on a domain that extends from 12°N to 46°N, and from 
20°W to 64°E, covering North Africa, Middle East, the Mediterranean and parts of south Europe. For the purpose of 
comparing indices among datasets of different native spatial resolution, we regridded the original daily temperature data 
to a common 45 x 19 grid (1.87°×1.87°).

3 Results

3.1 Temporal Evolution of the multi-model ensemble

Fig. 1.  Annual anomalies (from the reference period 1981-2000 - shaded area) of the MENA domain (land only) aver-
age of absolute and threshold temperature indices of extremes derived from: i) CMIP5 ensemble mean (blue: historical, 
green: RCP2.6, yellow: RCP4.5, red: RCP8.5). The blue shading indicates the inter-quartile model range and the light 
blue lines represent the maximum and minimum values. ii) Observational data (black lines, dashed: ERA-Interim, fine 
dashed: MERRA-2, solid: Berkeley Earth).

The temporal evolution of absolute indices averaged for the MENA domain (land only) is shown in Figure 1.  The in-
dices values are displayed as anomalies relative to the reference period 1981-2000. Here we plot CMIP5 data for the 
historical period (1950-2005). For the 2006-2018 period we plot, separately, the high emissions scenario (RCP8.5), the 
intermediate mitigation scenario (RCP4.5) and the stringent mitigation scenario (RCP2.6).
Regarding the absolute heat extremes (TXx, TNx) the evolution of the CMIP5 multi-model ensemble closely follows 
the warming trends in the re-analysis and observation-based data, most evident from the 1990s and onwards, resulting 



| 551 Climate dynamics / Climate change

in a warming, by 2018, of 1°C.  For the absolute cold extremes (TNn,TXn), the GCMs indicate a warming, in contrast 
to the re-analysis/observations which do not show significant trends. For all observational data, the TNn and TXn indi-
ces exhibit greater inter-annual variability than TXx and TNx, a feature that, as expected, cannot be seen in the CIMP5 
ensemble mean, but it is evident in the minima and maxima of the individual model values. In some recent years the 
observed cold anomalies (TNn,TXn) reach 2°C, which is within the CMIP5 multi-model min-max range and in accord-
ance with documented extreme cold winter weather events in the middle latitudes over Eurasia (Zhang et al. 2012).

3.2 Model Performance and Ranking
Apart from the analysis of the multimodel ensemble, we also separately assess the performance of each model.  The 
overall performance of individual models in simulating the 1980-2018 climatology of the indices is summarized in the 
“portrait” diagram of Figure 2. The portrait diagrams display the relative magnitude of spatially averaged bias for each 
index (rows) and for each model (columns). The warmer colors indicate models with positive bias and colder colors in-
dicate models with negative bias. Here the model performance is assessed with respect to the ERA-Interim re-analyses. 
In addition to the individual models the performance of the so-called mean and median models is displayed in the last 
two columns. 
The diagram indicates that the multi-model mean outperforms individual models because some of the systematic errors 
in individual models are canceled out in the ensemble mean. For the percentile indices (i.e. TX90p, TX10p, TN90p, and 
TN10p), the models generally perform well. This is not surprising, since for the calculation of these indices we used 
1981-2010 as the base period, so we expect values from all datasets to be, as mentioned before, around 10% for that 
period and thus leading to trivial biases.
For the other indices, most models perform reasonably well apart from some outlying models in the TXx index (MI-
ROC-ESM, MIROC-ESM-CHEM, CanESM2). McSweeney et al. 2015 also showed that MIROC-

Fig. 2.  Portrait diagram of biases of the 1980–2018 climatology of temperature indices simulated by the CMIP5 models 
(RCP4.5) with respect to ERA-Interim re-analyses. The biases are spatially averaged over MENA region land grid cells. 
The unit of the color bar scale refers to the respective unit of each index. Model rankings for each index are indicated 
with the numbers.

ESM and MIROC-ESM-CHEM were simulating key regional aspects of Europe’s climate poorly. We identify  MRI-
CGCM3, CCSM4 and CSIRO_Mk3.6.0 as the best performing models. An exception is the frost days (FD) index which 
seems to be poorly represented by most models. We find that some models show large negative and some other large 
positive biases for FD compared to the ERA-Interim data. As already mentioned, the ERA-Interim, MERRA-2 and 
Berkeley Earth datasets do show differences, therefore, no final conclusion can be drawn regarding the model ability to 
accurately simulate this index.



552 | Climate dynamics / Climate change

4 Conclusions
We have analyzed the long-term average and evolution of observed and modeled temperature extremes defined by the 
ETCCDI for a recent period up to 2018. The analysis of the temporal evolution of temperature extremes reveals that  
model trends are in agreement with re-analyses and observations.  The warmest day (TXx) and warmest night (TNx) 
indices increase steadily for the last 40 years while the coldest day (TXn) and coldest night (TNn) decrease at a smaller 
rate, both in CMIP5 and observational data. In the portrait diagrams of biases, the multi-model ensemble mean, and the 
ensemble median generally outperform individual models, in agreement with previous multi-model studies (Sillmann et 
al. 2013a). Among individual models, the performance is variable for the different indices in the climatology and trend 
biases, but some overall consistency can be assigned to MRI-CGCM3 and CCSM4. Follow-up work could include out-
put from the new projections driven by the Shared Socioeconomic Pathways (SSP) scenarios from the CMIP6 model 
simulations to investigate how temperature extremes are represented, considering that several of the participating mod-
els have ECS values higher than any of the CMIP5 models (Tokarska et al. 2020). 
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Abstract: Climate change is one of the greatest challenges facing humanity today. Its’ effects are already being felt and 
urgent action is needed to mitigate and adapt to these changes. Most climate change research is focused on the trends in 
individual meteorological variables. Ηence, the study of synoptic air masses, or weather types remain unexplored. The 
aim of this research is to examine the changes in the frequency of weather types (WTs) over Europe since 1979, utiliz-
ing a recently developed gridded weather typing classification (GWTC) system. On average, across the study domain, 
Warm WTs have increased by 27 days/year over the 41-year period of study, Humid Warm WTs by 18 days/year and 
Dry Warm WTs by an additional 14 days per year. In contrast to these increases, decreases in frequency are occurring in 
Cool WTs (-33 days/year) and Dry Cool WTs (-14 days/year). The most notable changes are in the polar regions. Also, 
significant changes in the frequency of Warm and Cool WTs are occurring in central and northern Europe. The trends 
in WT frequencies above, combined with climatic region characteristics may be an effective tool of communication for 
policy makers as well as the general public. 

1 Introduction
Global climate change effects all regions around the world and has already caused observable changes on the environ-
ment. Global average temperature has risen over the past century, with the strongest impact felt disproportionately in 
the Arctic region (Francis and Vavrus, 2012). The focus of much climate change research is on the trends in metrics 
(means, maximums, extremes etc.) of individual meteorological variables, such us temperature, precipitation, absolute 
moisture etc. 
While changes in individual meteorological variables are well studied, the trends in synoptic scale air masses (or weath-
er types - a category of weather that represents the holistic atmospheric conditions at a particular time, which are de-
termined on the basis of similar characteristics of the daily course of the values of selected meteorological elements) 
largely remain unexplored. Weather types (WTs) can be used to describe and analyze weather and climate conditions 
(Lee, 2017) and find applications in numerous areas of biometeorology and in various economic sectors (Hondula et al., 
2014; Hidalgo and Jougla, 2018), since the entire complex of meteorological components, rather than each particular 
element, has an impact on human health and well-being. (Lee, 2015).
A number of weather type classification systems have been invented and implemented (Piotrowicz and Ciaranek, 2020). 
Lambs’ daily weather types (Lamp, 1972) and Grosswetterlagen (Hess and Brezowsky, 1977) are the best-known ex-
amples appropriate for Europe. Furthermore, Frakes and Yarnal (1997) have discussed a hybrid system that produces 
map classifications over the Atlantic seaboard of the United States. Another hybrid system is the Spatial Synoptic Clas-
sification (SSC) across the North American continent (Sheridan, 2002). However, Lee (2015) developed a more recent 
weather typing classification, the gridded weather type classification (GWTC), which has even more-recently been 
updated to include the entire globe (Lee, 2020a, Lee, 2020b). The GWTC classification, has proven useful in many 
climatological researches over North America (Lee, 2015; Lee and Sheridan, 2018).
Thus, since trends in the GWTC weather types have been examined in North America since 1979 (Lee and Sheridan, 
2018), and broadly analyzed on a global scale in an effort to develop climate indicators (Lee, 2020b), the purpose of 
this research is to examine in detail the changes in frequency of GWTC weather types over Europe from 1979 to 2019.

2 Data and Methodology
For the purpose of this research, daily gridded weather typing classification (GWTC) data were obtained from 1 January 
1979 to 30 December 2019, for each grid point in the study area, including continental Europe, part of North Africa, part 
of West Asia as well as the Mediterranean, North Sea, Norwegian Sea, Baltic Sea, Greenland, Barents Sea and North At-
lantic Ocean (Fig. 1). The GWTC classification was described and developed by Lee (2015; 2020a) while the data is free 
of charge and publicly available from the website: www.personal.kent.edu/~cclee/gwtcdata.html. Unlike other weather 
classifications, the GWTC identifies weather conditions that are relative to normal for a given season in a particular re-
gion. For example, a Dry Warm (DW) weather, means that the weather is drier and warmer than the annual average for 
this location (Lee and Sheridan, 2018). The GWTC classifies every day, at every location (at 0.5° x 0.5° spatial resolu-
tion) into one of 11 different weather types, based upon seasonally-standardized values of six different meteorological 
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variables, each measured 8 times per day: 2-m temperature, 2-m dew point, sea-level pressure, 10-m wind speed, 10-m 
wind direction, and total column cloud cover.
In order to summarize our results in regions, we divided the study domain into 18 distinct areas. For this purpose, the 
average monthly frequency for each of the 11 types of weather for each of the 12 months was calculated for each grid 
point for the period 1979-2019. The 18 statistically distributed areas were designed using ArcMap and were used as 
reference areas (Fig. 1).

Fig. 1. The study domain (left) and the 18 regions discussed in this research (right)

Separately at each region, percent (%) frequency of occurrences of each type of weather type in each year (1979-2019) 
was calculated. The frequencies of occurrences were then subjected to non-parametric Mann-Kendall and Sen’s method 
in order to identify positive or negative trends with their statistical significance (Gilbert, 1987). All percentages below, 
refer to percentage-point changes in average frequency for each grid point, over the entire study period (41 years). These 
percentages were calculated by multiplying trend trends by 40 (study period, minus 1) and represented for each grid 
point on maps, where points with statistically significant changes (p-value <0.05) are shown with black dots (Fig. 3). In 
addition, by multiplying the above percentages by 365, we calculated the change (from the beginning of the study period 
to the end of it) in the number of occurrences (days) per year for weather type (Fig. 2).

Fig. 2 Annual change in the number of occurrences (per year) of each WT in each region, 1979 to 2019. Darker reds 
(blues) indicate progressively more positive (negative) changes. Statistically significant changes (p < 0.05) are bolded 
and underlined
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Moreover, monthly means of 2 m air temperature, 2 m dew points and sea surface temperature were obtained from the 
recent ERA5 reanalysis database (Hersbach et al., 2018) of the European Center for Medium-Range Weather Forecasts 
(ECMWF), in order to analyze the meteorological background of WT frequency trends. Finally, correlations between 
trends of weather types and trends of the annual meteorological variables above, for all grid points of the GWTC, were 
also analyzed and compared by Pearson correlation coefficient.

3 Results
The percentage-point changes (from 1979-2019) were calculated at individual points, as well as the number of occur-
rences of each weather type per year (days/year). The results are summarized for each region separately and discussed 
below.
In general, all cool WTs [Cool (C), Dry Cool (DC) and Humid Cool (HC)] have decreased, while all warm types [Warm 
(W), Dry Warm (DW) and Humid Warm (HW)] show significant increase during the study period. As far as the fre-
quency of transitional WTs [Cold Front Passage (CFP) and Warm Front Passage (WFP)] is concerned, there is a slight 
decrease on average across the study domain (Fig. 2). In particular, in terms of trends in occurrences, C and DC weather 
types have shown the most significant decrease (-9% and -3,8% respectively), while W and HW weather types showed 
the most significant increase (+7,4% and +4,9% respectively) on average across the domain of study.
In terms of the spatial distribution of the WT trends, the most notable changes take place in regions 7, 11, 15,16 and 18 
including the North Sea, Norwegian Sea and a part of Greenland Sea and Barents Sea, mainly within HW, W, DC and 
C weather types (Fig. 3).

Fig. 3. The percentage-point change in the annual percent-frequency of occurrence of each WT over the period 1979–
2019. The 9 ‘core WTs’ share the large color bar, while the two ‘transitional WTs’ share the smaller colorbar. White areas 
indicate areas of near-zero change. Dots show locations of statistical significance (p < 0.05)

Polar regions (Norwegian Sea, Barents Sea and Greenland Sea) show an average temperature increase of 4-5 °C, for 
the study period, in combination with an almost simultaneous increase of dew point temperature and surface tempera-
ture. This warming is consistent with reductions in snow, sea ice cover and surface albedo of these areas that have been 
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suggested in prior research (Screen and Simmonds, 2011), which would all contribute to increases in evaporation and 
atmospheric water vapour content. This process may also contribute to an increase in the occurrence of W, HW and DW 
as well as a decrease in the occurrence of D and DC weather types, as shown above.
Apart from these regions, another area of notable changes, mainly in W and C weather types frequency, is the area in-
cluding North Europe (Region 5 and Region 2), Southern and Central Europe (Region 8, Region 3 and Region 10). In 
contrast to the polar regions, the above sectors show a smaller but extremely significant increase in temperature (+2-3°C 
on average) combined with smaller increases in dew point. However, these areas include the vast majority of densely 
populated cities (Athens, Paris, London etc.) and urban areas. Thus, trends like these above likely have a negative impact 
to human health, especially to more vulnerable demographics of the population (e.g., kids and aging population).
The majority of the above changes are expected, in terms of changes in temperatures and dew points in the study period. 
In other words, where both temperatures and dew points increasing, we observe increases in W and HW and decreases in 
C and DC weather types. According to the results, using the Pearson correlation coefficient, many correlations between 
WT frequencies and trends in meteorological variables (temperatures and dew points) show a strong association (r > | 
0.5 |). However, weak correlations have also detected (r <| 0.5 |). For example, changes in WFP and CFP weather types 
are poorly correlated with temperature and dew point changes (Table 1).

Table 1 Spatial correlations between trends of temperature (ST) or dew point (SD) and trends from each GWTC WTs.

According to the analyses presented above, some variability exists in the relationship between ambient warming and 
specific weather types trends. This variability depends on the location and the WT, and is likely the result of the GWTC 
weather types being based upon de-seasonalized and spatially-relative z-scores of 6 different climate variables [rather 
than just raw anomalies in a single variable (temperature)] – which, highlights the value of such analyses.

4 Conclusions
Τhis study investigates changes in synoptic atmospheric conditions across Europe from 1979 to 2019, using a recently 
developed surface classification system for weather. Across most regions, warm weather types significantly increased 
their frequency since 1979, especially Warm, Humid Warm and Dry Warm weather types in the polar regions and the 
Warm weather type in Central Europe. At the same time, most cold weather types have shown a significant decrease 
in the same regions. Regarding the transitional types of weather, only a slight change detected in their frequency, with 
significant decreases in frequency of the Warm Front Passage in polar regions and in south-eastern Europe, while an 
increase of Cold Front Passage was found mainly over the North Atlantic. 
The results above, in agreement with previous research (Lee and Sheridan, 2018; Lee, 2017; Lee, 2020b), contribute to 
discussion of Arctic amplification (Francis and Vavrus 2012; Screen, 2014) and warming of urban European regions. 
There are many known and potential reasons for Arctic amplification. Albedo feedback is usually cited as a principal 
factor. Albedo feedback have both direct effects on temperature operative during the sunlit season, as well seasonally 
lagged effects associated with summer melt of the sea ice cover and heat gain in the ocean mixed layer as dark open 
water areas are exposed (Serreze and Barry, 2011). Changes in heat flux convergence may also lead to changes in atmo-
spheric water vapor and cloud cover, likely contributing to increases (decreases) in Warm and Humid Warm (Dry and 
Dry Cool) WTs in polar regions.
It is also crucial to note that ideally, this research would have a few more decades of data to determine with more con-
fidence whether trends in GWTC WTs are a true signal of climate change. However, the data only go back to 1979, and 
since the GWTC is the only global-scale gridded classification of its kind, the 41-year period of record is the longest 
time-span available for such an analysis at the moment. 
However, using GWTC over sea regions, significant trends emerged especially on polar regions. The changes (magni-
tude) in WT frequency, as well as the correlation between the GWTC trends (spatial patterns) and trends in temperatures, 
trends in dew points and trends in sea surface temperatures, were also investigated. The absolute magnitude of these 
associations varies substantially by WT and region, according to the findings. These differences between changes and 
correlations highlights that the impacts of climate change are relative to the location, to the time of the year as well as to 
the climate variability of each region. In this context, WTs frequency analyses, may help aid in relaying the importance 
of climate change to both legislators and the general public.
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Abstract: The study presents an initial assessment of the capacity of the WRF model to simulate temperature clima-
tology and extremes during a historical simulation in order to strengthen our confidence for climate future studies. A 
dynamically downscaled climatology for Greece was produced with  high resolution Weather Research and Forecast-
ing (WRF) model simulations of 30 years of recent historical period, forced by ERA-Interim reanalysis. Two nested 
domains were used covering Europe and the Mediterranean region with a resolution of 20 km, reaching by downscaling 
5 km in the innermost domain of the study area of Greece. This work presents the validation of the WRF configuration 
which is based on historical simulations from 1980 to 2010 against available observational datasets of near surface 
temperature and its extremes for the same period. Model results and observed data are compared in terms of standard 
statistical errors, and probability distributions on daily to seasonal timescales.

1 Introduction
Greece has considerable climatic variation and geomorphological complexity. It is a region with richly diverse land-
scapes and topography (e.g. great mountain chains along the central part and other mountainous bodies, extended coastal 
zones and numerous islands), and as such it serves as an ideal example of where finer-resolution climatology is needed. 
General circulation models (GCMs) are inadequate to represent the local climate variability associated with hetero-
geneous land cover, mountain chains, and diverse coastlines (e.g. Zubler et al. 2015) mainly due to very low spatial 
resolution, typically in the order of 1x1 degree. To overcome this limitation, a widely common alternative is the use of 
Regional Climate models (RCMs) forced by reanalysis data or GCMs. Recent studies showed the ability of the Weather 
Research and Forecasting model (WRF – Skamarock et al. 2008) to properly describe climate statistics in different 
areas, justifying its use as an RCM (Heikkilä et al. 2011, Soares et al. 2012, Pieri et al. 2015, García-Díez et al. 2015, 
Ojrzyńska et al. 2017, Warscher et al. 2019, Tian et al. 2020).
This primary analysis is focused on the statistical analysis of mean, maximum and minimum temperatures which are 
the basis of the most important variables for the definition of climate indices, related to future impact studies such as 
heat and cold waves. The scope of the current work is to investigate the capability of the WRF model to reproduce the 
regional climate of Greece on 5x5-km2 horizontal grid, aiming at future projection and climate assessment studies for 
the country.

2 Data and Methodology
In the present study, the WRF version 3.6.1 was used to perform the simulations of dynamical downscaling. WRF was 
setup with two nested grids; the outer domain, centered in the Mediterranean basin, has been configured using 265 x 200 
grid cells with 20 km horizontal resolution (D01 – Europe) and the innermost domain  with 185 x 185 grid cells of 5 km 
horizontal grid spacing covering the area of Greece (D02 – Greece). This setup has used 40 vertical levels arranged ac-
cording to terrain-following hydro-static pressure vertical coordinates while one-way nesting has been applied, to avoid 
possible noise during feedback from the inner domain to the coarse domain.
The ERA-Interim reanalysis fields of 0.75° × 0.75° horizontal resolution were used for the initial and boundary condi-
tions. The lateral boundary conditions and sea surface temperature were both updated every 6 hours from ERA-Interim. 
The period for the evaluation of all the WRF simulations spans from January 1, 1980 until December 31, 2004. The 
model configuration in terms of physics is summarized in Table 1. All the domains share the same options of physics. 
These options have been supported and evaluated by previous sensitivity studies (Politi et al. 2018, 2020).
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Table 1. Parameterizations of WRF model. 

2.1 Data
In this study, we used meteorological measurements for temperature at 2 m. derived from ECA & D project provided by 
the Hellenic National Meteorological Service (HNMS), available for 28 stations located in Greece. The availability of 
continuous observations covering the selected period of 25 years was limited as complete daily data existed only from 
a limited number of stations in Greece. Therefore, in this preliminary study, the statistical analysis concerns only the 
following stations: 1) Corfu, 2) Hellinikon, 3) Heraklion, 4) Larissa, 5) Methoni, 6) Samos and 7) Souda. The model 
evaluation is presented for mean air temperature at 2 m (Tmean), surface maximum and minimum temperatures (Tmax 
and Tmin). 

2.2 Methodology
The analysis involved comparisons of the WRF model simulation with the available measurements of the seven sta-
tions of the inner (nested) domain. Five statistical indices were estimated, the root mean square error (RMSE), which 
gives an overview of the accuracy of simulations, the BIAS that indicates whether the model over- or under-predicts the 
given meteorological value, the mean absolute error (MAE), a measure of the absolute values of the model errors, the 
Pearson’s correlation coefficient (COR), a measure of linear correlation between observations and simulation data and 
Index of agreement (IOA; Emery et al. 2001) as a standardized measure of the degree of model prediction error: The 
model error is calculated as the difference between the modeled and observed value. The evaluation of daily variables 
was made using the nearest grid point of the model to the corresponding location of the observed station, in order to find 
the statistical metric at that grid point. 
3 Results
The results of the WRF simulation are briefly presented and discussed, as emerged through the comparison with the 
seven weather station datasets. For the selected period the analysis involved mean, maximum and minimum tempera-
tures, which are the most important for the definition of climate indices, related to future impact studies such as heat and 
cold waves. 
Table 1 summarizes the errors found for monthly averages for each station location. Model results indicate overall a 
small warm bias of 0.2 to 0.9 °C regarding Tmean, with an exception of cold bias at Heraklion. The majority of the sta-°C regarding Tmean, with an exception of cold bias at Heraklion. The majority of the sta- regarding Tmean, with an exception of cold bias at Heraklion. The majority of the sta-
tions showed a small over-prediction for Tmax (only Samos has a small cold bias) while a larger cold bias of -2.37 to 
-0.18°C was observed for Tmin. The RMSE and MAE values of Tmean and Tmax slightly exceed 1°C for some stations 
(e.g. Corfu, Larissa. Methoni and Souda) indicating very good model performance. For Tmin, RMSE values exceed 
2°C for 5 out of 7 stations, while MAE only for Heraklion and Larissa. Very high correlation coefficients and IOA are 
calculated for all stations and temperatures.

Table 1. Values of statistical indices for monthly (Tmean, Tmin, Tmax) temperatures classified by station for the period 
1980-2004. Bold values mark the lowest error by station. 
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Figures 1 and 2 illustrate winter and summer seasonal errors found for each location. Correlation coefficients are com-
parable for all temperatures, with lower values for Tmin (Zhang et al. 2009) for both seasons. Seasonal bias is clearly 
higher during summer for Tmin with warm bias found for both seasons. According to Caldwell et al 2009, this may 
result from underprediction of soil moisture, which enhances surface heating during the warmest part of the day and an 
overprediction of coastal surface temperature due to coastal SST overprediction especially in case of coastal stations. 
Summer values of RMSE and MAE, exceed 2°C only for Tmin which is observed for all station points. On the other 
hand, Tmax and Tmean RMSE/MAE errors exhibit a very good skill score mostly during summer period, marking val-
ues around 0.5°C to 1°C. Similar results were found on previous studies on summer regional error analysis (Soares et al. 
2012, Perez et al. 2014). High scores of IOA are observed for Tmax during winter with values exceeding 0.8 while Lar-
issa, Samos and Souda indicate score lower than 0.7 during summer period. Additionally, lower values of IOA for Tmin 
(below 0.6) are observed during summer. This variability of IOA was also found among seasons by Kryza et al. 2017.

*Stations’ names by numbers are presented in section 2.1 
Fig. 1. Statistical metrics by station of Tmean, Tmax, Tmin temperatures, during winter season for the period 1980-2004.

*Stations’ names by numbers are presented in section 2.1
Fig.2. Statistical metrics by station of Tmean, Tmax, Tmin temperatures, during summer season for the period 1980-2004.
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Figure 3 depicts the ability of WRF to simulate the probability distributions of daily Tmax and Tmin for three indicative 
stations (Hellinikon, Larissa and Souda) for the 25-years. Hellinikon reveals a very good representation by the model 
compared to observations, for Tmin and Tmean throughout the temperature range. There is a misrepresentation concern-
ing Tmax between 15 and 25°C leading to large underestimation. In general, the WRF minimum temperature is shifted 
towards warm values for all stations, which is  also noticed by Ojrzyńska et al. 2017 during summer and fall. At Larissa’s 
station, Tmax is accurately captured by WRF, while Tmin is underestimated in the range of 10 to 15°C. Souda’s distri-°C. Souda’s distri-Souda’s distri-
butions are in very close agreement with the observations. Only a noticeable overestimation is observed in the range of 
20 to 25°C regarding Tmin. For Corfu station (not shown), a cold bias of Tmin is observed in the range of 5°C to 10°C, 
while an underestimation is noticed in medium values with a small shift to higher values. Regarding Heraklion station 
an excellent representation is detected for Tmax and Tmean with a misrepresentation of Tmin. Distributions for Methoni 
station (not shown) show a cold bias for both temperatures in the range of 10 to 15°C, mostly noticed for Tmin.

Fig. 3. Comparison of the observed temperatures. Tmax (red), Tmin (blue) and the simulated results in terms of prob-
ability distributions for Hellinikon, Larissa and Souda stations. The dashed lines indicate the probability distribution of 
the corresponding observations.

4 Conclusions 
In this study, model surface temperature results are evaluated by comparison with measurements from seven stations 
for the period 1980–2004 in the region of Greece. The model is found to be capable of reproducing mean and tem-
perature extremes of the study area, on daily, monthly and seasonal scales. In general the results of mean, maximum 
and minimum temperatures are in close agreement with the measurements, with some exceptions regarding the lower 
performance of Tmin and some slight overestimation of Tmax. These discrepancies of temperature extremes should be 
analysed and exhaustively investigated in a future study. This work illustrates the importance of in-depth evaluation of 
model performance and so further investigation has to be considered focusing on the examination of more variables as 
well as analysis of extremes in terms of climate indices and spatial distributions.
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Abstract: Precipitation and evapotranspiration are driving parameters for the development of natural rain-fed vegeta-
tion. Purpose of this study is to investigate the annual, seasonal and monthly trends of reference evapotranspiration 
in conjunction with the effective rainfall in NW Greece and specifically in Metsovo, a mountainous area (alt. 1160m) 
located in Epirus. A time-series analysis of 40 years of monthly meteorological data from 1960 to 2000 was performed. 
Trends were identified under different confidence levels (a=0.05 and 0.1) by employing the Mann-Kendall test. The 
trends’ magnitudes were estimated by the Sen’s method. Results showed a significant increase of evapotranspiration in 
summer since 1960. The other seasons were almost unchanged or with slightly increasing trends, indicating thus more 
severe water stress conditions for the forest ecosystems in recent summers compared to the past. Further, the effective 
rainfall trends were positive on an annual basis. On a seasonal basis, however, results showed that the available water 
through precipitation has significantly increased only in winter and not significantly changed in summer, the season with 
maximum water requirements. Such changes indicate that Metsovo’s local mountainous forest ecosystems will have to 
cope with and adjust to the climate changing conditions in the future.

1 Introduction
The climate change effect on the hydrological cycle parameters have increased research interest during the last decades 
(Milly and Dune 2001, Chen et al. 2007) mainly due to the high importance of water availability for natural vegetation 
but also due to the fact that  changes in climate may induce changes in plant phenology (de Bie et al. 1998, Peňuelas et 
al. 2004). This is very important especially in the Mediterranean which is considered as both a biodiversity (Myers et al. 
2000) and climate change hotspot (Giorgi 2006, Diffenbaugh and Giorgi 2012).
According to IPCC (IPCC, 2013), a global warming by 0.8°C is observed since 1960’s and the air temperature increase 
is anticipated to increase further the next decades, with more intense changes during summer in the continental Mediter-
ranean regions. Specifically in Greece, Tsiros et al. (2020) examined the changes of Thornthwaite’s aridity index during 
three consecutive climatic periods from 1900 to 1997 and found that the index values have increased more rapidly dur-
ing the latest climatic period (1960-1997). Proutsos et al. (2010) analyzed temperature data from 9 mountainous climatic 
stations (installed in altitudes from 510m to 1,310m) for the period 1960-2006 and found significant negative trends in 
annual mean and minimum temperature attributes and insignificant trends in maximum temperature in northern Greece. 
In the same work, however, significant positive temperature trends were detected in Southern Greece for maximum 
temperature with insignificant changes in mean and minimum values of air temperature. In lower altitudes, however, 
especially in S. Greece the temperature increase is more significant with higher changing rates (Proutsos et al. 2020).
Evapotranspiration and precipitation are the main water input and output attributes in rainfed forest ecosystems. Precipi-
tation decrease (Todisco and Vergni 2008) in conjunction with neutral or positive evapotranspiration trends (Xu et al. 
2005, Todisco and Vergni 2008) are already identified in many regions of the world, resulting to increased water stress 
for natural vegetation development. These general trends are, however, not followed in other regions (Wang et al. 2004, 
Chen et al. 2007).
This work is aimed at investigating the reference evapotranspiration and precipitation trends in the mountaneous area of 
Metsovo in Greece, during the period from 1960 to 2000. These attributes and their relationship play an important role 
in natural vegetation succession and conservation and also in drought tolerance. Therefore, any changes in these param-
eters can affect the species dynamics in plant communities, i.e. vegetation composition, spatial and temporal distribution 
especially in a high altitude Mediterranean region as Metsovo. To evaluate the impacts of changing water availability on 
natural vegetation it is of critical importance to continuously monitor climate conditions in order to implement, timely, 
adaptation and mitigation actions.
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2 Data and Methodology
Data was obtained from the climatic station of the Institute of Mediterranean Forest Ecosystems installed in 1960 in 
Metsovo (Prefecture of Epirus, N. Greece) at 39ο 47΄ 07΄΄N, 21ο 09΄ 34΄΄E, alt. 1,310 m. The station was located in an 
opening of a black pine (Pinus nigra) forest with minimum impact from urbanization or land use changes that could af-
fect the magnitude of the changing climate trends (Proedrou et al. 1997, Philandras et al. 1999).

Monthly values of air temperature and precipitation for the time period 1960-2000 were used in this study for the es-
timation of reference evapotranspiration (ETo) and effective precipitation (ERain). They can be used as indices for the 
assessment of water availability of the natural vegetation since they generally express the main water inputs and outputs 
of a forest ecosystem. The temporal trends of these indices may then give a reliable assessment of the climate change 
effect on the forest ecosystems in the specific Mediterranean area located into a high altitude area and hosts species like 
P. nigra which are drought sensitive.
For the ΕΤο estimation, the Ηargreaves and Samani (1985) equation was employed:

  

where, Tmax, Tmin and Tmean, the maximum, minimum and mean values of air temperature, respectively, in oC and Ra the 
shortwave extraterrestrial radiation in mm. Ra is calculated by the formula of Duffie and Beckman (1991) in MJ m-2 d-1 
(Eq. 2):

 

where, Gsc = 0.0820 the solar constant in MJ m-2 min-1, dr = 1 + 0.033 × cos[(2π/365)×J] the relative Earth-Sun distance 
in rad, φ the latitude in rad, ωs = arccos(-tanφ × tanδ) the solar time in midday in rad, δ = 0.409 × sin[(2π/365)×J – 1.39], 
the solar declination in rad and J the day of the year.
Monthly ERain was calculated from monthly precipitation (Rain) by the USDA method (Eq. 3):

 

ETo and ERain data were analyzed on a monthly, seasonal and annual basis, considering December of the previous 
year to February as winter months, March to May as spring, June to August as summer and September to November as 
autumn. Months with missing data more than three days were excluded from the analysis. The climate trends were de-
tected by employing the Mann-Kendall non-parametric test (Mann 1945, Kendall 1975) for different confidence levels 
(α=0.05 and 0.1). Mann-Kendall method is widely used for climatic and environmental time series analysis and trends 
evaluation (Chen et al. 2007, Tigkas 2008, Karpouzos et al. 2010, Proutsos et al. 2010, 2011, 2020), since it is a reliable 
method to identify monotonic linear and non-linear trends in non-normal data sets (Helsel and Hirsch 1992). The slope 
of each trend was evaluated by the Sen method (Q Sen slope-Sen 1968), which can be used by accepting the existence 
of a linear trend in the analyzed data set (Gilbert 1987, Sirois 1998). The slope Q is then estimated as a median of all 
possible slopes. For the trends identification under different levels of confidence and the estimation of the Q slopes, the 
MAKESENS 1.0 software was applied (Salmi et al. 2002).

3 Results
In Metsovo, the average annual temperature is 9.8oC, ranging seasonally from 1.6oC in winter to 18.8oC in summer, with 
intermediate values (8.2 and 10.8oC respectively) in the transitional seasons of spring and autumn. The annual effec-
tive precipitation (ERain) is 886 mm, seasonally distributed almost evenly in winter (32%), autumn (29%) and spring 
(26%) but with low quantities in summer (13%). Annual ETo is 808 mm with higher water requirements for vegetation 
in summer (46%) and lower (8%) in winter. The monthly pattern of ETo and ERain is depicted in Fig. 1, indicating that 
the water deficit period of the year, for the region, begins in late April and ends in late September, resulting thus to a dry 
period with length of about five months.
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Fig. 1. Reference evapotranspiration (ETo) and effective precipitation (ERain) monthly average values along with their 
standard deviations in Metsovo, for the time period 1960-2000.

On an annual basis, ERain presents significant increasing trend (attributed mostly to the increased winter precipitation) 
with an average rate +6,01 mm y-1, indicating that water availability conditions became more favorable for the devel-
opment of natural vegetation in the region, since 1960 (Table 1). Increasing water demand due to evapotranspiration 
increase, however, is also observed during the summer period. The annual water demand, however, is only slightly 
increased compared to the past and is considered non significant.
The seasonal trends of the effective precipitation are also positive for all seasons. Statistically significant increasing 
trends, however, are identified only for winter, which present an average increasing rate of +4,38 mm y-1. In all other 
seasons the increasing rates are smaller and not statistically significant (at least at a=0.1). The trends of reference evapo-
transpiration ETo for the period 1960-2000 indicate minor and not significant changes in all seasons with the exception 
of summer when the vegetation water requirements are maximum. The average ETo increasing rate during the summer 
season is +0,97 mm y-1 and is significant at a=0.1. 

Table 1. Mann-Kendall test Z statistics and Sen’s slope Q estimates of the monthly, seasonal and annual values of ef-
fective precipitation (ERain) and reference evapotranspiration (ETo), for the period 1960-2000. Statistically significant 
values are highlighted in grey and the significance level is indicated with + for a=0.1 and * for a=0.05.
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The combined analysis of ERain and ETo in Metsovo since 1960 indicate that, in general, precipitation presents in-
creasing trends whereas the evapotranspiration remains unchanged. However, summers become more dry due to the 
increased water requirements of plants induced to the increased ETo and not to the decreased precipitation. Spring and 
autumn remain rather unchanged compared to the past (not significant changes). In spring, the slight increase in water 
availability due to increase of precipitation, however, is canceled from a slight increase of vegetation’s water demands 
due to increase of evapotranspiration. On the other hand, in autumn the water availability conditions are more favorable 
for vegetation since the minor increase in precipitation is not accompanied by a similar increase in evapotranspiration.
On a monthly basis, the ERain trends are generally positive and the rates are positive and higher in winter months be-
coming slightly positive or negative in summer months. The period from November to April presents increasing ERain 
values since 1960 with monthly average rates ranging from +0.54 mm y-1 in December to + 1.74 mm y-1 in February. 
The trends are significant for November, January and March (at a=0.05 confidence lever) and for February (a=0.1). 
Insignificant (a>0.1) are found the precipitation changes during the period from May to October. ETo presents almost 
the opposite patterns compared to ERain, with trends to be positive and higher in the summer months and slightly posi-
tive or negative in winter months. The greater positive trend is recorded in June (increasing rate + 0.57 mm y-1), while 
November and December present the highest though minor negative trends (decreasing rates -0.08 and -0.07 mm y-1, re-
spectively). From the monthly analysis, only the trends of June and December are identified as significant at confidence 
levels a=0.05 and 0.1, respectively.

4 Conclusions
In the present study two key factors of the water budget are assessed in terms of changing trends for the period 1960-
2000 in the mountainous forest area of Metsovo. Recent precipitation changes appear to favor the development of natu-
ral vegetation compared to the past. The main limiting factor appears to be the changes of evapotranspiration resulting 
to higher water demand during the last years compared to the past, especially in summer. The effective rainfall presents 
positive annual trends which are significant in winter and remain almost unchanged in summer, when vegetation’s water 
requirements are maximized. These changes can affect the local mountainous black pine forest, which will have to adjust 
to the changing climate conditions in the future if the recent trends persist. However, the climatic analysis presented in 
this paper should be further extended to assess other climatic parameters that affect trees growth and survival, such as 
temperature and/or drought related indices.
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Abstract: Here, we examine the impacts of significant atmospheric circulation changes at seasonal scales on European 
temperature and precipitation and attempt to disentangle the thermodynamical from the dynamical contributions, under 
increasing CO2 concentrations. We use a very high resolution fully-coupled global climate model (CM2.6 GFDL) to 
document significant changes in the frequency of certain atmospheric circulation patterns over North Atlantic. These 
changes exceed natural variability and are likely to have important repercussions on European weather and climate. In 
winter, we find an increase of zonal regimes, in the form of different flavors of the positive NAO phase, which could 
bring warmer and wetter conditions over western Europe. This may lead to enhanced flooding risk, by increasing the 
frequency of occurrence of events such as the prolonged floods of the 2013-14 winter in the UK. In summer, we docu-
ment a significant increase in the occurrence of high-pressure systems off the UK coast, which is linked to hot and dry 
summer weather over western and central Europe. 

1 Introduction
It is now well documented that during the last decades extreme weather events have increased in frequency and inten-
sity, especially in the northern midlatitudes (Coumou and Rahmstorf 2012, Fischer and Knutti 2015). Apart from the 
straightforward implications of anthropogenic global warming on heat and precipitation, certain regional events can be 
exacerbated by dynamical drivers, relative to atmospheric circulation changes (Horton et al. 2016). In Europe particu-
larly, certain extremes have been linked to dynamical characteristics of the atmospheric circulation, such as specific 
configurations of the North Atlantic storm track and the eddy-driven jet stream. For instance, documented record rainfall 
that lead to prolonged and intense floods over the UK and western Europe in the winters of 2013-2014 and 2015-2016, 
was the result of a persistent sequence of low-pressure systems propagating along a very strong zonally-oriented North 
Atlantic jet stream (Christidis and Stott 2015). In summer, heatwaves and drought conditions over central Europe have 
been linked to increased occurrence of anticyclonic conditions over the area (Hoffmann and Spekat 2021).
As uncertainties in the response of atmospheric circulation to global warming remain (Shepherd 2014), the need for 
thorough studies with the use of state-of-the-art climate models is still high. In this direction, we perform simulations of 
a very high-resolution model with a realistic representation of the AMOC, to present robust changes in North Atlantic 
atmospheric circulation patterns. We use an objective methodology that strictly accounts for uncertainty and internal 
variability (Rousi et al. 2021) and we discuss the different thermodynamical and dynamical contributions of those 
changes to temperature and precipitation in a warmer world.  
 
2 Data and Methodology
We use data from two runs of the GFDL CM2.6 model: a pre-industrial run (PI) with stable 1860 CO2 concentrations 
and a transient run (2xCO2) with CO2 concentrations starting from the 1860 level and increasing by 1% per year until 
they reach doubling after 70 years and remain stable thereafter for another 10 years (see Saba et al. 2016 for the techni-
cal characteristics of the model). We use streamfunction at the 250hPa level (ψ250) to study upper level atmospheric 
circulation and total precipitation and temperature for the impacts on surface climate. 
To identify atmospheric circulation patterns, following the methodology defined in Rousi et al. (2021)uncertainties in 
models and future projections are still large and drivers behind circulation changes are not well understood. Particularly 
for Europe, a potential weakening of the Atlantic meridional overturning circulation (AMOC, we use Self-Organizing 
Maps (SOMs; Kohonen 2013). The SOMs are here applied on seasonally aggregated data for winter (DJF) and summer 
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(JJA), instead of monthly. Similarly to the monthly analysis, there are two North Atlantic atmospheric circulation pat-
terns that show a pronounced increase in frequency in the 2xCO2 run: the NAO+/Zonal regime in winter and the Atlantic 
Ridge in summer. We therefore analyze specifically those two patterns. The change in frequency is presented in terms of 
Relative Percentage Change (RPC), compared to their PI frequency, and is defined as follows:

where f2xCO2 is the mean frequency of the pattern in the 2xCO2 run and  the mean frequency of the pattern in the PI run. 
The 95% confidence interval of the relative change is also presented.
In the next step we calculate composites of precipitation and temperature for days belonging in these two patterns and 
show the differences between 2xCO2 and PI runs. To separate the thermodynamical effect of the increasing CO2 con-
centrations from the dynamical effect, related to the increase in frequency of the two patterns, we use the following 
equations: 

where Δytotal is the total change in precipitation (or temperature) between 2xCO2 and PI for a certain pattern,  () is the 
composite of precipitation (or temperature) for each pattern in the 2xCO2 (PI) expressed in anomalies from the PI sea-
sonal climatology and  () is the frequency of each pattern in the 2xCO2 (PI). represents the thermodynamical effect, thus 
the change in precipitation if no change in frequency occurs. shows the dynamical effect introduced by the change in 
frequency of a certain pattern between 2xCO2 and PI.

3 Results
In winter, the most pronounced change was found for the NAO+/Zonal regime (Fig.1a), with a frequency of 31% and a 
robust relative change of 19% in the 2xCO2 compared to the PI run. In this regime, the westerly flow is enhanced over 
North Atlantic and the storm track is shifted northward, resulting in wetter and warmer weather over the UK and north-
western Europe (Hurrell et al. 2003). In panels (b)-(e) of Fig.1 we see how this circulation pattern affects precipitation 
over Europe. Overall (Fig.1b), precipitation is increasing (decreasing) in 2xCO2 compared to PI over Northern Europe 
(Southern Europe). Part of this precipitation increase is due to thermodynamics (Fig.1c), as warmer air has increased 
the atmosphere’s water-holding capacity. Additionally, in an already warmer world, the specific NAO+/Zonal regime 
becomes more frequent, further increasing (decreasing) the precipitation over Northern Europe (Southern Europe) and 
especially over Northern UK and western Scandinavia (Fig.1d). Although the dynamical contribution is on average 
smaller than the thermodynamical, in certain regions it plays a more important role (contributing by 80-100% to the total 
change, see dark blue color in Fig.1e), where it can also invert the sign of the change, as for western France. Tempera-
ture, on the other hand, is affected in a straightforward manner by the general warming trend caused by the increasing 
CO2, with a larger positive signal over northern latitudes (Fig.1f). In that case the dynamical (Fig.1h) contribution is 
always much smaller than the thermodynamical (Fig.1g and i). Nevertheless, we can still see a slightly different pattern 
of increased warming, centered over western and central Europe, resulting from the increased frequency of the NAO+/
Zonal pattern. Indeed, as seen in Fig.1i, the ratio of dynamical contribution to the temperature differences is between 
20-40% over continental Europe, compared to lower values over the rest of the domain.
In summer, a pronounced increase in frequency of the Atlantic Ridge regime is found under increasing CO2 (Fig.2a). 
This pattern is occurring in 21% of all summer days, with a relative change of 30%. It is characterized by a pronounced 
positive anomaly of the streamfunction at 250hPa, which is linked to a high-pressure system on the surface off the UK 
coast in North Atlantic. This system hinders the westward propagation of the storm tracks towards central Europe and 
diverts the jet stream northwards (Madonna et al. 2017). This favors warmer and drier conditions over central Europe 
and wetter conditions over northern and southern Europe, as seen in Fig.2b and f. In most regions the dynamical ef-
fect acts in the same direction as the thermodynamical. However, in some regions of north Europe (especially northern 
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Germany), which is the transitional zone between decreasing (south of it) and increasing (north of it) precipitation due 
to the thermodynamic effect, the dynamical effect of the increased Atlantic Ridge frequency, manages to flip the sign of 
total precipitation change, making it negative. As we see in Fig.2e, the contribution of the thermodynamics is dominat-
ing on average (around 90%), but in certain regions, such as over Northern Germany and the Netherlands, this differs, 
with the dynamical contribution reaching 100%. For temperature (Fig.2f) the summer pattern of warming slightly differs 
compared to that in winter, as the warming of high-latitudes is less pronounced, while the warming over the southern 
latitudes (especially over Eastern Mediterranean) is more pronounced, probably due to soil-moisture deficit related feed-
backs. The dynamical contribution (Fig.2g) to the temperature increase is rather small compared to the thermodynamical 
(Fig.2h), acting, however, in the same direction, further increasing -even slightly- the temperature over Europe, with 
larger contribution over central and eastern regions. As seen in the ratio of the dynamical to total contribution in Fig.2i, 
this lies between 0 and 40% over the majority of Europe.

4 Conclusions
In this work, we extended the analysis done in Rousi et al. (2021)uncertainties in models and future projections are 
still large and drivers behind circulation changes are not well understood. Particularly for Europe, a potential weaken-
ing of the Atlantic meridional overturning circulation (AMOC by examining the seasonal changes in North Atlantic 
atmospheric circulation patterns, using a very high-resolution model under increasing CO2 concentrations. The results 
confirm the robust monthly changes found in Rousi et al. (2021)uncertainties in models and future projections are still 
large and drivers behind circulation changes are not well understood. Particularly for Europe, a potential weakening 
of the Atlantic meridional overturning circulation (AMOC, though to a smaller magnitude. In particular, in winter the 
NAO+/Zonal regime increases by almost 20% compared to its frequency of occurrence in the pre-industrial run. This, 
further increases precipitation over northern Europe, and particularly UK, France and northern Germany, which comes 
on top of the already increased precipitation due to the thermodynamic effect of the warming climate. This could pose 
significantly increased risks of flooding for those areas. In recent winters, some extreme floods, especially in the UK, 
have been linked to similar atmospheric configurations (Knight et al. 2017), and according to our results and previous 
modeling studies (van Ulden and van Oldenborgh 2006), this will further increase if the warming trend continues. In 
summer, the Atlantic Ridge regime is becoming 30% more common bringing significant reduction of precipitation over 
central Europe and further enhancing warming over the region. In general, we find that the dynamical effect is larger 
on precipitation compared to temperature. This is consistent with theoretical considerations and previous studies (Hoff-
mann and Spekat 2021in other words: Are the observed changes due to a change in frequency of the patterns or have the 
patterns’ dynamical properties changed? By using a combination of daily meteorological data and a European weather-
type classification, the long-term monthly mean temperature and precipitation were calculated for each weather-type. 
Subsequently, the observed weather-type sequences were used to construct analogue time series for temperature and 
precipitation which only include the dynamical component of the long-term variability since 1961. The results show 
that only a fraction of about 20% of the past temperature rise since 1990, which for example amounted to 1 °C at the 
Potsdam Climate Station can be explained by dynamical changes, i.e. most of the weather-types have become warmer. 
Concerning long-term changes of seasonal rainfall patterns, a fraction of more than 60% is considerably higher. Moreo-
ver, the results indicate that for rainfall compared with temperature, the decadal variability and trends of the dynamical 
component follow the observed ones much stronger. Consequently, most of the explained seasonal rainfall variances can 
be linked to changes in weather-type sequences in Potsdam and over Europe. The dynamical contribution to long-term 
changes in annual and seasonal rainfall patterns dominates due to the fact that the alternation of wet and dry weather-
types (e.g. the types Trough or High pressure over Central Europe ), as temperature change is connected to thermo-
dynamical factors in a very straight-forward way, while precipitation depends much more on local characteristics and 
topography and is more sensitive to the different flavors of the dominating weather patterns (Rousi et al. 2020).
Quantifying the dynamical contribution of atmospheric circulation changes under global warming to surface weather is 
not an easy task but we are confident that by using a very-high resolution model and a strict methodology that accounts 
for internal and multidecadal variability, we are able to have a realistic estimation. It is important to note that the dis-
entanglement of dynamical and thermodynamical effects in the climate system is not straightforward as in most cases 
those processes are coupled. Here, we make a reasonable assumption, i.e. that changes in the circulation patterns with 
unchanging frequency can be attributed to thermodynamics, while changes considering the frequency differences to 
dynamics. Our results provide evidence that the changes in frequency of certain atmospheric circulation patterns could 
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have significant implications on weather and climate over Europe, favoring winter floods and summer droughts over 
certain regions. 

Fig. 1. (a) Atmospheric circulation pattern (NAO+/Zonal) with significant increase in frequency in the 2xCO2 run for 
winter (DJF). Mean frequency is shown in parenthesis and its relative percentage change (RPC) compared to the PI 
mean in the red box with the 95% confidence interval in brackets. In the plot, mean streamfunction at 250hPa (ψ250; 
contours plotted every 107 m2/s) and its anomaly from PI climatology (shading; all values are x106 m2/s) are shown. (b) 
Differences in total precipitation amount (in mm) for this pattern between 2xCO2 and PI over Europe. (c) As in panel b 
but for the thermodynamical component. (d) As in panel b but for the dynamical component. (e) The ratio of dynamical 
versus total component. (f)-(i) As in panels (b)-(e) but for mean surface temperature.
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Fig. 2. As in Fig. 1 but for summer (JJA) and the Atlantic Ridge pattern.
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Abstract: The Canadian Fire Weather Index (FWI) is a meteorologically based index designed initially to be used in 
Canada but it can also be used worldwide, including the Mediterranean, to estimate fire danger in a generalized fuel type 
based solely on weather observations. The four weather variables are measured and used as inputs to the FWI (rain ac-
cumulated over 24 h, temperature, relative humidity, and wind speed) are usually taken daily at noon local standard time.
Recent studies have shown that temperature and precipitation in the Mediterranean, and more specifically in Greece are 
expected to change, indicating longer and more intense summer droughts that even extend out of season. In connection 
to this, the frequency of forest fire occurrence and intensity is on the rise. In the present study, the FWI index is used in 
order to assess changes in future fire danger conditions.
To represent meteorological conditions, regional EURO-CORDEX climate model simulations over the Mediterranean 
and mainly Greece at a spatial resolution of 11 km, were utilized. In order to assess the impact of future climate change, 
we used two Representative Concentration Pathway (RCP) scenarios consisting of an optimistic emission scenario 
where emissions peak and decline beyond 2020 (RCP2.6) and a pessimistic scenario where emissions continue to rise 
throughout the century (RCP8.5). We compared the FWI projections for two future time periods, 2021-2050 and 2071-
2100, with a reference time period in the recent past 1971-2000. Based on the critical fire risk threshold values that have 
been established in previous studies for the area of Greece, the days with critical fire risk were calculated for different 
Greek domains.

1 Introduction
Current trends in the Mediterranean climate, and more specifically in Greece, indicate an increase in summer droughts 
due to global warming (Tramblay et al., 2020). In order to investigate the relationship between fire risk and meteoro-
logical conditions in Greece, the Canadian Fire Weather Index (FWI) (Van Wagner, 1974) was used. Based on previous 
studies, an evaluation of the index was performed for the Greek territory using fire observations that cover a 15-year 
period (Karali et al. 2014). Three critical fire risk threshold values were established for the area of Greece based on daily 
mean meteorological data: FWI = 15, FWI = 30 and FWI = 45, increasing from the northwest to the southeast. (Karali 
et al. 2014).
The present study aims to use those aforementioned FWI thresholds as a base for comparisons between FWI results 
from different EURO-CORDEX climate model simulations for the Greek domain. These results are representing three 
main time periods (1970-2000, 2020-2050, 2070-2100) to study the FWI trend due to global warming. The FWI index 
was calculated for several key Greek areas and compared to determine the ones with the highest fire danger risk.

2 Data and Methodology
Datasets from the Copernicus Climate Change Service (C3S) presenting projections of fire danger indicators for Europe 
based upon the Canadian Fire Weather Index System (FWI) were used as the basis to determine the wildfire danger over 
the Greek domain. For the calculation of the aforementioned datasets 3-hourly climatic output from six state-of-the-art 
RCM/GCM pairs at a horizontal resolution of 0.11 degrees, developed within the EURO-CORDEX initiative (Jacob et 
al., 2013), were utilized. In order to assess the impact of climate change on wildfire danger, different climate scenarios 
were used: the present climate simulations (1970-2000) used as reference for the FWI projections, and two future time 
periods i.e. the period 2020-2050 and 2070-2100, under an optimistic scenario where emissions start declining beyond 
2020 (RCP2.6) and a pessimistic scenario where emissions continue to rise throughout the century (RCP8.5).

3 Results
The preliminary results presented here were produced using daily fire weather index simulations from one RCM/GCM 
pair, i.e. the RCA4 regional climate model driven by the CNRM-CM5 (CNRM- CERFACS, France) global climate 
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model, while future model simulations were based on the RCP8.5 emission scenario to represent the worst case possible. 
Three main thirty-year time periods were used to represent current, near future and distant future trends.
To find the areas with the highest FWI and thus the highest potential for fire activity, maps of the Greek domain were 
generated as shown in Figure 1 depicting the average FWI for the three thirty-year periods. It is shown that FWI values 
are higher in the eastern and southern parts of Greece. In addition, the maximum FWI values were found for the three 
time periods and using the stippling method, the locations with maximum FWI values greater than 130 were depicted 
on the maps as red crosses. This specific maximum FWI value was chosen to represent the areas with the most extreme 
FWI index as well as to have the clearest visual difference between the maps to showcase the increase in maximum FWI 
values over the years.

Fig. 1. Average and FWI values greater than 130 for the reference period, as well as the two future periods under the 
RCP8.5 scenario.

Based on the aforementioned FWI thresholds determined in (Karali et al. 2014) and according to the Greek climato-
logical conditions, locations where the FWI index is greater than 30 are considered prone for fire occurrence. The FWI 
threshold value of 30 is only used instead of the other two, in order to have the same metric for comparisons since the 
whole Greek domain is studied. To check how the fire hazard number of days evolve in the future in comparison with 
the reference time period, the total number of days with FWI index above 30 was calculated for the near and distant 
future time periods (2020-2050) (2070-2100) and subtracted from reference period (1970-2000), as shown in Figure 
2. The map on the left has considerably more points with negative values with the exception of some areas like Crete 
and the Aegean islands having 5-10 additional fire risk days when compared to the map on the right, indicating that 
even though in the near future the average FWI index is slightly higher than the reference period, there are areas with 
fewer days with a high FWI index. On the other hand, in the distant future, we estimate overall 20 additional fire risk 
days when compared to the reference period.

Fig. 2. Difference in the number of days with FWI>30 between the future periods (RCP8.5 scenario) and the present.
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Based on the climatological conditions of Greece the country can be divided into four sub-areas, i.e. South Greece 
(mainly Aegean islands and Crete) Western Greece (Epirus and part of western Peloponnese), Northern Greece (Mac-
edonia and Thrace) and Central Greece (Karali et al. 2014). Out of all these areas, southern and central Greece have the 
hottest climate with the most prolonged dry season, while northern parts of the country such as Epirus and Macedonia 
tend to be the coolest, featuring a less arid summer. That generalized assumption coincides with the spatially averaged 
FWI results in Figure 3 for these areas. Other than these four areas, Figure 3 also contains the spatially averaged FWI 
results for the entire country of Greece depicted as a black dotted line. There is a general tendency for increasing FWI 
as time evolves, and also an increase between the reference period and the future periods, most markedly for 2070-2100, 
which is mostly evident for the hotter Greek areas like the South and Central Greece.

Fig. 3. Spatially averaged FWI results for the different sub-areas of Greece for the RCP8.5 scenario.

Further analysis was performed when it comes to seasonal variability for the three time periods for the entire domain 
of Greece. To create Figure 4, the FWI results were averaged both spatially and temporally on a monthly basis for all 
three thirty-year time periods. As seen in the figure most of the FWI index increases are occurring during the months of 
April until August, whereas for the rest of the months the average FWI does not change much compared to the reference 
period. The largest increase in average FWI in comparison with the reference period was found in the month of August 
and estimated to be 5 units for the near future and 10 units for the distant future.

Fig. 4. Seasonal variability for the entire Greek domain, for the reference period and the two future periods under the 
RCP8.5 scenario.

To get a clearer understanding of the statistical behavior of the FWI, histograms were generated for the three time periods 
as seen in Figure 5. It is evident that the reference period features a higher frequency of lower FWI values, whereas the 
distant future, features consistently higher FWI values, especially in the part of the distribution where FWI>60.
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Fig. 5. Histogram representing the FWI distribution (spatially averaged over the entire Greek Domain) for the three time 
periods (bin size = 2).

4 Conclusions
The present study evaluated the FWI index behavior over three thirty-year periods (1970-2000, 2020-2050, 2070-2100), 
where the future driving climate follows the RCP8.5 emissions scenario. Overall, the results showcase a general trend 
of increasing FWI index, indicating increased wildfire risk for Greece in response to global warming in agreement 
with previous studies (e.g. Karali et al. 2014). Since the FWI is a meteorological index, it does not take into account the 
vegetation of the domain of interest thus the results could be misleading. The threshold FWI>30 has been established 
for the Greek climate as it represents potential fire hazard. Based on that threshold, it was calculated that in the distant 
future, there is the possibility of twenty additional fire risk days when compared to the reference period, as seen in 
Figure 2. The increased FWI trend is more apparent in Southern Greece, whereas for the already cooler parts of 
Greece the FWI index is more stable as the years evolve. Our forthcoming research will quantify future wildfire risk 
under different climate change scenarios and for climate information from more models, while we also intend to exam-
ine future changes using a model that accounts for both future climate and future vegetation and ignitions, namely 
the JULES-INFERNO wildfire model (Mangeon et al., 2016).
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Abstract:  Heating degree days (HDDs) is a useful index of the energy demand needed to heat a building. This index 
is derived from outside temperature measurements and relative to a temperature threshold, above which a building 
needs no heating. The present study investigated and mapped the heating degree days in Greece for every month over 
the time period 1960-2015. The evolution of this indicator over time provides significant information regarding energy 
demands and fuel consumption in the study region. Mean daily and monthly air temperature data were obtained from 
thirteen meteorological stations at various geographical sites across Greece. Several maps were produced to present the 
spatial distribution of the HDDs in Greece. In this study it was found that the energy needs for heating in Greece vary 
with latitude. Heating requirements is higher in northern and northwestern continental Greece compared to southern and 
eastern parts of the country. The heating days for January are comparatively higher than the other two winter months at 
all stations in the study area. Examining the temporal variation of HDDs over the period 1960-2015 we found a decreas-
ing trend regarding stations in Greek islands.

1 Introduction
Climate change is likely to affect the energy demands with increases in electricity for summer cooling and decreases 
for winter heating. It is estimated that there will be a large increase in energy demand in southern Mediterranean by 
the mid-21st century (Plan Bleu 2008, Giannakopoulos et al. 2011). The present study examines the characteristics of 
energy demand for Greece and investigates its relation to temperature fluctuations. Demand for energy in Greece varies 
both seasonally and from year to year. Specifically, in the present work, the HDD index is calculated in different regions 
of Greece, based on the average daily temperature of each winter month. It is important that, the results of the method, 
allow for a more accurate estimation of the expected temperature loads, as well as the possibility of benchmarking be-
tween different estimates. The ultimate goal of this research is to create maps that portray the variation of the HDD index 
in Greece. This material can be used to calculate energy requirements and the consumption of heating fuels.

2 Data and Methodology

2.1 Data
The meteorological data used to calculate the HDD index are derived from the Hellenic National Meteorological Service 
(HNMS), for 13 stations. These data are considered to be reliable since the software and equipment used run automati-
cally, the instruments are calibrated, and the data is not affected by possible errors. Reliability of the outside air tem-
perature values is important for calculating the heating degree days. For the stations used, daily temperature data were 
collected for the period 1960-2015. In some areas, the time series did not cover the range of years, as various missing 
data were observed. In order to obtain a complete data series, the missing data were approximated, and the gaps were 
filled in using the linear regression analysis. Daily temperature values were then used to calculate the mean monthly 
temperature values for each station and every month of the period 1960-2015. 

2.2 Methodology
Regression is called any correlation based on the least squares’ method, which is practically identical to the correlation, 
since the least squares method is used in almost all cases. Regression analysis is one of the most widely used techniques 
for analyzing multifactor data and is also interesting theoretically because of elegant underlying mathematics and a well-
developed statistical theory (Douglas et al. 2015). 
Degree day is generally defined as the value that expresses the total ambient temperature. This constitutes the quantity 
and duration, where the outside temperature becomes lower or higher than a certain limit, which is known as the basal 
temperature (Hitchen 1981). Degree days are a measure of the variation in the outside temperature of an area and a cli-
matic indicator that reflects the “severity” and duration of the cold or warm climate of an area (Matzarakis and Thomsen 
2008, CIBSE 2006). Heating degree days allow for the accurate calculation of a building’s heating demands, as well as 
its expected final heating energy consumption. The method of heating degree days is the simplest and fastest method of 
determining the heating demands of a building (ASHRAE 2005). Specifically, HDDs reflect the expected climatic tem-
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perature values of an area for the winter (December, January, February), which is the primary parameter for the initial 
estimate of the expected energy efficiency of buildings during the period.
The HDDs can be calculated by statistical processing of hourly temperature data logs over long periods of time. The 
necessary data for energy calculations in buildings are generally incomplete and it is necessary to use reliable models for 
their estimation. However, various mathematical relationships have been proposed for estimating heating degree days, 
when the meteorological data are insufficient for an accurate calculation (Papakostas et al. 2005).  Depending on the 
availability of outdoor air temperature data, various methods are used to calculate the heating degree days. In the present 
study, during the heating periods the threshold temperature was chosen to be 18°C. The threshold temperature of 18°C, 
is common for low thermal insulation buildings, in accordance with the Energy Efficiency Regulation (EER) of build-
ings and taking into account internal thermal gains. To examine the energy requirements for heating among various areas 
of Greece we calculated and compared the HDDs’ values among thirteen meteorological stations. The basic parameter 
for calculating the heating degree days is the air temperature of an area. Typically, calculations are based on daily mean 
outdoor air temperatures   for a significant measurement period of at least fifteen years.
The HDDs of an area are usually calculated for each winter month and are the product of the number of days in the 
month, depending on the average monthly twenty-four hour air temperature minus a reference desired indoor room 
temperature, which is usually taken to be equal to 18°C. The equation for calculating the heating degree days (HDDs), 
with the basic assumption of the twenty-four-hour operation of the building, is: HDD= [ +]. Where, Tref: reference 
temperature (°C), Tair: the daily outdoor air temperature (°C) and N the days of the month. The (+) sign indicates that 
the calculations only take into account cases with Tair below the reference Tref, that is, the effect of the difference in 
parentheses is always positive (Gaglia et al. 2018, Gaglia et al. 2019).The following section discusses and presents the 
results of the HDDs calculations, visualized in diagrams and charts.

3 Results
In order to determine the temperature conditions in each of the thirteen sites under study, the climate averages were 
calculated for each month and every year of the period 1960-2015. Fig. 1 shows the mean monthly HDD for the thirteen 
stations for the winter months (December, January, February) with a reference temperature of 18°C for the period 1960-
2015. It is worth mentioning the findings for the stations of Florina and Rhodes, as they reveal the highest and lowest 
values of the HDD, respectively, among the thirteen stations for the three winter months. The highest values of HDD are 
calculated for the Florina area and reach the HDD=544.15 in January, HDD=98.75 in December and HDD=466.43 in 
February. In contrast, the lowest values of HDD are estimated for the region of Rhodes areas and reach the HDD=178.68 
in January, HDD=129.92 in December and HDD=158.87 in February. These two examples are characteristic, as they 
differ by 80%. In addition, diagrams were created which show the HDD for each winter month and their tendency to 
increase or decrease over the period 1960-2015 (not shown). HDDs at the Florina station are higher than other stations, 
which means that there is a higher demand for heating in winter. This is justified by the low temperatures due to the high 
latitude. In contrast, the Rhodes station presents lower HDDs. The HDD differences between the stations indirectly in-
dicate the differences in energy consumptions for heating. In general, stations located in the south of Greece reveal low 
HDDs, due to the mild winters that are observed in southern and coastal areas. 

Figure 27. Average monthly HDD index for the three winter months at thirteen stations.
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Τhe mean seasonal values of the heating degree days for the thirteen examined regions of Greece over the period 
1960-2015 are shown in Fig. 2, and denote the geographical zones of country with different energy requirements for 
heating in winter. Locations in northern latitudes, high altitudes and continental climate characteristics are those with 
the highest energy demands for heating in winter, namely Florina (HDD=1509.33), Kozani (HDD=1330.85), Ioan-
nina (HDD=1163.70), Tripoli (HDD=1107.27), Larisa (HDD=1098.95) and Thessaloniki (HDD=1037.72). Whereas, 
the minimal thermal requirements of the country are found in central and southern stations in the islands of Corfu 
(HDD=684.75), Mytilene (HDD=696.90), Crete – Heraklion (HDD=474.07) and Rhodes (HDD=467.47) and the conti-
nental areas of Agrinio (HDD=814.44), Elliniko (HDD=641.99) and Kalamata (HDD=659.32).

Figure 28. Mean seasonal HDD index for the thirteen regions of Greece for the winter months of the period 1960-2015.

The highest HDD index values are revealed for January in all thirteen sites. January is generally the coldest month of 
the year in Greece and hence high energy requirements are observed in all locations. The geographical distribution of 
HDDs in Greece is displayed on maps (Fig.3). In the following maps, circles of different sizes were designed to visualize 
the energy demands in each site based on the HDDs calculations. Large (small) circles denote that more (less) energy is 
required for heating. The graduated circles classify the HDDs data into five classes. The cities with the highest heating 
requirements seem to be Florina and Kozani (dark blue), followed by the cities of Thessaloniki, Ioannina, Larisa and 
Tripoli (light blue), subsequent is the city of Agrinio (yellow), followed by the cities of Mytilene, Corfu, Elliniko and 
Kalamata (orange) and finally the cities, where less energy is needed for heating, are Rhodes and Heraklion (red). These 
results show that there is a difference in energy needs for heating during the whole period, in Greece. The needs are 
high, mainly in the northern part of country, compared to the rest of Greece. These needs seem to be increased by 50% 
on average compared to the island regions of Greece, which have the lowest annual energy needs for heating. 

Figure 29. Spatial distribution of the number of HDD per month (season) in each station over time. Top-left (top-right) 
panel presents the index for December (January), bottom-left panel presents the index for February and the bottom-right 
panel displays the total values of the Index for winter.
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In addition, trend analysis was performed for the HDD timeseries and the following results were extracted. It is found 
that energy needs for heating in Greece vary with latitude. Larger energy demands for heating are detected in northern 
and central Greece than in southern, eastern and western Greece. Τhere is a substantial increase in the heating degree 
days in all winter months during the period 1960-2015.  This increase in HDD for January is about 10-15% and is higher 
in comparison to the other two months in all stations. Similarly, increase in the HDD is observed in December, although 
it was not seen to be as intense as in January. Moreover, in respect of February, HDD tend to increase in comparison to 
December in some areas (namely Rhodes, Heraklion, Elliniko, Kalamata and Corfu), while in others they decrease com-
pared to January (Florina, Kozani, Ioannina, Larisa, Tripoli, Thessaloniki, Agrinio and Mytilene). The stations located 
in southern Greece show lowest HDDs and this may be due to the warmer climate conditions that prevail during winter. 
As expected, stations located in mountainous or semi-mountainous areas present large HDDs. 

4 Conclusions
Based on the calculation of the HDD index and particularly the seasonal results of the study, we can come to the follow-
ing findings – conclusions on energy needs in different regions of Greece for the period 1960-2015. High energy demands 
for heating (HDD=1300-1500) are seen in North and Northwestern Macedonia (Florina-Kozani). Moderate to high 
energy consumption for heating (HDD=1100-1300) are found in northern Thessaly (Larisa), Central Macedonia (Thes-
saloniki), in Central Epirus (Ioannina) and Central Peloponnese (Tripoli). Moderate demand for heating (HDD=800-
1100) are presented in western Greece (Agrinio). Moderate to low energy consumption for heating (HDD=500-800) are 
presented in the northern Ionian (Corfu), in the South-Eastern Peloponnese (Kalamata), in South-Eastern Central Greece 
(Elliniko) and in the North-Eastern Aegean (Mytilene). Low heating needs (HDD=300-500) are seen in the Southeast 
Aegean (Rhodes) and in Central Crete (Heraklion).
It is important that, coastal areas such as the Rhodes and Heraklion stations revealed the lowest heating degree days 
compared to the other stations. To the contrary, stations situated in north latitudes and continental zones, as for example 
is the case of Florina and Kozani stations, showed the highest values   of heating degree days. The temporal analysis of 
HDD for the period 1960-2015 shows a slightly decreasing trend over time for the stations of Rhodes, Heraklion, Corfu, 
Mytilene, Elliniko and Kalamata, while the other seven stations show a slight tendency to increase. The downward trend 
in the winter months shows that less energy demand for heating is required in lowland and coastal areas, compared to 
the upward trend in northern-continental regions that require more energy. Safe conclusions regarding annual energy 
demands across the Greek region can be drawn by the calculation also of the cooling degree days index for these thirteen 
regions, so that the impact of climate change on both winter and summer can be better seen. Climate change studies pro-
ject decreasing energy demands to meet winter heating requirements in energy consumption in south Mediterranean due 
to warmer future conditions (Plan Bleu 2008), but possibly higher energy requirements to meet cooling needs in sum-
mer. Thus, a positive aspect of climate change is that energy needs in winter are expected to decline. In contrast, a major 
impact of global warming is that the electricity demand for cooling will increase in summer (Bank of Greece 2011).
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Abstract: In this study, the temporal variability of snow height in the University Forest of Pertouli (Central Pindus, 
Greece) was evaluated. To this end, long-term (1961-2016) time series for snow height from a mountainous meteoro-
logical station were collected and analyzed. Seasonal and annual data were subjected to the Mann-Kendall test to assess 
the possible statistically significant trends and in case of a significant trend to detect approximately its time of occur-
rence. Additionally, Sen’s slope method was used to estimate the trend magnitude. The results showed decreasing trends 
in annual and seasonal accumulation of snow, statistically significant only in autumn. Snow height non-stationarity 
starts to occur in the early 1980s in the autumn. Also, the average magnitude trend per decade is approximately -6,3%, 
-5,6%, -11,3% and -5,7% for the annual, winter, autumn and spring snow heights respectively. In addition, the National 
Ice Center’s Interactive Multisensor Snow and Ice Mapping System (IMS) high-resolution snow cover data were used 
for the period 2004-2016 in order to analyze any correlated trends between the number of days with snow cover and the 
accumulated snow from the surface station. Comparisons between the datasets show that the decreasing accumulations 
of snow at the surface are negatively correlated with the number of days with snow cover mostly due to an increasing 
number of snow-cover days in high elevation.

1 Introduction
Snow is an important component of a climate system, very sensitive to climate change, and it can be an indicator of 
checking and monitoring global change. Furthermore, it is a key hydrological parameter that significantly affects catch-
ments’ runoff regime. The role of snow cover in the enrichment of groundwater aquifers is rather important. The tempo-
rary storage of water in the form of snow reduces the runoff rate and in this way reduces the flood discharges (Singh et 
al. 1997, Meeks et al. 2017, while in some other cases of storms events combined with snowmelt the flood risk increases 
(Freudiger et al., 2014). Moreover, snowfall can be beneficial to agriculture by serving as a thermal insulator, conserving 
the heat of the Earth and protecting crops from subfreezing weather. Some agricultural areas depend on an accumulation 
of snow during winter that will melt gradually in spring, providing water for crop growth, both directly and via runoff 
through streams and rivers, which supply irrigation canals (Khanal 2014, Rai and Rijal 2014). Additionally, has major 
impacts on human daily life, as it results in a cutback of land and air transportations, increases the risk of road accidents 
and affects recreation and tourism as accelerating snowmelt and limiting snow cover period will reduce the ski resorts 
operational period (Scott et al. 2008, Steiger and Abegg 2018).
Many scientific works focus on the determination of the key atmospheric factors which influence snowfall occurrence 
or intensity (Dai 2008, Wang 2011, Dafis et al. 2016) on the contrary studies about long term trend analysis of snowfall 
time-series are limited (Ke et al 2009, Irannezhad et al. 2017, Pérez-Palazón et al. 2018), while to the author’s knowl-
edge a similar study has never been carried out before in Greece. The object of this study is to analyze and detect trends 
in long-term (1961-2016) annual and seasonal snow height time-series based on data from a mountainous meteorologi-
cal station located in Greece. In addition, satellite data about snow cover are utilized in order to explore any connection 
between the trends in snow accumulation at the surface station and the number of days with snow cover in the close 
vicinity of the station. 

2 Data and Methodology
Observations of daily snow height (cm) for the period 1961-2016 were used from a mountainous meteorological station 
(1180 m) located within the University Forest of Pertouli over the mountainous range of Pindus (Central Greece). The 
snow height was measured on snow table equipment. The rights for the management of the Pertouli forest were assigned 
to the Aristotle University of Thessaloniki in 1934 for educational and research purposes. The data series are complete, 
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i.e. have no missing values. Double mass method and two parametric statistical tests (Student’s t and Chi-Square test) 
were applied so as to adjust any heterogeneity of the snow height data, while the details of these methods can be obtained 
from WMO (1986). The latter tests demonstrated that the snow height data were indeed homogeneous.
Trend analysis was performed on annual and seasonal time scale. Since summer snow height is zero, seasonal analyses 
are presented only for winter, spring and autumn. The above-mentioned time series of snow height were subjected to a 
non-parametric Mann-Kendall test, as it has been proposed by Sneyers (1990), to detect any trend over the examined 
period. A lengthy description of the methodology and its computation can be found in the literature (e.g. Myronidis et al. 
2012, Stefanidis and Stathis 2018). The sequential form of the Mann–Kendall test, consisting of the application of the 
test to all the series starting with the first term and ending with the ith term (and the reverse), was also used for a progres-
sive analysis of the series. In the absence of any trend, the obtained graphical representation of the direct (ut) and the 
backward (ut’) series with this method produced curves that overlap several times. However, in the case of a significant 
trend (5 % level |ut|>1.96), the intersection of the curves enabled one to detect approximately its time of occurrence. 
Additionally, trend magnitudes were computed by employing the Theil-Sen (TSA) approach (Theil 1950, Sen 1968), 
which is based on slope β, which is often, referred to as Sen’s slope it is preferable to linear regression, since it limits the 
influence of outliers on the slope.
For the snow cover analysis, the National Oceanic and Atmospheric Administration (NOAA) interactive multisensor 
snow and ice mapping system (IMS) (U.S. National Ice Center 2008) is used, derived from NOAA’s National Climatic 
Data Center (NCDC) at 4 km spatial resolution. IMS provides daily maps of snow in the Northern Hemisphere using 
data from a combination of Polar and Geostationary Operational Environmental Satellites in visible, infrared and micro-
wave spectrums. Since the visible and infrared data suffer from persistent cloud cover, limiting the satellite observations 
of the ground conditions, microwave products from SSM/I (Special Sensor Microwave Imager) and AMSR-E (Ad-
vanced Microwave Scanning Radiometer for EOS) are being ingested into the IMS product. The IMS system also uses 
data from the SNOw Data Assimilation System (SNODAS) and all the available in-situ observations. Unfortunately, 
for our study, there are no available in-situ data for snow cover to evaluate the performance of IMS, but the product has 
been evaluated in different parts of the Northern Hemisphere with relatively high skill in realistically mapping the snow 
cover of both plains and mountainous areas (e.g., Chen et al. 2012, Sönmez et al. 2014). In order to construct the time 
series of snow cover between 2004 and 2016, the closest pixel to Pertouli was used (Figure 1). This pixel includes an 
area with complex terrain and incorporates information about the snow cover at elevations ranging between 1030 and 
2000 m. The IMS snow cover data are presented and discussed together with snowfall and total precipitation data from 
the meteorological station at the University Forest of Pertouli.

Fig. 1 Elevation map (m) of the studied area in Central Greece. The yellow box represents the IMS pixel that was used 
to derive the snow cover time series. 

3 Results
The analysis of the station data showed that the snowfall period extends from October to April. Regarding the results of 
the Mann- Kendall statistics test downward trends in both annual and seasonal snow height were recorded. In addition, 
the decreasing trends were found statistically significant only in autumn and the abrupt change start to occur in the early 
1980s. In the following figure (Figure 2) the graphical representation of the Mann-Kendall rank statistic test can be seen. 
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Fig. 2. Graphical representation of the series (ui) and the retrograde series (ui’) of the sequential version of Mann-
Kendall for seasonal and annual snow height 
Moreover, Sen’s slope was used to compute the trend magnitude per decade. The results highlighted that the average 
magnitude trend per decade is approximately -6,3%, -5,6%, -11,3% and -5,7% for the annual, winter, autumn and spring 
snow heights respectively.
The IMS snow cover data available for the last 13-year period between 2004 and 2016 also show a slight decreasing 
trend of the number of days with snow cover in the University Forest of Pertouli, but not statistically significant. A 
slightly increasing trend was found only in December and January (not shown) but also statistically insignificant. Figure 
3 shows the time series of the IMS snow cover days for the pixel enclosing the largest part of the University Forest of 
Pertouli. The abrupt yearly fluctuations of the number of snow cover days can be partly explained by the accumulation 
of total and snow precipitation. More specifically, since the IMS pixel includes information about areas with a higher 
elevation than the one at the meteorological station in Pertouli, a high number of snow cover days when snowfall at the 
station is limited (e.g. Spring 2004-2005 and 2005-2006, and Winter 2014-2015 and 2015-2016) can be attributed to an 
increasing snow cover in higher elevations. This relationship is also supported by the high total precipitation excluding 
snowfall (e.g. more than 200 mm of rainfall). 

Fig. 3 Time series of the number of days with snow cover derived by the IMS snow product (black line), the total ac-
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cumulated precipitation (mm) (grey bars) and the accumulated snow (mm) (red bars) at the University Forest of Pertouli 
meteorological station. Autumn corresponds to the months October-November, Winter includes the months December, 
January and February, Spring includes only March and April, and Year includes all the aforementioned months. 

4 Conclusions
Snow is a key component of the hydrological cycle with both positive and negative effects on natural ecosystems. 
Moreover, it has socio-economic impacts as it may affect transportation and tourism in mountainous areas. This study 
was performed by using data collected in the University Forest of Pertouli (Central Greece), an area located in the moun-
tainous range of Central Pindus with significant snowfall every year, and an operational ski center. Thus, an analysis of 
long-term snow height was considered a rather important task. 
The analysis showed downward trends in both annual and seasonal snow height. Nevertheless, the decreasing trends 
were found statistically significant only in autumn and the non-stationarity starts to occur in the early 1980s. The average 
magnitude trend per decade is approximately -6,3%, -5,6%, -11,3% and -5,7% for the annual, winter, autumn and spring 
snow heights respectively. As for the IMS snow cover data, they also show a slightly decreasing trend of the number of 
days with snow cover (not statistically significant). The decreasing accumulations of snow at the surface are negatively 
correlated with the number of days with snow cover mostly due to an increasing number of snow-cover days in high 
elevation. 
The accuracy of the IMS snow product should be evaluated with surface measurements and especially in areas of Greece 
with different land cover and snow properties. Especially for the University Forest of Pertouli, the dense forest may 
cause errors in the snow detection by the satellites, introducing a dense canopy, but also the mixed reflectance of fresh 
and aged snow should be taken into account in future studies. The authors also plan to extend the analysis presented in 
this study by taking into account additional parameters from the meteorological station in Pertouli and investigate any 
possible changes in local and synoptic weather patterns that affect snowfall and snow cover in Central Greece. 
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Abstract: The Mediterranean region, especially its coastal sites, has been proven in the past to be highly sensitive to 
Climate Change impacts, experiencing water management problems due to coastal hazards such as inundation by storm 
surges and sea level rise, land loss, etc. The overarching goal of the present study, being a part of the MEDAQCLIM pro-
ject, is to assess the ability of updated RCMs in simulating the main meteorological parameters, leading to storm surge-
induced sea level variations over the domain of interest. Three climate models were selected and compared with the 
CERA re-analysis database focusing on the simulation of the mean SLP level, the mean wind fields and the reproduction 
of the extreme barometric systems (Deep Depressions) over the Mediterranean region. Through thorough validation of 
the RCM outputs it is concluded that, in general, all models present a relatively high simulation skill in representing the 
main characteristics and spatial distribution of the examined parameters, with some differences depending on the time 
scale the examination takes place. Indicative evaluation of maritime hydrodynamic model hindcasts is also provided 
based on comparisons of storm surge simulation outputs against field observations of coastal hydrographic features. 
 
1 Introduction
Recent projections by both general circulation models (GCMs) and regional climate models (RCMs) show that future 
climate will be characterized by monthly net rainfall decrease during winter and potential evapotranspiration increase 
during summer due to global warming. These climatic alterations will vary from one region to another, but many 
densely populated countries would be seriously affected. All expected Climate Change (CC) scenarios, as defined by 
Intergovernmental Panel for Climate Change (IPCC) 5th Assessment Report (AR5), will induce a permanent stress on 
surface and coastal waters. Specifically, intense storm surge events are estimated to threaten low-land coastal areas by 
inducing severe inundation hazards. In the past, storm surges have been responsible for human casualties, loss of land 
and property, damages to onshore infrastructure, harbor structures and coastal defenses. CC has been associated with 
such impacts on the coastal zone at regional scales (Androulidakis et al., 2015; Makris et al., 2016), i.e. influencing the 
intensity and frequency of occurrence of extreme storm surges (Makris et al., 2016; Galiatsatou et al., 2019). It is also 
expected that the Mediterranean region will be among the areas that will be most affected by CC (Cramer et al., 2018). 
CC and climate variability can increase the risks and costs of integrated coastal zone management, lead to quantitative 
and qualitative degradation of coastal water resources, and subsequently influence socio-economic vulnerability and 
environmental sustainability of coastal zones.

2 Data and Methodology
Data from three RCM implementations driven by output of GCM simulations are used, in order to evaluate their skill 
in simulating both Sea Level Pressure (SLP) and Wind fields over the domain of the Mediterranean region. The afore-
mentioned data were downloaded from the MED-CORDEX database (www.medcordex.eu) covering a 30-year period 
from 1971 up to 2000 (reference period). More specifically, the selected RCMs are: CMCC-CCLM4-8-19 v.1, CNRM-
ALADIN52 v.1 and GUF-CCLM-NEMO4-8-18 v.1 (Ruti et al., 2016). All three RCMs were compared with one of the 
most updated reanalysis data base (CERA, https://www.ecmwf.int/en/research/projects/cera) (Laloyaux et al., 2018). 
Even though the whole analysis took place on an annual, period (cold – warm), seasonal and monthly scale, the results 
presented here only refer to the annual ones, due to space limitations. Apart from the mean SLP fields an attempt was 
made to assess the skill of the examined models in simulating the deep depressions over the Mediterranean region. In 
order to detect the deep cyclones (depressions with center pressure lower to 1000 hPa; Trigo et al., 2002), the method-
ology introduced by Rousi (2014) was applied. The proposed algorithm uses gridded data of daily SLP primarily for 
CERA and secondarily for the RCMs, accounting for the time period 1971-2000. Maps illustrating the frequency of 
occurrence of deep depressions (days) were also computed. Thus, the ability of the models to simulate both the regions 
where these deep depressions are found as well as their frequencies can be assessed. It is highlighted that in order for 
a day in a specific grid point to be characterized as a “day of deep depression” two criteria had to be fulfilled. First, on 
that day, SLP in the grid point must be lower than 1000 hPa. The following necessary condition is for neighboring grid 
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points to have higher pressure values than the examined one, in order to identify it as the center of cyclogenesis with 
an increasing pressure gradient from the center and outwards. The related surge-induced sea surface height (SSH) in 
coastal areas was numerically simulated with a 2-DH barotropic model of depth-averaged shallow water equations for 
hydrodynamic circulation, called MeCSS (Androulidakis et al., 2015; Makris et al., 2016). 

3 Results

3.1 Sea Level Pressure analysis
Regarding the mean annual, derived from re-analysis CERA data, it is found that the pressure values range from 1013 
up to 1020 hPa with an increasing gradient from east to west-northwest. The minimum is located over Cyprus and the 
highest ones at the north in the Iberian Peninsula (Fig. 1). The comparison of the equivalent spatial distribution of SLP 
values, simulated by the CMCC, CNRM and GUF models, showed that all RCMs are able to capture the main charac-
teristics of this field on an annual basis with the lowest values at the most eastern part of the Mediterranean Sea and the 
highest over to the west. The calculated differences, which were evaluated applying the t-test at a level of significance 
0.05, revealed that CMCC tends to slightly overestimate the actual SLP values all over the domain of study. Small posi-
tive differences cover almost the entire Mediterranean region (up to 3hPa) and only at a limited area at the northwest 
the computed differences are negative. However, even though the magnitude of the differences is small, most of the 
grid points were found to be statistically significant since the applied test takes under consideration not only the actual 
compared values of the time series, but also the discrepancies in their variability. Regarding CNRM, the difference pat-
tern divides the Mediterranean region in half; a) the northern continental parts are characterized by negative differences 
(underestimated SLP values); b) the marine part (as well as southeastern Med) where positive differences are found. 
Values vary from -3 hPa to 3.5 hPa. The GUF model overestimates the annual surface atmospheric circulation at the 
south and the Iberian Peninsula (positive differences), while in the northern part of the domain the differences are nega-
tive (underestimation of SLP values). As in the aforementioned RCMs, also for this one, the actual differences values are 
small showing that the models present a quite efficient skill in simulating the main SLP characteristics during the year.

Fig. 1. Spatial distribution of CERA data for SLP values on an annual basis. Spatial SLP distribution of the three exam-
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ined RCMs (left column) and their differences in comparison to the CERA data (model – CERA) (right column). The 
statistically significant differences are marked with grey points (t-test: 0.05 level).

3.2 Wind fields analysis
According to the annual distribution of wind speed over the domain of interest, as illustrated in Fig. 2, the CERA data-
base depicts a pattern where the most intense winds are found over the sea, while over land the wind speeds are rather 
lower. The maximum is observed, as expected, over the Aegean Sea with the wind speed reaching 8 m/sec. A secondary 
maximum is found over the Marseille area in France (Gulf de Lion), as well as in the area between Sardinia and Tunisia. 
The maximum over the Aegean region could be attributed to the Etesian Winds during summer as well as the strong 
north winds that prevail over the area in winter. Moreover, the other maximum is found in one of the most characteristic 
centers of deep depression formation over the Mediterranean region, which could be associated with high speed winds.
The evaluation of the three examined models in simulating the winds over the Mediterranean showed in general an ef-
ficient skill in reproducing the spatial distribution of their velocity value (Fig. 2). The gulf of Lion is the region where 
all models reproduce the highest wind speed values up to 8 m/sec while the Aegean Sea is the second part of the Medi-
terranean where the winds blow in high speeds. However, conversely to the CERA database where the island of Crete 
is also characterized by intense winds, the models were not able to reproduce this kind of a pattern. In all three models, 
the wind speed seems to diminish over the land of Crete, while at the west and east of the island their velocities remain 
high. Another difference of the RCM outputs is the existence of more intense wind at the Straits of Gibraltar, which is 
not detected in the CERA annual wind map (Fig. 2). Regarding the continental parts of the domain of study the CMCC 
and the GUF models simulate slightly higher wind speeds especially in some parts of the Balkan Peninsula and the 
mountainous areas of the Iberian Peninsula. On the other hand, the CNRM model reproduces quite weaker winds over 
Spain, Italy and Greece.

Fig. 2. Spatial distribution of CERA data for wind speed (m/sec) on an annual basis. Spatial wind speed distribution 
of the three examined RCMs (left column) and their differences in comparison to CERA data (model – CERA) (right 
column). The statistically significant differences are marked with grey points (t-test: 0.05 level).
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3.3 Evaluation of extreme SLP Systems: Deep Depressions over the Mediterranean region
According to the annual results from the CERA data base, deep cy-
clones characterize a quite large part of the Mediterranean region, 
especially over the sea. For most of the grid points the frequency 
of occurrence of deep depressions does not exceed 5 days during 
the 1971-2000 period. However, it is obvious that there are center 
regions where these frequencies are higher (Fig. 3). The maximum 
is found over two of the most well know regions of Mediterranean 
cyclogenesis, such as the Gulf of Genoa (Ligurian Sea) and the 
Gulf of Venice in the Adriatic Sea. In these areas, the frequency of 
“extreme” depressions reaches 10 days (2nd class) and for some 
grid points (in aforementioned regions, as well as the Gulf of Ta-
ranto in southern Italy) there frequency is even higher up to 15 
days. Finally, grid points with 2nd class frequency of occurrence 
are detected north of Cyprus in northeast Black Sea, as well as in  
the center of the Tyrrhenian Sea. Regarding the CMCC results, it 
is found that the model is able to reproduce the main centers of 
deep depression formation over the domain of study. However, the 
grid points that satisfy the aforementioned criteria are more in com-
parison to the CERA results. Furthermore, a larger number of grid 
points have frequencies of the 10 to 15 days class (two are found 
over the Aegean Sea and one over the Gulf of Lion) and the grid 
point located over the Gulf of Venice had almost 20 days of “ex-
treme” depressions (Fig. 3). In the CNRM model case, the distribution of the frequencies of deep cyclones is quite simi-
lar to the CERA one, with the main centers over the Gulfs of Genoa and Venice, and the centers of the Tyrrhenian Sea 
and Adriatic Seas (Fig. 3). However, the absolute maximum is shifted to the west, in comparison to the CMCC model, 
where the grid with a frequency of 20 days of deep depressions is located at the Gulf of Genoa. Finally, the equivalent 
annual results of the GUF model are mainly analogous to the CMCC model, especially regarding the frequency maxima. 
In general, this model is quite capable in reproducing the areas where deep depressions mainly occur, indicating also 
three grid points over the Aegean Sea with frequencies up to 10 days and one over the north Black Sea with frequencies 
in the third class (10 to 15 days).

3.4 Evaluation of the storm surge model in the Mediterranean coastal zone
Fig. 4 presents comparisons of 10-year averaged SSH maxima in 5 Greek stations for one of the RCM forcing of 
MeCSS against in situ data by the HNHS (http://www.hnhs.gr/portal/page/portal/HNHS). MeCSS model’s skill ranges 
from acceptable to good in certain areas having a Pearson correlation coefficient, root-mean-square error and Willmott 
Skill Score of 0.89, 0.037 m and 0.78, respectively. Characteristic CMCC-forced MeCSS model results for the 30-year 
Reference Period are also presented as inter-annual SSH maxima throughout the entire Mediterranean coastal zone. The 
northern Adriatic Sea and the Gulf of Gabes seem to be the most affected areas, with storm surge levels up to 0.5 m.

Fig. 4. A) Comparison of 10-yr average SSHMAX (m) in 5 Greek stations between CMCC-forced MeCSS model (mod) 
and field (obs) data. B) Map of coastal storm surge impact SSHMAX,30-yr (m) for the Reference Period.
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4 Conclusions
The evaluation of the examined models in simulating both the SLP and wind fields on an annual scale revealed that all 
three of them showed in general an efficient skill in reproducing both the spatial distribution as well as the magnitudes 
of these parameters. Regarding the Mediterranean deep depressions overall the models were able to reproduce the areas 
where deep depressions mainly occur. Finally, the CMCC-forced MeCSS model pointed out two areas (northern Adri-
atic Sea and the Gulf of Gabes) that are mainly affected from the storm surges.
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Abstract: The appearance of long periods with extreme low temperatures during the winter can have serious effects 
with a high impact on both society and the natural environment. This study presents an extensive climatic analysis of the 
Cold Winter Spells that occurred in the Balkan Peninsula over a 59-year study period (1961-2019). Cold Winter Spells 
(WCSPs hereafter) are defined as periods of at least three consecutive days where the daily minimum temperature is 
below 5% of the empirical winter distributions. Based on this diagnostic index the occurrence of cold events during the 
study period is detected and the duration, frequency, and intensity of these extreme climatic events are further analyzed. 
Moreover, in order to investigate the relation of the WCSPs with the atmospheric circulation, two daily circulation type 
calendars, derived from an advanced automatic flexible classification, were utilized. This aims on identifying the pre-
vailing atmospheric conditions that lead to extreme cold conditions over the Balkan Peninsula. 

1 Introduction 
A Cold Spell or in some regions cold wave is generally defined as a meteorological phenomenon with consecutive days 
of extremely cold temperatures (NOAA). During the cold season of the year the Cold Winter Spells (WCSPs) are as-
sociated with severe weather events such as snowfall and intensively low temperatures. Their impact is significant on 
both public health and the natural ecosystem (McGregor et al. 2005). This could significantly contribute to the mortality 
of humans and animals and also may cause natural disasters and socioeconomic problems (transport, energy, agriculture 
etc.) (e.g.  Beniston 2004, Anagnostopoulou et al. 2017, Plavcová και Kyselý, 2019). 
The Southeastern Europe and in particular the Balkan Peninsula which this paper focuses on, is often characterized by 
very low temperatures during the winter (Anagnostopoulou et al. 2017). According to literature, the occurrence of severe 
and persistent CSPs in the region of Europe is associated with persistent and repetitive circulation patterns. These pat-
terns remain over an area and affect it for extended periods of time, causing positive or negative anomalies in the surface 
air temperature (Kyselý 2008).
In this work, the Cold Winter Spells (WCSPs) of 25 Balkan stations are detected and studied for a reference period of 59 
years (1961-2019). The main goal of this work is to study the spatio-temporal variability as well as the dynamic causes 
of WCSPs and to determine the types of atmospheric circulation that may contribute to their occurrence. The latter aims 
to identify the prevailing atmospheric conditions that lead to extreme cold conditions over the Balkan Peninsula.

2 Data and Methodology

2.1 Data
The Southeastern Europe comprises the spatial domain of interest in this work focusing on the Balkan Peninsula. The 
station network utilized in this study consists of 25 Balkan meteorological stations. A long reference period of 59 years 
(1961–2019) (hereafter study period) was selected for the climatological analysis. Daily minimum temperature (Tmin), 
daily maximum temperature (Tmax) and daily mean temperature (Tmean) datasets recorded at 25 stations under study were 
collected and processed. Data were freely downloaded from the European Climate Assessment and Database (ECAD, 
https://www.ecad.eu/) project database and the Aristotle University of Thessaloniki. Regarding the maps contained in 
this work, they were created in a GIS environment as well as in Surfer mapping software.

2.2 Methodology

2.2.1 Definition of Cold Winter Spells
In the present study, the definitions were based on the percentages of empirical temperature distributions for the cold pe-
riod of the year i.e., winter. Winter was considered the 5-month period as November – March (NDJFM). WCSPs are de-
fined as periods of at least three consecutive days where the daily minimum temperature is below 5% (5th percentile) of 
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the empirical winter distributions. Using the definition used by Plavcová and Kyselý (2019) it was considered that while 
the first two days of a WCSP should be cold days (i.e., two consecutive cold days), all subsequent cold days constitute 
a WCSP as long as there is no break longer than1 day with Tmin below the threshold (Plavcová and Kyselý 2019). The 
next WCSP must begin at least 2 days after the end of the previous WCSP. According to Plavcová and Kyselý (2019) 
this definition allows to better distinction between the days before a WCSP and the first days of that WCSP.

2.2.2 Characteristics of Cold Winter Spells 
1) Duration: the number of days between the beginning and the end of the WCSP.
2) Intensity: the average anomaly of the minimum temperature during the WCSP.
3) Frequency: the percentage of occurrence of WCSP during our long period.
4) Seriousness: is a measure that incorporates the intensity and persistence (duration) of the event as well as their effects 
on both human society (public health, socio-economic impact) and the natural environment.

2.2.3 Characteristics of Atmospheric Circulation types
To investigate the relation of WCSPs with the atmospheric circulation, two daily circulation type calendars, derived 
from an automatic classification, flexible over the areas of interest (Anagnostopoulou et al. 2009), have been utilized. 
In detail, this new automatic classification consists of 12 circulation types, 5 anticyclonic circulation types (Anw, Ane, 
A, Asw, Ase) and 7 cyclonic circulation types (C, Cnnw, Cwnw, Cwsw, Cssw, Cse, Cne). Based on the above automatic 
classification, 2 daily circulation type calendars were used, one for the area of Thessaloniki which located further south 
with a center of 25o-37.5o and one for the other stations with a center of 22.5o-42.5o. The circulation types that favor the 
WCSPs during the winter of 1961-2019, were calculated based on their percentage of occurrence during the WCSPs. 
Respectively, in the same way it was investigated whether the atmosphere prepares through the atmospheric circulation 
the appearance of a WCSP. That is, the prevalence rates of circulation types were calculated one and two days (day-1, 
day-2) before the start of each WCSP.

3 Results

3.1 Temporal analysis of extreme temperatures
Seventy-five diagrams were created (three for each station) illustrating the minimum temperatures (MinTmax, MinTmin, 
MinTmean) recorded by each station per year (calendar year), for the winter reference period of 59 years. Indicatively, 
Fig.1 shows the diagrams from one station, the Belgrade station. The left panel present the variable MinTmax and the 
right panel the variable MinTmin.  In the majority of stations there is a positive trend in the minimum values   of all three 
variables (MinTmax, MinTmin, MinTmean). However, towards the end of the reference period, the values of the minimum 
temperatures are higher i.e., the meteorological phenomena are not so extreme.

Fig 1. The panel on the left show the MinTmax of each year for the period of 59 years for the station of Belgrade. The 
panel on the right respectively show the MinTmin for the same station.

In addition, the days with Tmin<=0 and the days with Tmax<0 were calculated for each station, for the period of 59 years. 
In Fig. 2 the left map shows the average of days with Tmin<=0 with a gradation of blue, while the map on the right shows 
the average of days with Tmax<0 with a gradation of red too. In total, for all stations the range of days with Tmin<=0 per 
year vary from 7 to 135 days, while the days with Tmax<0 from 0 to 63 days respectively. More specifically the station 
with the lowest number of days with Tmin<=0  is the station of Split (7 days), while the station with the highest number of 
days is the station of Miercurea (135 days). Respectively, the stations without days with Tmax<0 are mainly the stations 
of Split and Zadar, while the station with the highest number of days is the station of Zavizan (63 days).
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Fig 2. On the left map the average number of days with Tmin<=0 per year. On the right map the average number of days 
with Tmax<0.

3.2 Temporal analysis of WCSPs
WCSPs lasting at least three consecutive days were studied in this section. The results of the use of the 5th percentile of 
the empirical winter distributions are presented in the Fig 3. The station with the most extreme Tmin5th is the station of 
Miercurea Tmin5th = -22.5oC which indicates the very cold temperatures that prevail in this area during the winter months. 
All other stations are characterized by lower Tmin5th (absolute value), ranging below -14.6oC. 

Fig 3. Temperature Tmin5th (oC) after the use of the 5th percentile in the empirical winter minimum temperature distri-
butions (Tmin).
 

Fig 4. Number of detected WCSPs per year over 1961-2019 and the longer distribution of their respective lengths. 

After the detection of Tmin5th twenty-five diagrams (one for each meteorological station) were created to illustrate the 
number of detected WCSPs per year (calendar year), during the study period and the longer distribution of their respective 
lengths. Fig. 4 shows two representative diagrams one for Belgrade station and the other one for the Zagreb station.  
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Each bar represents the number of WCSPs that took place in that year. Respectively, the numbers above the bars indicate 
the number of days that the longest WCSPs of the respective year lasted. The range of WCSPs per year ranges from 0 to 
8 WCSPs. The station that presented 8 WCSPs in one year is the station of Zagreb (Croatia, 156m) (right panel), in the 
year 1996-1997. In terms of duration, the longest and strongest WCSP was recorded at Belgrade station (Serbia, 132m) 
(left panel) with 24 days of extreme temperatures.

3.2 Atmospheric circulation characteristics: The prevailing circulation types.
In this session the relationship between WCSPs and the atmospheric circulation types was investigated using two circu-
lation type calendars derived from an automatic classification according to Anagnostopoulou et al. 2009. The calendars 
were applied for each station separately, for the variables Tmax5th, Tmin5th and Tmean5th, at the two geopotential heights of 
500hPa and 1000hPa. A total of 10 tables were created.  Six of them contain per station the prevalence rates of each 
circulation type during the cold days (Tmax5th, Tmin5th and Tmean5th). The other four tables contain the prevalence rates of 
circulation types one and two days before the onset of cold days (day-1, day-2). Circulation types that favor WCSPs are 
detected based on the frequency of a given type before or during the cold sequence. Table 1 shows an indicative table 
for the variable Tmax5th at 500hPa. 
During the cold days at both geopotential heights (500hPa, 1000hPa) the results showed that the predominant circula-
tion type is the southeastern cyclonic type Cse. Respectively 1 and 2 days before the start (day-1, day-2) of the WCSPs 
the results showed that the northeastern cyclonic type Cne prevails at 500hPa, while1 and 2 days before the start (day-1, 
day-2) the southeaster cyclonic type Cse prevails at 1000hPa.

Table 1. Prevalence rates of circulation types per station for Tmax5th at 500hPa. The highest percentage of circulation 
type per station is shown in red color.

3.3 Synoptic Analysis
The last session presents the results from the synoptic analysis performed for the first two predominant circulation types 
for three variables (Tmax5th, Tmin5th and Tmean5th) at both geopotential heights (500hPa, 1000hPa). The Fig.5 shows the 
results for the variable Tmin5th for an indicative station, the Belgrade station (Croatia). It is observed that during the cold 
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days (Tmin5th) the cyclonic center is very strong i.e., deeper. The differences that arose in relation to the mean synoptic 
situation of type present the form of a dipole. A positive center of differences in the northwest of the study area and a 
negative center in the southeast of the Balkan Peninsula.
                                                                                                           
4 Conclusions
In the present work the cold winder spells (WCSPs) of 25 Balkan stations for a long period were studied in order to 
understand their spatio-temporal variability as well as their dynamic and synoptic characteristics. The aim was to de-
termine the atmospheric conditions that contribute to the appearance of cold winter spells, with the ultimate goal of 
identifying the circulation types that favor their creation. The main findings of the study can be summarized as follows:
The northern stations recorded the lowest temperatures while a gradual temperature increase is observed from the central 
to the coastal and southern stations of Balkan Peninsula.
A positive trend was observed regarding the trend of cold temperatures. This fact indicates that the minimum tempera-
tures over the years become less extreme.
The frequency of occurrence of CSPs during the winter ranges from 0 to 8 WCSPs/ year. The longest WCSPs was re-
corded at Belgrade station (Serbia) with 24 days of low temperatures.
The frequency of WCSPs decreases over the years but does not seem to be the same with their duration.
During the WCSPs at both geopotential heights the predominant circulation type is the southeastern cyclonic type Cse 
and second the northeastern cyclonic type Cne.
The onset of WCSPs appears to be favored by the prevalence of the southeastern cyclonic type Cse at 500hPa and 
1000hPa, 1 day before the onset of WCSPs while with the predominance of the northeastern cyclonic type Cne, 2 days 
before the onset of both WCSPs at 500hPa as well as at 1000hPa.
On the days with extreme low temperatures the differences that arose in relation to the mean synoptic situation of the 
type present the form of a dipole. The positive center of differences is located in the northwest of study area and the 
negative center of differences is in the southeast of Balkan Peninsula.

Fig 5. The 1st map shows the anomalies of type Cse over the period 1961-2019 at 500hPa. The 2nd map shows the 
anomalies of type Cse during the cold days (Tmin5th) (1961-2019). The 3rd map shows the differences of the two previ-
ous maps at 500hPa.

References 
Anagnostopoulou C, Tolika K, Maheras P (2009) Classification of circulation types: a new flexible automated ap-

proach applicable to NCEP and GCM datasets. Theor Appl Climatol 96:3–15. doi: 10.1007/s00704-008-0032-6 
Anagnostopoulou C, Tolika K, Lazoglou G, Maheras P (2017) The Exceptionally Cold January of 2017 over the Bal-

kan Peninsula: A climatological and Synoptic Analysis. Atmosphere 8, 252. doi:10.3390/atmos8120252
Beniston M, Stephenson DB (2004) Extreme climatic events and their evolution under changing climatic conditions. 

Glob Planet Change 44:1–9. doi: 10.1016/j.gloplacha.2004.06.001 
Kyselý J (2008) Influence of the persistence of circulation patterns on warm and cold temperature anomalies in Europe: 

analysis over the 20th century. Global and Planetary Change 62:1-2, 147–163. doi: 10.1016/j.gloplacha.2008.01.003
McGregor GR, Ferro CA, Stephenson DB (2005) Projected changes in extreme weather and climate events in Europe. 

Extreme Weather Climate Events Public Health Responses, Part 1, 13–23. doi:10.1007/3-540-28862-7_2
Plavcová E, Kyselý J (2019) Temporal Characteristics of Heat Waves and Colds Spells and Their Links to Atmospheric 

Circulation in EURO – CORDEX RCMS. Hindwai. doi: 10.1155/2019/217832
National Oceanic and Atmospheric Administration (NOAA), https://www.noaa.gov/ 



600 | Climate dynamics / Climate change

Comparison of two different setups of RegCM4 model over the Mediterra-
nean: Present time simulations

Velikou K.1*, Tolika K. 1

1 Department of Meteorology and Climatology, School of Geology, Faculty of Sciences, Aristotle University of Thessaloniki, 
54124 Thessaloniki, Greece

*corresponding author e-mail: kvelikou@geo.auth.gr

Abstract: Global, regional and local climate system is significantly affected by the interactions between planetary and 
large-to-local scale processes. These processes include change in boundary layer, changes in convection processes, the 
interaction between the ocean and the atmosphere etc. These factors are represented by numerous physics parameteri-
zation schemes in regional climate models (RCMs). According to previous research for the sensitivity of RegCM4 to 
different physics parameterizations, changes in the model’s cumulus convection scheme and its closure assumptions, 
as well as planetary boundary layer scheme parameterizations, lead to improved results in the area of study. The objec-
tive of this study is to compare two different simulations of RegCM4.4.5.1 model with different setups in the model’s 
configurations. The spatial resolution of the model is 25x25km and HadGEM2 was utilized as a driving GCM. The main 
differences between the two simulations is the use of a combination of alterations in the model’s configurations that was 
found to be the most optimal for the domain of study, in one simulation.

1 Introduction
General circulation models (GCMs) are numerical models that represent the physical processes in the atmosphere, 
oceans, cryosphere and land surface, and are used to simulate climate and climate change in different temporal and 
spatial scales, as they represent the climate changes that occurred in the past and the future characteristics of climate 
(https://www.ipcc-data.org/). However, many physical processes take place in smaller scales and cannot be sufficiently 
simulated from GCMs. As a result, it is necessary to produce simulations of the different climatic parameters in a finer 
spatial resolution, which is achieved with the dynamical downscaling of GCMs to regional climate models (RCMs). The 
main purpose of RCMs is to describe and produce the main climatic characteristics on a local scale.
Large-to-local scale processes are represented by various physics parameterization schemes that are implemented in 
RCMs. Convection is a complex subgrid scale process (Kuo et al. 1997) and climate models are quite sensitive in the 
choice of cumulus convection schemes. Additionally, planetary boundary layer processes can affect the different cli-
matic parameters, as stability and instability conditions in boundary layer have an important role to parameters such as 
temperature, precipitation, and wind (Oke 2002).

2 Data and Methodology

2.1 Data
The main objective of this study is to compare two different simulations of RegCM4.4.5.1 model with different setups 
in the model’s configurations, in order to evaluate a combination of physics parameterization schemes that is expected 
to be the most optimal to simulate climate in the Mediterranean region (Velikou et al. 2019).
Regional climate model RegCM4 is a hydrostatic, compressible, with sigma-p vertical coordinate model (Giorgi et al. 
1993a/b, Elguindi et al. 2014) that was originally developed at the National Center for Atmospheric Research (NCAR). 
Its dynamical core is similar to that of the hydrostatic version of Mesoscale Model version 5 (MM5) (Grell et al. 1994). 
Its spatial resolution is 25x25km. The selected domain of interest is the Mediterranean region (Fig. 1).
For the purposes of this study, we utilized mean temperature and total precipitation data derived from the two different 
simulations of RegCM4 model. The comparison and evaluation of the two simulations was performed with the use of 
ERA-Interim data for the aforementioned parameters. Additionally, for a more detailed and accurate comparison of the 
simulations, 18 stations (Fig. 1) from ECA&D database that cover the Mediterranean region (capital, co-capital and 
metropolitan cities) were selected according to data availability (mean temperature and total precipitation).
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Fig. 1. The area of study with the 18 stations (white dots) that were selected for the detailed comparison and the nearest 
grid points from the two simulations (red dots)

2.2 Methodology
Two different simulations were performed for the time period 1981-2000. The first simulation (Reference_25km) uses 
the initial configurations of the model, whereas the second simulation (Combine_25km) uses the combination of phys-
ics parameterizations (Grell over land and MIT-Emanuel over ocean for cumulus convection scheme, and UW-PBL 
for planetary boundary layer scheme) that is expected to perform more satisfactorily in the area of study (Velikou et al. 
2019). The two simulations are presented in Table 1. The simulations are HadGEM2-driven for sea surface temperature 
(SST) and initial and boundary conditions (ICBC) and their spatial resolution is 25x25km.
In order to compare the two simulations and evaluate the ability of the different setups to simulate temperature and pre-
cipitation satisfactorily in the area of study, the differences between the simulated data and the respective ERA-Interim 
data were calculated, mapped and compared. The data were processed on a seasonal basis. The statistical significance of 
the differences was calculated with Student’s t-test (Wilks 2011).
Subsequently, mean temperature and total precipitation data, from the 18 selected ECA&D stations and their nearest grid 
points, were utilized to produce seasonal quantile plots (Q-Q plots) and box plots for each station.

Table 1. Basic parameterizations and differences between the two simulations

3 Results

3.1 Mean Temperature
During winter (Fig. 2a), Combine_25km simulates quite satisfactorily mean temperature in the Mediterranean region 
than Reference_25km. More specifically, an overestimation of mean temperature in maritime areas is observed in the 
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case of Reference_25km (1 - 4oC) and is more intense in the coastal areas of Mediterranean and mainly in Aegean and 
Ionian Sea (up to 8oC). This overestimation decreases significantly in Combine_25km (0.2 - 0.8oC in maritime areas and 
up to 3oC in coastal areas), whereas in Balearic, Tyrrhenian, Ionian, and Libyan Sea, mean temperature is underestimated 
about –0.2 to –0.9oC. Regarding continental areas, both simulations underestimate mean temperature in altitudinal areas, 
while Combine_25km is in closer agreement with ERA-Interim data. It is worth mentioning that Combine_25km reduc-
es the warm biases that are observed in western, central, and eastern Europe from Reference_25km (Reference_25km 
→ 1.7oC, Combine_25km → 0.9oC). The findings from the Q-Q plots and boxplots for the 18 selected stations (Fig. 2b 
- 5 out of 18 stations) show that the simulations are close to the reference line and Combine_25km can simulate mean 
temperature satisfactorily in the median, lower and upper quartile in the majority of the stations, where Reference_25km 
overestimates the stations’ data.
Regarding summer months (not shown), Reference_25km overestimates mean temperature in the majority of continen-
tal areas, whereas Combine_25km reduces these warm biases and approaches the parameter quite satisfactorily. In west-
ern Europe, an overestimation of mean temperature (2 - 3.5oC) is detected in Reference_25km, whereas in central and 
eastern Europe this overestimation reaches 4.5oC. On the contrary, in Combine_25km a small underestimation (–0.5oC) 
of the parameter is detected in western Europe, whereas in the eastern part mean temperature is overestimated up to 
0.5oC. In maritime areas (Adriatic Sea, North Aegean Sea, and coastal areas of Ionian Sea) Reference_25km overesti-
mates mean temperature (1.5 - 2oC), whereas no significant changes are detected in Combine_25km. According to Q-Q 
plots and boxplots (not shown), Combine_25km is in closer agreement with the majority of the examined stations (16 
out of 18 stations) as it is closer to the reference line and can simulate satisfactorily mean temperature (similar values), 
in comparison to Reference_25km which presents higher values of mean temperature than the stations in most cases.

Fig. 2. a) Maps of differences in mean temperature (oC) from the ERA-Interim data for the two different simulations in 
winter. The statistically significant differences are illustrated by dots. b) Q-Q plots and boxplots for mean temperature in 
5 indicative stations (ECA&D) during winter. (Purple → Combine_25km, Green → Reference_25km)
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3.2 Total Precipitation
In the case of total precipitation, Combine_25km approaches more satisfactorily the ERA-Interim data as it reduces 
the wet biases that are detected in Reference_25km. During winter (not shown), both simulations overestimate total 
precipitation in the area of study. This overestimation is higher (50 - 100 mm) in Reference_25km. Additionally, total 
precipitation is also overestimated from both simulations in maritime areas. The highest overestimation is observed in 
Aegean Sea (Reference_25km → 180%, Combine_25km → 150%). In Ionian, Adriatic, Tyrrhenian, and Balearic Sea 
Combine_25km simulates more satisfactorily total precipitation (60% overestimation) in contrast to Reference_25km 
(100% overestimation). In Q-Q plots (not shown) most of the values in both simulations are near the lowest quartile 
of the distribution. Combine_25km presents a smaller deviation from the reference line and the lower quartile, and it 
simulates satisfactorily extreme precipitation values in many stations.
During summer (Fig. 3a), Combine_25km simulates quite satisfactorily total precipitation in Mediterranean region 
mainly in continental areas, compared to Reference_25km which overestimates (up to 10 times higher) the parameter 
in many areas. Western and central Europe are characterized by a small overestimation of total precipitation, which 
ranges between 10 - 30% in Combine_25km and 30 - 70% in Reference_25km. On the contrary, total precipitation in 
eastern Europe is underestimated by both simulations. Additionally, in Balkan Peninsula there is no significant change 
of total precipitation in Combine_25km, whereas Reference_25km overestimates the parameter (70 - 100%). It is worth 
mentioning that in the Alps an underestimation (–50%) of total precipitation is detected in Combine_25km, whereas 
in Reference_25km the parameter is highly overestimated (up to 250%). The analysis of Q-Q plots and boxplots (Fig. 
3b - 5 out of 18 stations) shows a deviation of the simulations from the reference line mainly in extreme values, as both 
simulations present lower extreme values than the stations. Additionally, a positively skewed distribution is detected in 
stations and simulations’ data. Combine_25km approaches quite satisfactorily the extreme values of total precipitation 
in half of the examined stations, whereas in all stations this simulation presents a closer agreement with the lower quar-
tile and the median than Reference_25km.

Fig. 3. a) Maps of differences in total precipitation (mm/season) from the ERA-Interim data for the two different simula-
tions in summer. The statistically significant differences are illustrated by dots. b) Q-Q plots and boxplots for total pre-
cipitation in 5 indicative stations (ECA&D) during summer. (Purple → Combine_25km, Green → Reference_25km)
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4 Conclusions
The purpose of this research is to compare two different setups of regional climate model RegCM4, in order to evaluate 
the ability of a selected combination of physics parameterizations to simulate satisfactorily the climatic conditions in 
the Mediterranean region.
Regarding mean temperature, Combine_25km simulates quite satisfactorily the parameter in areas where Reference_25km 
overestimates it (coastal areas and a great part of continental areas). As a result, Combine_25km reduces the warm bi-
ases that are detected in the area of study from Reference_25km. The more detailed evaluation of the simulated mean 
temperature data, with the use of corresponding data from 18 stations that cover the area of study, led to the conclusion 
that Combine_25km simulated satisfactorily the data from the examined stations and in most cases (90% of the stations) 
is more reliable than Reference_25km.
In the case of total precipitation, both simulations overestimate the parameter in the majority of the Mediterranean 
region. However, Combine_25km reduces the wet biases that are observed in Reference_25km due to the different 
cumulus convection scheme. Consequently, total precipitation is reduced up to 300 mm in continental areas in the case 
of Combine_25km. The findings from the comparison of total precipitation simulated data with the corresponding data 
from the 18 stations, show a closer agreement of Combine_25km with total precipitation values that belong to the lower 
quartile and the median of the stations’ data. It is worth mentioning that Combine_25km detects the extreme precipita-
tion values more satisfactorily than Reference_25km.
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Abstract: During the last decades, climate change impacts on hydrology have been assessed by coupling the Regional 
Climate Models (RCMs) and the hydrological models. However, this process underlies uncertainties, which might be 
attributed to the biases of the RCMs. These biases are nested to the hydrological models, reducing their reliability. Bias 
correction methods were developed to overcome this issue. In this paper, the delta change, the linear scaling, and the 
empirical quantile mapping were applied to climate input data to a semi distributed hydrological model. The Regional 
Climate Model Version 4 (RegCM4) forcing by the HadGEM2 General Circulation Models under the extreme RCP 8.5 
scenario, regarding the period from 1981 to 2000, and the ArcSWAT interface were used for a data-scarce Greek wa-
tershed simulation. The bias corrected hydrological results were evaluated against the SWAT application using as input 
data, the daily ERA-Interim reanalysis climate data. The results indicated that the reliability in hydrological watershed 
simulation was enhanced after the bias correction methods application. The discrepancies in simulated and observed 
discharge were significantly reduced. The accuracy of the bias correction results depends on the studied parameter (e.g., 
precipitation, temperature).

1 Introduction
The most common approach to assessing future climate change impacts on hydrological processes involves the coupling 
between the Regional Climate Model outputs and the hydrological models. Although significant progress in dynamical 
downscaling is made, the Regional Climate models (RCMs) still present biases compared to the observed data. These 
biases could be attributed to the discretization and spatial averaging within grid cells (Christensen et al. 2008). Coupling 
the hydrological models and the Regional Climate Models is still a challenging task as the systematic errors of the RCMs 
are directly nested to the hydrological models. 
The bias correction methods are developed to adjust the RCMs outputs and the observed climate variables (Chen et 
al. 2011, 2013; Johnson and Sharma 2012). Various scaling approaches and sophisticated methods are included in bias 
correction procedures. In this paper, three different bias correction methods were employed: Delta, Scaling methods, 
and the Empirical Quantile Mapping method. Many publications investigated the GCMs and RCMs response to the bias 
correction methods (Dosio et al. 2016; Mendez et al. 2020).
The present paper deals with the evaluation of the ability of the bias correction methods to reasonably simulate the wa-
tershed hydrological simulation under climate change conditions. The watershed simulation was carried out by the Soil 
and Assessment Water Tool (SWAT). It is a semi distributed hydrological model with various implementations for the 
watershed process modeling, namely those that correspond to the water balance, crop growth, quality land management 
practices and climate change (Arnold et al. 1998). Many applications of the SWAT hydrological model can be found in 
the literature (Neitsch et al. 2005; Krishnan et al. 2018).

2 Data and Methodology
The ArcSWAT application with the bias correction methods was conducted in a data-scarce Greek watershed the Havrias 
river basin. It is an agricultural and touristic watershed situated in Halkidiki (Greece), surrounded by Taxiarchis, Plana 
and Ormylia villages, covering an area of 472 km2 with a mean slope of 22%. The altitude ranges between 0 m and 1090 
m (Figure 1). Based on the Köppen classification (1954), the climate of the watershed belongs to the Mediterranean Csa 
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type. Regarding the land use, the Havrias river basin is mainly occupied by olive groves, broad-leaved, coniferous and 
mixed forests. Alluvial deposits, lacustrine and lagoon sediments, red clay, and basic conglomerates series are encoun-
tered in the coastal part and host a multiple-layer aquifer system with high permeability and productivity. This aquifer 
system is exploited by numerous boreholes for domestic and irrigation purposes (Venetsanou 2019). The rest of the basin 
is covered by metasedimentary rocks, gneiss, phyllites, recrystallized limestones, gabbro, pyroxenites, and dounites. 
The United States Department of Agriculture-Agricultural Research Service (USDA-ARS) (Arnold et al. 1998) con-
structs the Soil and Water Assessment Tool (SWAT) to estimate the land and agricultural management practices impacts 
on water, sediment, and agricultural chemical yields at a watershed scale. 
Based on the morphological characteristics, the watershed is divided into sub- watersheds. Then, each sub-watershed is 
further separated into areas named hydrologic response units (HRUs). The HRU can be defined as a unit with the same 
land use classification, soil properties, slope characteristics, and management combinations. The hydrological process 
during the SWAT application is described by the water balance equation. Arnold et al. (2012) comprehensively presents 
the Soil and Water Assessment Tool (SWAT). 
The SWAT application requires climate, morphological, soil and land use data. In this study, the watershed delineation 
was carried out by using the Digital Elevation Model (DEM) with a spatial resolution of 5 m, provided by the National 
Cadastre and Mapping Agency S.A. of Greece. The Corine Land Cover 2018 was used for the land use data (https://land.
copernicus.eu/pan-european/corine-land-cover/clc-2018). The soil map was created by the laboratory soil tests results, 
which took place in the Laboratory of Engineering Geology & Hydrogeology of Aristotle University in Thessaloniki.

Fig. 1. The morphological map of the Havrias River basin.

The ArcSWAT interface for SWAT2012 was used for the watershed simulation. Τhe ArcSWAT model was initially 
forced by the daily ERA-Interim data with a spatial resolution of 12.5 km (European Centre for Medium-Range Weather 
Forecasts, http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc), due to the absence of daily observed cli-
mate data. Daily precipitation, maximum and minimum air temperature, solar radiation, wind speed and relative humid-
ity data were utilized as input climate data, covering the period from 1981 to 2000.
The ArcSWAT model was calibrated based on the actual evapotranspiration because of the absence of daily continuous 
and long-term observed discharge data. A detailed description of the model setup and the calibration procedure is given 
by Venetsanou et al. (2020). 
The investigation of the climate change impacts on the hydrological watershed process was conducted by driving the 
ArcSWAT model with the Regional Climate Model Version 4 (RegCM4). In particular, the RegCM4 was forced by the 
Hadley Global Environment Model 2 (HadGME2-ES) under the extreme RCP8.5 pathway (Popke et al. 2013). The cli-
mate model outputs were derived from the Med-Cordex database (www.medcordex.eu) regarding the historical period 
1981–2000.
Two of the most worldwide used bias correction methods are the Delta and Linear Scaling method (Navarro-Racines et 
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al. 2015; Shrestha et al. 2017). The fundamental basis of these methods is to transfer the mean change signal between the 
observed and model data from a historical to a future period (Tabor and Williams 2010). The Empirical Quantile Map-
ping method (EQM) is an accurate and extended bias correction method focused on the entire distribution (Panofsky 
and Brier 1968). Based on the EQM the simulated values were calibrated by the observed ones using their cumulative 
distribution functions (CDF). The above bias correction methods were employed to the RegCM4 climate models out-
puts, forced by the HadGME2-ES (called as RegCM4_H) under the RCP8.5 for the historical period (1981 to 2000). The 
period 1981-1990 was selected as training period.

3 Results and Discussion

3.1 ArcSWAT Application
The ArcSWAT application with the ERA-Interim data concerning the period from 1991 to 2000 indicated that 62% of 
the mean annual precipitation (532.9 mm) corresponds to the evapotranspiration. 19% of the mean annual precipita-
tion is infiltrated and superficially flows, respectively. According to Venetsanou et al. (2020), the Havrias river basin’s 
hydrological conditions were satisfactorily simulated by the ArcSWAT model. 
The future hydrological watershed conditions were investigated by the ArcSWAT implementation with the climate 
model outputs, namely the RegCM4_H model. The results were evaluated against the ArcSWAT application with the 
ERA-Interim data concerning the historical period. The comparison showed that the RegCM4_H model fails to rep-
resent the hydrological characteristics of the Havrias river basin. According to ArcSWAT simulation, the RegCM4_H 
underestimated the evapotranspiration, and the infiltration, while it overestimated the surface runoff (Table 1, Figure 2). 
Bias Corrections Methods 
The Delta, the Linear Scaling and the Empirical Quantile Mapping method (EQM) were applied to daily RegCM4_H 
precipitation, minimum and maximum temperature for the historical period. The precipitation was improved by 40%, 
45% and 30% based on the Delta, the Linear Scaling and the EQM, respectively. Subsequently, the ArcSWAT model was 
driven by the bias corrected RegCM4_H for 1991 to 2000. 
The comparison between the ArcSWAT application with the ERA-Interim data and the bias corrected RegCM4_H out-
puts indicated that the Havrias river basin hydrological characteristics were sufficiently simulated (Table 1). 
The best adjustment of the water balance was accomplished by the EQM method. Based on the ArcSWAT application 
with the EQM method, the percentages of the amount of evapotranspirated water and superficially flow were close to the 
ERA-Interim. A slight underestimation was detected in the percentage of the infiltrated water. 
The Linear Scaling indicates the worst version of the water balance. However, the surface runoff is reasonably captured 
by this method. It might be attributed to its ability to perform the most essential improvement of the precipitation. Based 
on sensitivity analysis (Venetsanou et al. 2019), the ArcSWAT simulated discharge is strongly affected by the precipita-
tion. 
The temporal variability of the discharge based on the Delta and Linear Scaling methods approaches the ArcSWAT 
simulated discharge, forced by ERA-Interim. In contrast, the ArcSWAT simulated temporal variability of discharge 
by the EQM is close to the RegCM4_H. It is worth mentioning, even in this case, the differences in the discharge are 
minimized (Figure 2). 

Fig. 2. The ArcSWAT simulated discharge forced by the ERA-Interim, the RegCM4_H data 
and the bias correction methods.
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Table 1. Water balance.

4 Conclusions
In the present paper, an attempt was made to investigate the capability of the bias correction methods to reasonably 
simulate the climate change impacts on the watershed hydrological process. For this scope the delta change, the linear 
scaling, and the empirical quantile mapping were implemented into the Regional Climate Model Version 4 (RegCM4) 
driving by the HadGEM2 General Circulation Model (REgCM4_H). The Havrias river basin was simulated by using 
the ArcSWAT model. The daily ERA-Interim reanalysis data, the RegCM4_H and the bias corrected RegCM4_H were 
utilized to force the ArcSWAT model.
The evaluation of the bias corrected hydrological results showed that the bias correction methods reasonably represent 
the Havrias river basin hydrological process. The differences in simulated and observed water balance parameters were 
significantly decreased. The choice of the suitable bias correction method is depending on the climate and the hydrologi-
cal parameter.
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Abstract: The object of this research is to evaluate well-known spatial interpolation methods on hindcast precipitation 
data derived from up-to-date Regional Climate Models. The proposed climate models are the CMCC-CCLM4-8-19 v.1, 
CNRM-ALADIN52 v.1 and GUF-CCLM-NEMO4-8-18 v.1 with a spatial resolution of 0.44°. The Inverse Distance 
Weighting, Spline, Ordinary Kriging attributed by the Spherical, Exponential, Gaussian and Linear models, as well as 
Thiessen polygons spatial distribution methods are implemented into the climate model derivatives. The methodology 
is applied in a watershed in Northern Greece, with the outputs of the interpolation techniques to be compared against 
gauged precipitation records. The reliability of the spatial interpolation results is estimated by using statistic metrics and 
the results indicate that Ordinary Kriging is slightly superior to the other methods. By applying the latter interpolation 
method, future precipitation could be properly distributed at basin scales and hydrological modelling grids. Hence, the 
coupling of climate with rainfall-runoff models could improve the accuracy of the simulation of river discharges under 
climate change, especially when large scale development projects are envisioned within the watershed.  

Keywords: Spatial interpolation, Regional Climate Models, Hindcasts, Precipitation, River basin

1 Introduction
Precipitation is recognized as the most important parameter in hydrologic modelling processes of surface water bod-
ies, with precipitation’s spatial and temporal variability to have a crucial role on rainfall-runoff models’ performance 
and on the accuracy of the simulated discharges (Lobligeois et al. 2014). Beside the recent advancements in telemetric 
monitoring technologies, such as high reliable sensors at low cost, energy autonomy, and communication and transmis-
sion networks with worldwide coverage (Skoulikaris et al. 2018), the lack of densely precipitation gauges covering the 
globe is apparent (Kidd et al. 2017). In Greece for example, during the last two decades a modern network of about 350 
automated weather stations have been established (Lagouvardos et al. 2017). However, isolated mountainous areas are 
poorly covered. Nevertheless, the rainfall intensity and duration on these areas, where the headwaters are generated, 
is of high importance in runoff simulations, even in case of sparse rain gauge networks, which do not probably offer a 
representative sampling of the precipitation distribution.
To overcame the lack of densely gauging networks, spatial interpolation techniques, such as the Inverse Distance 
Weighting (IDW), Spline, Kriging and Thiessen polygons techniques, are routinely been used in hydrologic simulations 
(Cheng et al. 2017), with their accuracy to be thoroughly investigated in the literature (Yang et al. 2015, Boucouvala et 
al. 2017). The applicability of these methods is also met, when coarser gridded climatic parameters need to be nested in 
more refine grids of spatial distributed hydrologic models to assess climate change impacts on hydrological processes 
(Skoulikaris and Ganoulis 2011, Gofa et al 2019).  
In terms of climate change, the Mediterranean basin is considered a hotspot, since the outputs of the latest IPCC’s As-
sessment Report (AR5) are consistent in projecting monthly net rainfall decrease during winter (Allen et al. 2014). On 
the other hand, summer periods, and not only, will be characterized by an increase in frequency of extreme precipitation 
intensity, i.e. a tendency that could enhance the risk of floods. 
The present research aims at evaluating four well known spatial interpolation methods, namely IDW, Spline, Ordinary 
Kriging and attributed models as well as Thiessen polygons, on daily hindcast precipitation data coming from three up-
to-date Regional Climate Models (RCMs). Case study area is a mountainous Mediterranean basin located in Greece, 
where precipitation gauged data were available. The output of the research is believed to improve the distribution of 
gridded climate data at higher resolution grids used by hydrologic models and thus contribute to the accuracy of the 
runoff simulations when climate change forms part of the objective. 
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2 Data and Methodology

2.1 Case study area
The area under investigation is the downstream part of the Nestos river basin, and particularly the watersheds that are 
located downstream of a large hydropower plant (HPP) (Fig. 2). The case area is a mountainous one with a mean eleva-
tion of 981.0 m above sea level and an extent of 1,235 km2, i.e. covering 41.6% of the whole basin. The waters of these 
natural watersheds, i.e. no mankind intervention have been conducted within it, are drained in the river’s main course 
and together with the HPP’s water outflows are accumulated to the lower deltaic area for covering the irrigation demands 
and preserving the identified important ecosystems. The research importance of the specific case area coincides to the 
development plans related to the construction of a new large HPP at the near future, which will drain the waters of the 
watersheds within its reservoir. The specific development project is clearly mentioned in the Program of Measures of the 
River Basin Management Plan of the river (Special Secretariat for Water 2013). 

2.2 Climate models and concentration pathways
The climate variable of precipitation utilized in the research was obtained by three high-resolution Regional Climate 
Models (RCMs) with a spatial resolution of 0.44° in a rotated pole projected geographic system. Particularly, hindcast 
precipitation for the period 1981-2000 was retrieved by the CMCC-CCLM4-8-19 v.1, CNRM-ALADIN52 v.1, and 
GUF-CCLM-NEMO4-8-18 v.1 climate models, hereinafter CMCC, CNRM and GUF respectively. The RCMs have 
been developed and implemented in the framework of the MEDiterranean COordinated Regional climate Downscaling 
EXperiment (MED-CORDEX) initiative (Ruti et al. 2016).

3.3 Spatial interpolation methods
In this research, spatial interpolation geostatistical and deterministic approaches were applied to produce spatially con-
tinuous precipitation data from three climate models. For this purpose, the IDW, Spline, Ordinary Kriging and Thiessen 
polygons methods were selected as the most appropriate methods (Ly et al. 2013, Hofstra et al. 2008). In the case of the 
Ordinary Kriging, the Spherical, Exponential, Gaussian and Linear variogram models were applied to investigate the 
best fit model to the theoretical (sample) variogram. Detailed description of the abovementioned interpolation methods 
is thoroughly provided in the literature (Goovartes 2000, Hofstra et al. 2008). The implementation of the methods over 
the case study area was realized with the use of geographic information systems.
The climate models’ interpolated precipitation was evaluated using statistic meters, i.e. root mean square error (RMSE), 
standard deviation and correlation coefficient, as well as scatter plots in R computing environment (Hothorn and Everitt 
2014), in relation to observation data. The latter are coming from 4 gauge stations located within the basin, namely Tox-
otes (1), Paranesti (2), Ptelea (3), Prasinada (4), i.e. stations 1-4 of  Figure 2, covering a period of five years, i.e. 1990-
1994. A fifth station, namely Mesochori (5), i.e station 5 in Figure 2, was used to assess the accuracy of the proposed 
methods in distributing the observed rainfall derived from the 4 stations within the watershed’s scale. Then, after having 
identify the most accurate method in representing the observed precipitation, the same procedure i.e. the implementation 
of the IDW (M1), Spline (M2), Ordinary Kriging Spherical model (M3), Ordinary Kriging Exponential model (M4), 
Ordinary Kriging Gaussian model (M5), Ordinary Kriging Linear model (M6) and Thiessen polygons (M7) methods on 
the RCMs precipitation and theirs’ correlation analysis to the observed data of the 4 stations was performed. 

3 Results and discussion
The results of the linear correlation analysis are exposed in the form of scatter plots (Figure 1), with the figures around 
each scatter plot to represent the precipitation in mm. Starting with the observation datasets of the 4 gauge station, i.e. 
stations 1-4, and their validation against the additional utilized station, i.e. station 5, the results demonstrated that the 
Ordinary Kriging applying the Gaussian model (M5) depicted the best performance compared to the other spatial in-
terpolation methods (Figure 1a). The specific method presented the lowest RMSE and standard deviation (~50) and the 
highest correlation coefficient (0.85). On the other hand, the Thiessen polygons method performed the lowest correlation 
(0.1) and the largest RMSE and standard deviation. 
Regarding the interpolated CMCC, CNRM and GUF climate models’ hindcast precipitation data against the observed 
precipitation data for the period 1990-1994, in the case of the CMCC climate model the Ordinary Kriging applying 
the Exponential variogram model (M4) proved the lowest RMSE and standard deviation and satisfactory correlation 
coefficient (Figure 1b). In contrast the Ordinary Kriging applying the Spherical model performed insignificant negative 
correlation coefficient (-0.02). The largest RMSE (594) was exhibited by the Spline method (M2). 
As the CNRM precipitation is concerned, the Ordinary Kriging applying the Gaussian Model (M5) was superior to the 
other spatial interpolation methods as shown in Fig. 1c. The least satisfactory results (large RMSE and standard devia-
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tion as well as low correlation) were displayed by the Spline method. In contrast, the IDW presented more satisfactory 
results. 
Finally, concerning the GUF climate model and its outputs (Figure 1d), the best performance was exhibited by the Ordi-
nary Kriging applying the Gaussian model (M5). The specific method presented the highest correlation coefficient (0.87) 
and the lowest RMSE and standard deviation. On the other hand, the Thiessen polygons performed the largest RMSE 
(680) and slightly negative correlation coefficient (-0.2). 
Overall, both the models’ and stations’ data present a small statistically insignificant correlation since the data points in 
the scatter plot are randomly distributed (first column and first row at each scatter plot box). The correlation between 
the models can be considered as positive. Moreover, the analysis showed that in all cases the Ordinary Kriging method 
performed better than the other methods. The specific method was superior when the Gaussian model was applied in 
the 3 out of 4 simulated cases. Similar evaluation results are also presented in a different case study basin in the Medi-
terranean, where the Kriging with external model’s drifts method showed the smallest error of prediction of rainfall 
distribution (Pellicone et al. 2018).

Fig.1. Scatter plots for the best-fit interpolation method for the cases of a) the observed precipitation (mm) of 4 stations 
(stations 1-4 of Figure 2) against the validation station (station 5 in Figure 2), b) the CMCC precipitation, c) the CNRM 
precipitation, d) the GUF precipitation against the observed data (mm) respectively for the same time period, where 
M1=IDW, M2=Spline, M3= Ordinary Kriging Spherical model, M4= Ordinary Kriging Exponential model, M5= Ordi-
nary Kriging Gaussian model, M6= Ordinary Kriging Linear model and M7=Thiessen polygon methods. 

The graphical illustration of the best-fit interpolation method for each of the climate models is depicted in Figure 2. The 
CMCC and CNRM models’ precipitation, although interpolated by different models such as the Exponential (M4) and 
Gaussian (M5) models respectively of the Ordinary Kriging method, demonstrate a similar spatial distribution over the 
basin. Additionally, the maximum interannual precipitation of these two models is almost identical. The GUF precipita-
tion distribution is also based on the Ordinary Kriging but attributed by the Gaussian model, with the specific dataset to 
present increased precipitation amounts in the eastern part of the basin in comparison with the two other climate models’ 
datasets. The maximum precipitation is also slightly, i.e. 9.1%, overestimated. 
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Fig.2. Climate models’ precipitation distribution over the case study basin based on the best interpolation method, 
i.e. the Ordinary Kriging applying the Exponential model (M4) for the CMCC and the Ordinary Kriging applying the 
Gaussian model (M5) for the CNRM and GUF models.

4 Conclusions
In the present paper, the IDW, Spline, Ordinary Kriging using the Spherical, Exponential, Gaussian and Linear Models 
and Thiessen polygons were applied to CMCC, CNRM and GUF regional climate models hindcast precipitation data. 
The interpolated climate model precipitation outputs were evaluated in comparison to observed precipitation data for a 
specific, rather small, historical period. The statistical analysis showed that Ordinary Kriging was superior to the other 
interpolation methods. More specifically, regarding the CMCC model, the spatial precipitation distribution of the river 
basin was satisfactorily simulated by the Ordinary Kriging applying the Exponential model. In the case of the CNRM 
and GUF models, the Ordinary using the Gaussian model reasonable represented the rainfall regime over the catchment 
for the historical period. 
As a follow up of the present research, the same methodology is planned to be implemented with the use of longer time 
series, such as ERA5 reanalysis data, serving the role of the observation datasets in order to re-validate the outputs. The 
best-fit interpolation methods could be used for distributing the future precipitation of the proposed RCMs in densely 
hydrologic model grids for the simulation of the basin’s runoff under climate change conditions and thus the rational use 
of the water resources particularly when large scale projects are foreseen to be developed. 
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Abstract: In this study, the summer heatwave of 2019 is detected and analyzed in 20 European capital cities using the 
up –to -date heatwave index Excess Heat Factor (EHF). For this purpose, daily mean temperature data (derived from the 
average of the equivalent daily maximum and minimum temperatures) is utilized for the summer months of 2019 for 20 
European capital cities. This data was taken from the European Climate Assessment & Dataset (ECA&D) database. For 
each summer month, the most intense and lasting heatwaves are presented and discussed. Furthermore, it is investigated 
in which European centers the EHF index did not detect the heatwave. Using the EHI acclimatization index, the 2019 
heatwave is investigated and analyzed not only from a statistical point of view, but also its possible adverse effects on 
people and their health.

1 Introduction
Heatwaves are associated with high mortality rates worldwide in a short period of time (Pirard 2003). There is no a 
formal and clear definition for heatwaves. The available definitions vary and depend on the objectives of each study and 
the local climatology of the area, due to differences from region to region. The various definitions for heatwaves differ 
in the following characteristics (Smith et al. 2013): the way in which temperature and humidity thresholds are defined, 
the parameter used in a study (daily maximum, minimum and average temperatures, humidity, etc.), the determination 
of the duration of the heatwave and the reasons why heatwaves are studied. 
Various thresholds have been used for the study of heatwaves, such as specific temperature values and percentages. 
Different indices are used for their in-depth study, which lead to different estimates of their adverse effects. Not using a 
common index is likely to be confusing. Therefore, it is necessary for meteorological services to use a common index 
for the study of heatwaves, such as the Excess Heat Factor index (EHF), which has the following advantages (Perkins 
and Alexander 2013, Tolika 2019). Initially, EHF is considered a more appropriate index compared to others, because 
it takes into account the maximum and minimum temperatures. In addition, it is related to high risk of mortality due 
to high amounts of heat. It also takes into account not only the prevailing temperature conditions on a particular day, 
but also the previous two days and it compares how much warmer a three-day period is to an earlier thirty-day period. 
Moreover, the use of EHF is more accurate and superior in predicting extreme heating conditions and describing the 
statistical significance of heatwaves and their direct effect on humans over other indices. Finally, it can be used in differ-
ent climates, since its value is a function of the local climate and it allows a more in-depth analysis of the intensity and 
severity of the heatwaves.
According to the World Meteorological Organization, a new heatwave hit a large part of the European continent during 
the summer months of 2019 (WMO 2019). The heatwave was triggered by the influx of hot air masses from North Af-
rica and Spain and their spread throughout Central and Northern Europe. Many countries have been driven to new tem-
perature records with their values exceeding 40 οC. This heatwave “moved” north across Scandinavia and Greenland, 
melting ice in Europe, Greenland and the Arctic, which is a phenomenon that has been increasing for decades. Due to 
its intensity and severity, public health, the environment and agriculture were endangered with an increased risk of fires.

2 Data and Methodology
2.1 Data
Daily mean (TG) temperature data, derived from the daily maximum (TX) and minimum (TN) temperature values, was 
utilized from 1971 to 2019 for 20 European capital cities. This data was taken from the European Climate Assessment 
& Dataset (ECA&D) database (non-blended data) (Klein Tank et al. 2016). The geographical distribution of the study 
area is presented in Fig. 1.
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Fig. 1. Geographical distribution of the study area

2.2 Methodology
Τhe identification of the 2019 heatwave over the study area was based on the analysis of the updated heatwave index 
Excess Heat Factor (EHF), which was computed for each summer month (June, July, August) of 2019. The EHF index 
is the product of two indices, the acclimatization index EHI(accl) and the significance index EHI(sig) (Hatvani-Kovacs 
et al. 2016, Langlois et al. 2013, Loridan et al. 2016, Nairn et al. 2009, Tolika 2019, ).:     
                                                                 
                          EHF=|EHI(accl)|×EHI(sig)    (1)

                                                                                                                       (2)
The equation of the first index EHI(accl) is: 

           (3)

where  Ti  is the Tmean of the corresponding day i. This equation represents the difference between the average of daily 
Tmean of three days and of the preceding thirty days. By this way, it is investigated if there is a period of heat warmer 
than the recent past (Langlois et al. 2013). EHI(accl) index is a very significant factor of the influence to humans. Even 
if people tend to acclimatize to their local climate, they may be unready to adapt to an abrupt temperature rise in com-
parison with the recent past (Tolika 2019). When EHI(accl) is positive, the weather is warm and lack of human accli-
matization to the warmer environment is noticed with possible harmful effects on human health (Nairn et al. 2009). On 
the other hand, when EHI(accl) becomes negative, then the weather is cool and humans are able to adapt physically to 
the new local climate. 
The second term, EHI(sig), is computed by the following equation:
           (4)

where  Tmean95 is the 95th percentile of the daily Tmean for the reference period 1971-2000. The comparison with  is 
a measure of the statistical significance of a heatwave event (Nairn et al. 2009). In general, the EHI(sig) equation ex-
presses the difference between the average of daily Tmean of three days and the 95th percentile of the daily Tmean of 
thirty years. In addition, it expresses the unusually high heat that is not sufficiently discharged during the night due to 
high night temperatures (Langlois et al. 2013). When EHI(sig) is positive, a heatwave event starts (Tolika 2019). 
Consequently, the EHF index is a metric of temperature load and heatwave intensity (Langlois et al. 2013). A heatwave 
episode occurs when EHF>0 for at least three consecutive days (Perkins et al. 2012). The higher the EHF values, the 
more extreme the prevailing conditions. 

3 Results
The characteristics of the summer heatwave of 2019 for each summer month in the European capitals are described after the applica-
tion of the EHF index. The results obtained are shown in Fig. 2, 3, 4 for the three summer months respectively of the most 
intense and the most lasting heatwave of all and the regions that remained unaffected. In each diagram of the figures, the 
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black dashed line represents the daily mean temperature (Tmean) and the black continuous line represents the Tmean95 
of the period 1971-2000. Moreover, the yellow line shows the value 0, the green line shows the EHI(accl) index, the blue 
line shows the EHI(sig) index and finally the red line shows the EHF index.
During June, the most intense heatwave is detected in Vilnius and the most important episode lasted from the 11th to 
the 15th of the month. Then, the daily Tmean exceeds the 95th percentage (Fig.2). Of all the dates, the maximum daily 
Tmean is recorded on 13th of the month and is equal with 27.6 οC. Based on when the EHF and EHI(sig) indices become 
positive and when the maximum EHF occurs, the episode from the 5th to the 17th seems to be more intense, as this index 
is maximized at the 13th (EHF=73.0 οC2). Tmean and EHF are simultaneously maximized on that day. As the research is 
aimed at extracting information mainly for humans, it could not be mentioned that Vilnius is an example of the lack of 
human’s acclimatization. During the dates of positive value of the EHF and EHI(sig) indices, the EHI(accl), which is an 
important factor in human influence, also remains positive. 
As far as the most lasting heatwave is concerned, it happens to Warsaw. According to the first criterion for Tmean, the 
most important episode begins to the 24th and ends to the 27th of the month, as the hottest day is recorded on the 26th 
of the month (Tmean=27.9 οC). Applying the second criterion of the indices, the results are different. There is one ex-
tremely long episode from the 4th to the end of the month and the hottest day is the 15th of the month (maximum EHF= 
41.9 οC2). In the diagram of Warsaw, the green line of the EHI(accl) index (Fig.2), shows that in general its values   remain 
positive except for the 19th of June, when EHI(accl)<0. According to Nairn and Fawcett 2015, this means that human ac-
climatization was achieved in extreme conditions after a very long heatwave. Therefore, the adverse effects are reduced 
for a short period of time, as from the 20th to the end of the month, the index follows an upward trend and again exceeds 
0. Overall, the EHF index successfully detected the heatwave in all European capitals with the exception of London and 
Oslo, which appear to remain unaffected. More specifically, the EHF index remains negative throughout the month (Fig 
2). Thus, the basic criterion for determining heatwave is not met, according to which the EHF index should be positive 
for at least 3 consecutive days (Perkins et al. 2012). At the same time, the EHI(sig) index does not have positive values 
on any day, which means that heatwave onset can not be determined (Nairn et al. 2009).

Fig. 17. Heatwave of June 2019. Tmean and Tmean95(1971-200) correspond to the left y-axis (οC) and the three indices 
to the right y-axis (EHI(accl) (οC), EHI(sig) (οC), EHF (οC2))

In July 2019, the most intense heatwave affected Luxemburg. Taking into account the inequality Tmean>Tmean95, it 
seems that the heatwave occurs from the 20th to the 26th of July and the 25th corresponds to the hottest day (Tmean = 
32.1 οC). On the same day, the EHF index is equal to 73.0 οC2, an extremely high value (Fig.3). This particular heatwave 
episode is verified by the application of the index, albeit it ends two days later. The EHI(accl) remains positive from the 
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10th to the 26th of the month. Since the onset of the heatwave is marked on the 20th of July, people are unable to adapt 
before the heatwave reaches Luxembourg. The lack of adaptability remains and finally human acclimatization is present 
from the 27th to the 28th of the month, when EHI(accl)<0. What differentiates Madrid from other capitals is the presence 
of the longest heatwave. Observing the daily mean temperatures, the main episode begins at the 15th and ends at the 
25th of July. The total maximum of this parameter is presented from 21st to 23rd, which corresponds to the value of 31.2 
οC. From the other hand, EHF and EHI(sig) become positive from the 12th to the 26th of the month (Fig. 3). The day of 
maximum intensity is considered the 21st of the month, when maximum EHF is equal to 21.3 οC2. Therefore, it is con-
cluded that both methods of detecting heatwaves agree on the determination of the day of maximum intensity. In terms 
of the EHI(accl) index, it is ascertained that humans are acclimatized on the last day of the heatwave (26th), due to their 
constant exposure to very high temperatures for many days. Only then does the acclimatization index become negative. 
The remaining days during which the EHI(accl) has positive values, they cannot physically adapt to the extreme condi-
tions. In general, the use of the EHF confirms once again the existence of the heatwave of July 2019 in most European 
areas of interest with the exception of Moscow. In Moscow, the conditions regarding the EHI(sig) and EHF indices are 
not met in July. In the corresponding diagram (Fig.3), the red curve does not remain above the yellow curve of zero for 
at least 3 consecutive days.
Finally, during August 2019, the highest EHF value, which is equal to 30.2 οC2, is observed in Sarajevo, where the heat-
wave is the most intense and lasting. The daily Tmean exceeds the threshold of the 95th percentage mainly from the 6th to 
the 13th of August and is maximized on the 12th of the month (27.9 οC). The application of the index moves the heatwave 
date one day later, but the date of maximum intensity remains the same. As far as the EHI(accl) is concerned, it remains 
positive except from the 24th of August, when it falls below zero. In contrast, Moscow and Oslo are not affected, because 
EHF and EHI(sig) indices have negative values throughout August (Fig.4).

Fig. 3. Heatwave of July 2019. Tmean and 
Tmean95(1971-200) correspond to the 
left y-axis (οC) and the three indices to 
the right y-axis (EHI(accl) (οC), EHI(sig) 
(οC), EHF (οC2))

Fig. 4. Heatwave of August 2019. Tmean 
and Tmean95(1971-200) correspond to 
the left y-axis (οC) and the three indices to 
the right y-axis (EHI(accl) (οC), EHI(sig) 
(οC), EHF (οC2))
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4 Conclusions
The heatwave that hit Europe in the summer of 2019 was triggered by hot air masses from Africa and Spain, which 
penetrated Central and ended up in Northern Europe (WMO 2019). The result of this heatwave was the redefinition of 
temperature records in the European continent. Thus, in many European capitals, the hot conditions of 2019 were the 
most extreme compared to previous heat waves. More specifically, in June 2019, the records of the heatwave of 2003 
were broken and in July 2019 the records of 2016 (WMO 2019, Fouillet et al. 2008, Schär and Jendritzky 2004). August 
2019 did not exceed the extremity of the previously recorded heat waves in Europe. According to the EHF index, during 
June, the first heatwave episode lasted from the 6th to the 17th of the month and the second one from the 24th to the 28th of 
the month. The most intense heatwave affected Vilnius, the most lasting one affected Warsaw and it was not detected in 
London and Oslo. One important characteristic of June was the complete lack of human acclimatization. Furthermore, 
the heatwave during July lasted from the 19th to the end of the month. This heatwave mainly affected Luxembourg, 
where the intensity was maximum, presented its maximum duration in Madrid, but it did not affect Moscow. In general, 
people managed to adapt to the new warmer environment towards the end of the month, as the EHI(accl) turned nega-
tive. According to Nairn and Fawcett 2015, this happened after constant and frequent exposure to high temperatures and 
simultaneously the negative effects to the public health were reduced. Finally, the heatwave from the 25th to the end of 
August 2019 was the less intense one, due to the low EHF values in all European capitals under study. Nevertheless, the 
highest EHF value and the longest duration, was observed in Sarajevo. In contrast, Moscow and Oslo were not affected. 
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Abstract: Furthering our understanding of regional climate change responses to greenhouse gas and aerosol emis-
sions is pivotal to inform societal adaptation and mitigation. However, complex General Circulation Models (GCMs) 
used for climate projections are computationally expensive. Here, we utilise a unique dataset of existing climate model 
simulations to show that novel machine learning approaches can learn relationships between short-term and long-term 
temperature responses to different climate forcings, which in turn can accelerate climate change projections. This ap-
proach could reduce costs of additional scenario computations and uncover consistent early indicators of long-term cli-
mate responses. We explored several statistical techniques for supervised learning and present predictions using Ridge 
and Gaussian process regression. We compare the results to pattern scaling, a standard simple approach for estimating 
regional temperature responses under varying climate forcing scenarios. We highlight challenges and opportunities for 
data-driven climate model emulation, especially with regards to the use of even larger model datasets and different cli-
mate variables. We demonstrate the potential of our method for gaining new insights into how ongoing climate change 
can be best detected and extrapolated; proposing a blueprint for future studies and encouraging data collaborations 
among research institutes in order to build ever more accurate climate emulators.

1 Introduction
To achieve long-term climate change mitigation and adaptation goals, such as limiting global warming to 1.5 or 2 °C, 
there must be a global effort to decide and act upon effective but realistic emission pathways. This requires an under-
standing of the consequences of various emission pathways and the climate response associated with these. In particular, 
different emission scenarios of, for example, greenhouse gases and aerosols are responsible for diverse changes in re-
gional climate, which are not well captured by a metric such as global temperature change (Kasoar et al. 2018). Explor-
ing relationships between emissions and multi-regional climate responses requires the application of climate models 
that allow the behaviour of the global climate to be simulated under various conditions (e.g. different atmospheric gas 
and aerosol concentrations or emissions fields). However, modelling climate at increasingly high spatial resolutions has 
significantly increased the computational complexity of GCMs, a tendency that has been accelerated by the incorpora-
tion of a number of new Earth system model components and processes. This high computational cost has driven us to 
investigate how machine learning methods can help accelerate estimates of global and regional climate change under 
different climate forcing scenarios. 
Our work is motivated by studies that have built Gaussian Process emulators of global atmospheric models, specifically 
atmospheric aerosol (Lee et al. 2011) and atmospheric chemistry models (Wild et al. 2020). Here we embark on the 
ambitious task of building a Gaussian Process emulator of the climate system, with a focus on representing the global 
and regional responses to a range of emissions that can drive climate change. Preliminary results of this analysis are 
presented. Since it is near-impossible to build an emulator of the long-term response (i.e. that involving the response of 
the oceans as well as the atmosphere) due to the limitations of high-end computing systems, our aim is to build emula-
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tors of the short-term climate response, and then connect this with the long-term response via links between short and 
long timescales that are learned via machine learning. This second part is motivated by studies that suggested links 
between characteristic short-term and long-term response patterns to different climate forcing agents (Ceppi et al. 2017, 
Kasoar et al. 2018). We seek a mapping from short-term to long-term response patterns within a given climate model. 
Once learned, these linkages can be used to rapidly predict other outputs (long-term responses) given new unseen in-
puts (short-term responses, i.e. the results of easier to perform short-term simulations). While data science methods 
are increasingly used within climate science, no study has attempted the application we present here, i.e. to predict the 
magnitude and patterns of long-term climate response to a wide range of global and regional forcing scenarios. 

2 Data and Methodology
Our approach includes two different parts. In the first part (see Sect. 2.1) we apply machine learning methods in order to 
link short-term temperature responses to emissions, while in the second part (Sect. 2.2) we present the methodology for 
building a ‘surrogate model’ of the short-term emission-response system using Gaussian Process emulation.

2.1 Machine learning methods
To train our learning algorithms, we take advantage of a unique set of global coupled GCM simulations performed in 
recent years using the Hadley Centre Global Environment Model 3 (HadGEM3) model. In these, step-wise perturba-
tions were applied to various forcing agents to explore characteristic short- and long-term climate responses to them 
(Mansfield et al., 2020). The set of simulations includes global perturbations of long-lived greenhouse gases such as 
carbon dioxide (CO2) and methane (CH4), as well as global and regional perturbations to key short-lived pollutants such 
as sulfate particles (SO4) and black carbon (BC). Our emulator approximates the behaviour of the complex GCM for a 
specific target climate variable of interest; here we choose surface temperature at each GCM grid-cell, a central vari-
able in climate science and impact studies. This emulator is trained on simulations from the full global climate model 
(supervised learning), in order to predict the long-term surface temperature response of the GCM from the short-term 
temperature responses to perturbations. Based on the available GCM data, we define the ‘long-term’ as the quasi-equi-
librium response after removing the initial transient response (first 70 years) and averaging over the remaining years of 
the simulations. We define ‘short-term’ as the response over the first 10 years of each simulation. The task is to learn 
the function that maps these short-term responses to the long-term responses. We use multiple independent regression 
models corresponding to each grid-cell in the long-term response, all of which depend on the short-term response at 
all grid-cells, so that predictions are not only based on local information but can draw predictive capability from any 
changes in surface temperature worldwide. We present Ridge regression (Hoerl and Kennard 1970) and Gaussian Pro-
cess Regression (GPR) (Rasmussen and Williams 2006) as approaches for constructing this mapping. Then, the learned 
regression functions can be used to predict the long-term response at new, unseen inputs.

2.2 Gaussian process emulation
To explore the sensitivity of climate response to several types of emissions, we perform a global sensitivity analysis 
using Gaussian process emulation, following the approach of Lee et al. (2011) and Wild et al. (2020). An emulator is a 
simple statistical model that reproduces the relationships between the inputs and outputs of a more complex model. A 
Gaussian process is a multivariate normal distribution applied to a function, and we use this non-parametric approach to 
fit the model input–output relationships as it is well-tested, efficient and relatively easy to implement. This allows us to 
reproduce the nonlinear model response across a multidimensional parameter space based on a small ensemble of model 
training runs at points representing a combination of inputs that are optimally chosen to fill the space. We select eight 
key emission variables that are expected/known to substantially affect global and regional temperature. This includes 
global CO2, global methane, and regional emissions of sulfur dioxide from Europe, North America, East Asia, South 
Asia, and Africa, as well as carbonaceous aerosol emissions from the whole of the tropics. The range of the magnitude 
of the emissions perturbations is dictated by the range of the emissions that have been experienced historically, and that 
are expected in the future. Following Lee et al. (2011), we use maximin Latin hyper-cube sampling to optimally select 
80 points from across the eight-dimensional parameter space. Each point represents a combination of values chosen 
from the range for each variable and specifies the values to use for a full model simulation. For this study, we use the 
UKESM1, which is the Earth system version of the HadGEM climate model used for the first set of our results (see Sect. 
2.1). Emulators are then built for each output of interest using the methods described in Lee et al. (2011) and Wild et 
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al. (2020). The emulator can be used in place of the model for rapid climate predictions or for intensive analysis such 
as global sensitivity analysis of the contribution of each emission type/region to the overall variance in modelled tem-
perature.

3 Results
We compare the predictions of long-term regional surface temperature changes with those produced by the complex 
GCM. From analysis at a grid-cell level, both Ridge regression and GPR capture some broad features that pattern 
scaling, a standard simple method, is also known to predict effectively, such as enhanced warming over the Northern 
Hemisphere, particularly over land, and Arctic amplification (not shown). However, the key advantage of both machine 
learning methods is that they capture regional patterns and spatial variability in global response not predicted by pattern 
scaling. In particular, aerosol forcing scenarios show highly specific regional imprints on surface temperature due to the 
spatial heterogeneity of the emissions and their short lifetimes. It is the ability to learn these patterns that gives data-
driven emulators the edge over any pattern scaling method for such predictions. The example in Fig. 2 (from Mansfield 
et al., 2020) shows the distribution of predicted temperature responses for one short-lived and one long-lived forcing 
scenario. Although the responses to long-lived forcings are predicted fairly well by pattern scaling and machine learning 
methods, the range and variability of response is highly underestimated when pattern scaling is applied to short-lived 
forcings. This is a consistent feature across short-lived forcing scenarios predictions (not shown) that exists because pat-
tern scaling is constrained to the same pattern, regardless of the scaling factor used to estimate the global mean response.

Fig. 1. Distribution of predicted grid-point scale surface temperature responses in °C for all methods for one short-lived 
forcing, No_SO2_Europe (complete removal of SO2 emissions over Europe), and one long-lived forcing, 3xCH4 (tri-
pling of CH4 concentrations globally). The central vertical boxes indicate the interquartile range shown on a standard 
box plot, the horizontal line shows the median and the black point shows the mean. The horizontal width shows the 
distribution of temperature values over all grid points, i.e. the wider regions highlight that more grid-points have this 
value of predicted temperature response. Note the different vertical scales (Mansfield et al., 2020).

After we established that there are links between short-term and long-term temperature response, we proceed to our 
more recent work, i.e. to build an emulator of the short-term response to regional and global pollutant emissions. The 
methodology followed is as described in Sect. 2.2. Here, we present preliminary results of the performance of the GP 
emulator. In Fig. 2, we show the performance of the emulator for some example key regions. The emulator is found to 
have a very good skill in predicting the results of the simulations of the complex model, as reflected by the fact that the 
points lie closely to the one-to-one line.

In the following graph (Fig. 3), we demonstrate how the global root mean squared error (RMSE) of the emulator drops 
when increasing the number of training years in the emulator. As it can be seen, the higher the number of years, the 
smallest the error, indicating that the quality of the emulator depends on the amount of data available for training it.
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Fig. 2. Temperature as predicted by the GP emulator (y-axis), plotted against the ‘true’ temperature simulated by the 
complex model (UKESM1) simulations (x-axis). Different colors represent the different perturbation simulations to 
aerosols and greenhouse gases.

Fig. 3. Root mean squared error (RMSE) of the temperature predicted by the GP emulator plotted against the number of 
training years used to train the emulator.

4 Conclusions
We have demonstrated that machine learning approaches have a lot of potential for performing rapid and relatively ac-
curate predictions of the climate system, with very little computational power required. Our study made use of simula-
tions from a single global climate model. However, it opens the door for similar approaches to be taken with datasets 
from other individual climate models. The same GCMs are typically run by several different research centres across 
the world so that additional simulation data should be an effort of (inter)national collaboration. We therefore encourage 
widespread data-sharing to test the limits of our approach as an important part of future research efforts in this direc-
tion. We hope that our work will catalyse developments for coordinated efforts in which carefully selected perturbation 
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Abstract: Coupled Model Intercomparison Project Phase 6 (CMIP6) simulations from three Earth System Models 
(ESMs) (CNRM-ESM2-1, MRI-ESM2-0 and NorESM2-LM) are used to study the fast climate responses on pre-indus-
trial climate, due to present-day aerosols. All models carried out two sets of simulations including a control experiment 
with all forcings set to the year 1850 and a perturbation experiment with all forcings identical to the control, except for 
aerosols precursor emissions (SO2, BC and OC) set to the year 2014. To decompose the effect of different present-day 
aerosol types additional perturbation experiments were used with applying separately present-day SO2, Black Carbon 
(BC) and Organic Carbon (OC) emissions. The perturbation by the present-day aerosols indicates negative top of the 
atmosphere (TOA) effective radiative forcing (ERF) values around the globe, especially over continental regions of the 
Northern Hemisphere in summer with sulfates dominating in all-aerosols ERF. In response to the pattern of all aerosols 
ERF, the fast temperature responses are characterised by cooling over the continental areas, especially in the Northern 
Hemisphere, with sulfate being the dominant aerosol surface temperature driver for present-day emissions. Sulfate aero-
sols play also the main role for the precipitation decrease over East Asia. 

1 Introduction
Short Lived Climate Forces (SLCFs), such as aerosols show a larger geographical variation in radiative forcings than 
Well Mixed Greenhouse Gases (WMGHGs) with the pattern and spatial gradients of their forcing affecting global and 
regional temperature as well as the hydrologic cycle through both local and remote impacts (Bollasina et al. 2014, Kas-
oar et al. 2016). Warming or cooling atmospheric aerosols such as black carbon (BC) and sulphate can affect temperature 
and precipitation in distinct ways through aerosol radiation and aerosol cloud interactions. An important distinction 
between scattering and absorbing aerosols is the opposing nature of their influences on circulation, clouds, and precipi-
tation, besides of course surface temperature as it is shown in previous studies that reveal the sensitivity particularly in 
the context of regional aerosols and regional climate changes (Randles and Ramaswamy 2010). The Intergovernmental 
Panel on Climate Change (IPCC) Fifth Assessment Report has clarified the importance in the modelling framework 
of distinguishing instantaneous radiative forcing and fast responses through adjustments from slow responses through 
feedbacks  (Boucher et al., 2013). Rapid adjustments affect cloud cover and other components of the climate system 
on timescales of hours to several months, much faster than slow responses (through feedbacks) of the ocean to forcing.
The role of fast and slow responses is species dependent; for BC, fast stabilization effects due to atmospheric absorp-
tion can be important even when averaging on long time scales, while for sulfate the slow response dominates in global 
and zonal means even though at the regional level the fast response can be also important (Samset et al. 2016). Despite 
the fact that generally the slow climate responses of anthropogenic aerosols dominate over the fast responses in zonal 
means, the fast responses are important on regional scale as well as in global scale for the case of absorbing BC aerosols 
(Samset et al. 2016, Liu et al. 2018, Zanis et al. 2020). 
Here, we present an  analysis of the fast responses on pre-industrial climate due to present-day aerosols using three 
ESMs, decomposing the effect from sulphate, BC and OC aerosols.

2 Data and Methodology
Simulations from three ESMs (CNRM-ESM2-1, MRI-ESM2-0 and NorESM2-LM) are used to study the fast climate 
responses on pre-industrial climate, due to present-day aerosols. The aforementioned simulations were implemented 
within the framework of the Aerosol Chemistry Model Intercomparison Project (AerChemMIP), which is endorsed 
by CMIP6 (Collins et al., 2017). All models carried out two sets of simulations considering both aerosol-radiation and 
aerosol-cloud interactions: the piClim-control (with all forcings set to the year 1850 using aerosol precursor emissions 
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of 1850) and the piClim-aer (again with all forcings set to 1850 but using anthropogenic aerosol precursor emissions 
of the year 2014). All simulations cover at least a period of 30 years in total using fixed climatological average sea sur-
face temperatures (SSTs) and sea ice distributions corresponding to the year 1850. Furthermore, concentrations of well 
mixed greenhouse gases (WMGHGs), emissions of ozone precursors and ozone depleting halocarbons, solar irradiance 
forcing and land use are also set to the year 1850. The perturbation experiments (e.g. piClim-aer) are run similarly for 
the 30 years period following the control experiments (piClim-control), using the same control SST and sea ice, but with 
emissions for anthropogenic aerosol precursors of SO2, BC and OC set to present-day (2014) levels. By subtracting the 
piClim-control simulations from the piClim-aer simulations the fast responses of pre-industrial climate to present-day 
aerosols are estimated since SST and sea ice distributions are fixed in the simulations. 
To decompose the effect of different present-day aerosol types on early industrial climate, supplementary data from 
three additional experiments, namely piClim-SO2 (all forcings set to 1850 but using SO2 precursor emissions of the year 
2014), piClim-BC (all forcings set to 1850 using BC precursor emissions of the year 2014) and piClim-OC (all forcings 
set to 1850 using OC precursor emissions of the year 2014), were used. By subtracting the piClim-control simulation 
from these 3 simulations, the fast responses of pre-industrial climate to present-day sulfates, BC and OC aerosols are 
calculated. The difference between piClim-aer (or piClim-SO2 , piClim-BC and piClim-OC) and piClim-control simula-
tions in the TOA radiative flux including both the shortwave (SW) and longwave (LW) was calculated for each one of 
the models to estimate the total aerosol Effective Radiative Forcing (ERF) following Forster et al. (2016).

3 Results
On an annual basis (Fig. 1), we note a characteristic spatially extensive negative all-aerosol ERF at the TOA around the 
globe induced by the perturbation of the present day aerosols (piClim-aer - piClim-control), especially over the Northern 
Hemisphere, with the largest negative ERF values over East Asia. Despite regional differences the spatially extensive 
negative ERF at the TOA over continental areas with the largest negative ERF values over East Asia and the positive 
ERF over the Sahara Desert are robust features for all three models. The positive ERF values over the reflective conti-
nental surfaces, such as Sahara Desert, can be explained by the fact that the very high surface albedo reduces the effect 
of scattering aerosols, while increasing the effect of absorbing aerosols, leading to a net positive forcing. The differences 
of piClim-SO2, piClim-BC and piClim-OC simulations from piClim-control (Fig. 1) show that their sulfate ERF pat-
terns are similar to the all-aerosol ERF patterns indicating the overall dominating role of sulfates in the all-aerosols ERF 
despite the positive forcing from BC, especially over East Asia and India. However there are there are regions where the 
role of BC outweighs the role of sulfates in the all-aerosols ERF, as for example over parts of Africa. 

Fig. 1. Annual differences in the net radiative flux (W m-2) at TOA including both SW and LW (ERF) between i) piClim-
aer and piClim-control (first column), ii) piClim-SO2 and piClim-control (second column), iii) piClim-BC and piClim-
control (third column) and iv) piClim-OC and piClim-control (fourth column) for CNRM-ESM2-1, MRI-ESM2-0 and 
NorESM2-LM. The dot shading indicates areas in which the differences are statistically significant at the 95% confi-
dence level.
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As far as it concerns the fast responses on near surface temperature on an annual basis (Fig. 2), there is an overall cool-
ing over the continental areas especially in the Northern Hemisphere with the largest cooling over East Asia and India 
in response to the pattern of all-aerosol ERF. However, there are regional differences among the models in the pattern of 
induced fast temperature responses especially over Europe, Africa and Arctic. The differences of piClim-SO2, piClim-
BC and piClim-OC simulations from piClim-control (Fig. 2) show that the patterns of temperature differences between 
piClim-SO2 and piClim-control resemble the patterns of the differences between piClim-aer and piClim-control. This is 
in line with previous multi-model studies showing that sulfates are the dominant aerosol surface temperature driver for 
the present-day emissions when compared to BC and OC (Baker et al. 2015).
The fast precipitation responses (Fig. 3) are characterized generally by a reduction over parts of continental regions (e.g. 
East Asia, Central and South Africa, Central and South America). The largest fast precipitation responses are seen in the 
tropical belt regions, possibly linked to a southward shift of the tropical rain belt, as has been analysed in previous stud-
ies (e.g. Allen et al. 2015) despite the fact that aerosols’ effect on temperature and precipitation are only partly realized 
in these simulations as the sea surface temperatures are kept fixed.

Fig. 2. Annual differences in near surface temperature (oC) between i) piClim-aer and piClim-control (first column), ii) 
piClim-SO2 and piClim-control (second column), iii) piClim-BC and piClim-control (third column) and iii) piClim-OC 
and piClim-control (fourth column) for CNRM-ESM2-1, MRI-ESM2-0 and NorESM2-LM. The dot shading indicates 
areas in which the differences are statistically significant at the 95% confidence level.

Fig. 3. Annual differences in precipitation (mm/day) between i) piClim-aer and piClim-control (first column), ii) piClim-
SO2 and piClim-control (second column), iii) piClim-BC and piClim-control (third column) and iii) piClim-OC and 
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piClim-control (fourth column) for CNRM-ESM2-1, MRI-ESM2-0 and NorESM2-LM. The dot shading indicates areas 
in which the differences are statistically significant at the 95% confidence level.

On an annual basis there is a characteristic dipole pattern of precipitation decreases over East Asia and increases over 
southern India, Bay of Bengal and South China Sea. This pattern of precipitation decreases over East Asia and increases 
over southern India, the Bay of Bengal and South China Sea is rather a robust feature in all-aerosol model simulations. 
The differences of piClim-SO2, piClim-BC and piClim-OC simulations from piClim-control (Fig. 3) indicate the domi-
nating role of sulphate aerosols for the pattern of precipitation change over East Asia. As has been shown in previous 
studies there is strong correlation between global precipitation “fast” response and atmospheric absorption revealing 
the thermodynamic influence (due to cooling) on precipitation reduction in the global scale, but regional energy budget 
analysis clearly indicates the importance of dynamical contributions for heat transport at regional level (Samset et al. 
2016, Liu et al. 2018). Analysis of geopotential height and horizontal wind vector anomalies over East Asia and north 
India imply weakening of the monsoon winds in East Asia, which is also supported by the weakening of the upward mo-
tions over East Asian, as derived from the piClim-aer and piClim-control differences in vertical velocities (not shown). 
The above-mentioned signals for the annual basis become stronger during the monsoon season (not shown). Summer 
monsoons rainfall is caused by the faster solar heating of subtropical land compared to the adjacent oceans, which causes 
convergence and rising of the moist marine air over land. Therefore, the dimming weakens the monsoon flow and pre-
cipitation. The importance of this precipitation decrease over East Asia due to the fast response is justified by similar 
results by Samset et al. (2016) and Liu et al. (2018) comparing fast and slow precipitation responses. The decrease in 
land precipitation is consistent with aerosol weakening the land-sea warming contrast leading to anomalous high sea 
level pressure over land and weakening of the influx of moisture (Monsoon weakening).  This is presumably stronger 
in fixed SST than in ocean coupled simulations because the SSTs cannot also cool in response to the aerosols while the 
cooling of the sea in the ocean coupled simulations mutes some of the impact on the land-sea contrast. 

4 Conclusions
The perturbation by the present-day aerosols indicates negative TOA ERF values around the globe, especially over 
continental regions of the Northern Hemisphere, with the largest negative values over East Asia. Simulations with indi-
vidual perturbation experiments using present day SO2, BC and OC  emissions show the dominating role of sulfates in 
all-aerosols ERF. In response to the pattern of all-aerosol ERF, the fast temperature responses are characterised by cool-
ing over the continental areas, especially in the Northern Hemisphere with the largest cooling over East Asia and India 
with sulfates aerosols being the dominant surface temperature driver for the present-day. A dipole pattern of precipita-
tion decrease over East Asia and increase over southern India, the Bay of Bengal and South China Sea is a rather robust 
feature among the models, verifying that the overall negative radiative forcing of aerosols over the land in Northern 
Hemisphere may cause a weakening of the East Asia monsoon system. 
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Abstract: The majority of global climate projections suggests a future intensification of summer heat extremes in the 
Middle East and North Africa (MENA) region. To better assess the anticipated regional impacts, information of high 
resolution and quality is required. So far, there is a lack of such MENA-focused robust regional climate information. 
In this context, we assess future heatwave events by using the recently-introduced Heat Wave Magnitude Index and a 
“first-of-its-kind” multi-model ensemble of regional climate projections for the region. Our results, based on a “busi-
ness-as-usual” pathway, indicate a future transition to “super” and “ultra” extreme heatwave events by the end of the 
current century. Such events are expected to be characterized by unprecedented amplitudes (up to 56 °C) and duration 
(several weeks long). By 2100, about half of the region’s population (approximately 600 million inhabitants) will likely 
be annually exposed to “super” and “ultra” extreme heatwaves. The vast majority of this population (more than 90%) is 
projected to be settled in urban centers.

1 Introduction
The manifestation of human-induced global warming in the Middle East and North Africa region (MENA), is expected 
to become particularly pronounced in the 21st century (Lelieveld et al. 2016). Climate projections, even under low 
greenhouse gas emission pathways, indicate significant and relatively rapid warming, in addition to less robust but sub-
stantial changes of precipitation (Zittis et al. 2019, Almazroui et al. 2020). The regional warming is found to follow a dif-
ferential seasonal response with a much stronger temperature increase projected for the boreal summer compared to the 
rest of the year. As a result of the rising warm-season temperatures, heatwaves can be expected to increase in frequency, 
magnitude, and duration (Zittis et al. 2016). The observed trends in heat extremes corroborate the model simulations 
and the transition to much warmer conditions. The potential intensification of heatwaves in the already harsh, hot and 
arid MENA environment is expected to have direct negative impacts on many socio-economic sectors, including human 
health, agriculture, the water and energy nexus and more.
To date, the scientific literature on heatwave projections in the MENA region is mostly based on global simulations at 
relatively coarse resolution, or on regional modelling of the edges of European and Mediterranean model domains that 
underrate the entirety of MENA weather regimes as well as the pronounced topography, which govern the regional cli-
mate. A recent MENA-focused climate downscaling initiative that fully considers the particularities of the region aims 
to provide the much-needed high-quality regionalized information and is dedicated to the modelling of this extraordi-
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nary climate change hot-spot. This is pursued through the Middle East – North Africa hub of the Coordinated Regional 
Downscaling Experiment (CORDEX), i.e. MENA-CORDEX (http://mena-cordex.cyi.ac.cy/).
In this context, the main objectives of our study are (i) to evaluate the ability of the multi-model ensemble to simulate 
the MENA climate with a focus on temperature extremes in the warm season and (ii) to project heatwave characteristics 
for the MENA region under a scenario with high greenhouse gas concentrations. We particularly address the aspects of 
heatwaves that are expected to have consequences for human health and society (e.g. heatwave magnitude, amplitude, 
duration, and frequency). The presented methodology and results are a summary of Zittis et al. (2021). 

2 Data and Methodology

2.1 Data
We analysed a multi-model ensemble of ten MENA-CORDEX simulations (Table 1). All dynamical downscaling simu-
lations follow the general CORDEX guidelines. Future climate projections (2006-2100) are presented for the “business-
as-usual” Representative Concentration Pathway RCP8.5 (Riahi et al. 2011). The horizontal resolution was set at 0.44° 
(approximately 50 km). While the larger African domain is needed to model the atmospheric dynamics, e.g. of the 
monsoon circulations, here we focus on the MENA region with a predominantly subtropical climate, and we excluded 
the area south of 10°N, as well as regions that extent across the eastern and the western boundaries, indicated by the 
white rectangle in Figure 1. As a baseline control reference period (CTL), we defined the historical 30-year period of 
1981-2010. The last five years (2006-2010) are part of the RCP8.5. projections, which are however found to closely 
follow the observed trends (Zittis et al. 2019). For parts of the analysis and visualization, we defined two future periods 
of equal duration, one representing the near-future climate (21C1: 2021-2050) and one for the end of the century (21C2: 
2071-2100). 

Table 1. Description and temporal extent of MENA-CORDEX experiments considered in the present study.

Figure 1. Full extend of the MENA-CORDEX domain. The red-shaded area designates the discarded relaxation buffer 
zone. The white rectangle shows the area considered in the present study.
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2.2 Methodology
According to the World Meteorological Organization, there is no universally accepted definition of heatwaves (https://
www.wmo.int/pages/prog/wcp/ccl/references). Following Russo et al. (2014), we defined a heatwave as a period of at 
least three consecutive days with a maximum temperature above a daily percentage-based threshold. This is the 90th 
percentile of daily maxima (centred on a 31-day window), based on simulated data for the recent past reference period 
(1981-2010). Here, we refined it to the 95th percentile to match the leptokurtic nature of the temperature distribution that 
is common in the MENA region (Zittis et al. 2016). Such a percentage-based definition can be universally applied on a 
global scale or to extended regions such as the one under investigation. Another advantage of such percentage-based def-
initions is that the effect of biases that are eventually introduced by global or regional climate models is minimized. To 
assess the intensity of a particular event, we used the daily Heat Wave Magnitude Index (HWMId) (Russo et al. 2014). 
This comprehensive index of heatwave magnitude sums excess temperatures beyond a certain normalized threshold and 
combines both the duration and temperature anomalies of intense heatwaves in a single indicator. Following the identifi-
cation of heatwave days (described in the previous section), the daily heatwave magnitude (Md) is calculated as follows: 

with Td being the maximum daily temperature at the surface (tasmax) on day d of the heatwave, T30y25p and T30y75p 
are the 25th and 75th percentile values respectively of the time series composed of 30 annual tasmax values within the 
reference period 1981-2010. The interquartile range (IQR) of the daily tasmax is used as the heatwave magnitude unit, 
since it represents a non-parametric measure of the variability of the time-series. According to this definition, an indica-
tive Md value of 2 means that the temperature anomaly on that day is twice the IQR. Finally, HWMId is the sum of 
the daily magnitude of the consecutive days of the most severe heatwave for each year. A descriptive classification of 
heatwave events based on the HWMId values is presented in Table 2.

Table 2. Levels of daily Heat Wave Magnitude Index (HWMId).

3 Results
The average daily Heat Wave Magnitude Index for the MENA region is presented in the left panel of Figure 2. Each data 
point represents an individual year and model, while the annual ensemble mean values are shown by the red curve. From 
the beginning of the simulations until approximately the year 2020, “normal” and “moderate” heatwave conditions pre-
vail on average. This is expected since the criteria for identifying heatwave days were based on the recent past reference 
period. The models, on average, suggest a transition to “severe”, “extreme” and “very extreme” events by 2050-2070. 
For the following decades and towards the end of the 21st century, thermal conditions in the region are projected to be-
come particularly harsh, as the so far unobserved and thus unprecedented “super-extreme” and “ultra-extreme” events 
are projected to become commonplace. 
The spatial extent of these heatwaves is summarized in the right panel of Figure 2. On average, up to the 1990s-2000s, 
approximately 20% of the MENA land experienced “normal” to “moderate” events each year, while the remaining 80% 
was unaffected by heatwaves. After 2020, “severe” and “very extreme” heatwaves appear. Following the “business-as-
usual scenario”, after mid-century the entire MENA region is projected to experience at least one “moderate”, “severe” 
or “very extreme” event per year, while simultaneously, the unprecedented “super extreme” events start emerging. By 
the end of the century, high-impact “super-extreme” and “ultra-extreme” heatwaves will prevail as they are projected to 
affect about 60% of the region annually.
According to the MENA-CORDEX ensemble for the control period, when heatwaves occur, they last on average 4-6 
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days (not shown). Individual high-impact events are simulated to last up to two weeks, mainly for inland locations. For 
the near future (2021-2050), the average duration of heatwaves increases and can even exceed ten days in some loca-
tions. The longest duration events in this period are projected to continue for more than a month, i.e. in hot-spots of 
North Africa and the Arabian Peninsula.

Figure 2. Annual values of the daily Heat Wave Magnitude for individual models (dots) and ensemble mean (curve) (left 
panel) and percentage of MENA land area annually exposed to several heatwave categories (right panel) for the period 
1951-2100. Projections correspond to pathway RCP8.5.

The amplitude of heatwaves is defined as the peak temperature of the hottest day during an event. As for the heatwave 
duration, only years with heatwave occurrence were considered in the calculation of the 30-year averages. For the his-
torical reference period, average heatwaves have a peak temperature (ensemble mean) that ranges from 20 °C for the 
highest mountainous regions of the MENA to 50 °C in the hottest areas near the Arabian Gulf (not shown). The absolute 
maximum heatwave amplitudes of the 1981-2010 hottest events are about 3 °C warmer than the average amplitudes 
throughout the domain. For the following decades and for the 2021-2050 period, heatwave amplitudes are expected to 
increase by 0.5-2 °C on average, while the hottest events in this period are projected to be 3 °C warmer than in the ref-
erence period. By the end of the century, under the high greenhouse gas emission pathway, the maximum temperature 
during heatwaves is expected to exceed 56°C in the warmest parts of the MENA region.
Regarding frequency, the MENA-CORDEX ensemble for the reference period simulates between 6 and 15 “normal” 
or “moderate” events per 30 years (not shown). A limited number of “severe”, “extreme” or “very extreme” events 
(between 1 and 3) were simulated throughout the domain, while in the historic simulations “super-extreme” and “ultra-
extreme” heatwaves did not occur. For the coming decades (2021-2050) the frequency of “normal” or “moderate” events 
increases to more than 20 events per 30 years, mainly in the more densely populated coastal regions. For the warmer 
inland regions of North Africa and the Arabian Peninsula, “severe”, “extreme” or “very extreme” events are becoming 
more frequent as they are expected to occur up to 15-20 times in the 30-year period. In the hotter parts of the domain, 
“super-extreme” and “ultra-extreme” heatwaves start to emerge; however, their occurrence is still rare (1-3 events per 
30 years). For the 2071-2100 period, “normal” or “moderate” events are projected to occur regularly only in the coastal 
regions. This is mainly due to the moderating temperature effect of the seas, which warm more slowly than the conti-
nental areas (not shown). The frequency of “severe”, “extreme” or “very extreme” is projected to increase to at least one 
event every two years in the inland areas, while higher frequencies are projected towards the coasts. By the end of the 
century, the high-impact “super-extreme” and “ultra-extreme” events may occur at least once during this 30-year period 
in every grid cell of the MENA domain. In the hottest regions, their frequency will become much higher and events of 
such magnitude are expected to occur almost every year.

4 Conclusions
In this study we explored an ensemble of MENA-CORDEX climate projections under a strong radiative forcing path-
way. Our multi-model assessment for the region indicates a future transition to extreme heatwave conditions, with un-
precedented “super-extreme” and “ultra-extreme” events that start to appear by mid-century and could become common 
summer conditions by the end of the century. Future events of such extraordinary duration, amplitude and frequency will 
impose conditions that will challenge human health and societies with profound impacts on livestock, agriculture and 
biodiversity. The strong heating over the region and the transition to hotter conditions is mainly driven by the intensifi-
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cation of the greenhouse effect due to unabated anthropogenic emissions and land-use changes. Previous analysis sug-
gested that the exceptional summertime warming is associated with a thermal low, which is conceived as a widening of 
the Persian trough that extends from South Asia to the eastern Mediterranean, and is projected to expand westward and 
combine with the intensifying thermal low over the Sahara. Amplifying feedbacks such as land-atmosphere interactions 
and expanding soil moisture deficits are also partly responsible for the relatively strong warm-season heating. Peak tem-
peratures during future heatwaves could exceed 56 °C in some locations in the Middle East, and our analysis indicates 
that this is a conservative estimate. Taking moderate Urban Heat Island intensities into account, we anticipate that the 
maximum temperature during “super-extreme” and “ultra-extreme” heatwaves in some urban centers and megacities in 
the MENA could reach or even exceed 60 °C, which would be tremendously disruptive for society. Humanity in such 
locations will depend on indoor and outdoor cooling or will be forced to migrate. 
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Abstract: Tropopause folds are considered as the main mechanism for Stratosphere-to-Troposphere Transport (STT) 
affecting the composition of the troposphere and the lower stratosphere, while in terms of dynamics they may be in-
volved in the triggering and development of surface weather systems. This study explores the global climatology of 
tropopause folds during the period 2003-2018 using the Copernicus Atmosphere Monitoring Service (CAMS) Rea-
nalysis (CAMSRA) data product. A 3-D labeling algorithm is applied in CAMSRA meteorological fields to classify the 
air-masses, and subsequently detects the folding events. Following their detection, folds are distinguished in shallow, 
medium and deep, according to their vertical extent into the troposphere. On a seasonal basis, the spatial distribution of 
tropopause folds frequency around the globe is mainly governed by the location and intensity of the jet streams, thus 
exhibiting more folds at the Northern Hemisphere during winter and spring, and vice versa during summer and autumn. 
The spatiotemporal characteristics of shallow, medium and deep fold occurrence are consistent with recent ERA-Interim 
based climatological studies.  

1 Introduction
The main process for Stratosphere-to-Troposphere Transport (STT) are tropopause folds (Stohl et al. 2003). In general, 
they are developed in the left entrance region of a jet streak as a result of the ageostrophic flow, generating a vertical 
circulation perpendicular to the jet flow orientation, with the descending branch breaking the tropopause and forming a 
fold. During tropopause folds, stratospheric air rich in ozone, with relatively high Potential Vorticity (PV) and low water 
vapour mixing ratio is transported into the troposphere (stratospheric intrusion). The global spatiotemporal distribution 
of folds is mainly determined by the intensity and seasonality of the jet streams (Škerlak et al. 2015).  The vast majority 
of folds is shallow and is found in the vicinity of the jet streams, while deeper folds are more rare and also occur over 
the storm track regions (Sprenger et al. 2003, Škerlak et al. 2015).  
As folds are associated with positive PV anomalies, they might influence surface weather systems through the dynami-
cal interaction of the upper and lower troposphere. In this context, the positive PV advection can trigger the cyclonic 
circulation near the surface (Wernli et al. 2002), while folds might promote or suppress convection (Antonescu et al. 
2013). In terms of atmospheric composition, folds are the main mechanism for ozone STT, which along with ozone pho-
tochemical production constitute the sources of ozone in the troposphere. For specific regions favoring subsidence and 
fold development, such as the summertime eastern Mediterranean, ozone STT is critical for tropospheric ozone levels 
and variability (Zanis et al. 2014, Akritidis et al. 2016), while deep folds extending down to lower tropospheric levels 
are known to affect the local air-quality (Akritidis et al. 2010). Moreover, the projected increase of ozone STT in a future 
climate is found to be associated with that of tropopause folds (Akritidis et al. 2019).
The latest reanalysis of atmospheric composition produced by the European Centre for Medium-Range Weather Fore-
casts (ECMWF) is the Copernicus Atmosphere Monitoring Service (CAMS) reanalysis (CAMSRA) (Inness et al. 2019). 
In this study, we apply the 3-D labeling algorithm of Škerlak et al. (2015) in CAMSRA data to detect folding events and 
present their global climatology for the period 2003-2018. 

2 Data and Methodology

2.1 CAMS reanalysis
 Here we use CAMSRA, the latest reanalysis dataset of atmospheric composition issued by ECMWF, which is based on 
the IFS (Integrated Forecast System) model cycle CY42R1 and the 4D-VAR data assimilation system. The assimilated 
meteorological observations include satellite, in-situ, PILOT, radiosonde, dropsonde and aircraft measurements, while 
satellite retrievals of total column, partial column and profile ozone, tropospheric column NO2, total column CO and 
aerosol optical depth are also assimilated in IFS (for more details see Inness et al. 2019). An extended version of the 
CB05 (Carbon Bond 2005) chemical mechanism (Flemming et al. 2015) is applied in IFS. The horizontal resolution 
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is 0.7o x 0.7o (~80 km), the vertical resolution includes 60 hybrid sigma-pressure levels up to 0.1 hPa and the temporal 
resolution is 3 hours.  
      
2.2 Identification of folds 
The 3-D labeling algorithm developed by Sprenger et al. (2003) and updated by Škerlak et al. (2015) is adopted and 
implemented in CAMSRA to detect fold events. The algorithm receives as inputs the 3-D fields of PV, potential tem-
perature and specific humidity, and identifies the dynamical tropopause (Sprenger et al. 2003). Subsequently, for every 
grid point and time step the vertical profile is examined and a fold is detected when multiple crossings of the dynamical 
tropopause are seen. In addition, the pressure difference between the medium and upper crossings of the tropopause are 
calculated (Δp = pm - pu), providing a proxy of the fold vertical extent. Following the works by Sprenger et al. (2003) 
and Škerlak et al. (2015), folds are categorized according to Δp values as follows:
shallow folds (50 hPa ≤ Δp < 200 hPa)
medium folds (200 hPa ≤ Δp < 350 hPa)
deep folds (Δp ≥ 350 hPa)
Since CAMSRA potential temperature and PV are not provided in model levels, the respective parameters were obtained 
with the aid of the «pot_vort_hybrid» NCL (NCAR Command Language) function (https://www.ncl.ucar.edu/Docu-
ment/Functions/Contributed/pot_vort_hybrid.shtml).    
3 Results
The spatial distribution of tropopause folds (shallow+medium+deep, Δp ≥ 50 hPa) frequency around the globe during all 
seasons of the period 2003-2018 is presented in Figure 1. Following the seasonality of the subtropical jet stream, during 
boreal winter and spring the majority of folds are found at the Northern Hemisphere (NH) and near the regions of high 
wind speed (Figures 1a, b). More specifically, during winter a hotspot of folds is found over eastern Asia with frequen-
cies up to 15 %, while during spring is seen over northern India. On the contrary, during boreal summer the maxima of 
folds frequency are seen at the Southern Hemisphere (SH), with values up to 15% over the southern Indian Ocean and 
Australia (Figures 1c, d). Furthermore, a hotspot of fold activity is found during summer over the eastern Mediterranean 
and the Middle East, resulting from the interaction of the subtropical jet stream and the south Asian Monsoon (Tyrlis 
et al. 2014). Also noteworthy are the fold patterns over the storm tracks of North Atlantic (mainly during winter and 
autumn) and South Ocean (mainly during spring, summer and autumn), with rarer and deeper folds.  

Fig. 1. Spatial distribution of CAMSRA tropopause folds (shallow+medium+deep, Δp≥50 hPa) frequency during (a) 
winter, (b) spring, (c) summer and (d) autumn for the period 2003-2018. The black contours indicate wind speed exceed-
ing 20 m/s at 250 hPa. 
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The annual cycles of shallow, medium and deep tropopause folds frequency at the NH and the SH, are shown in Figure 
2. At the NH and for all fold categories a maximum of occurrence is found during winter and early spring, and a mini-
mum during the summer months (Figure 2a). At the SH, the maximum of fold activity is seen during the boreal summer 
months (Figure 2b). Also depicted is that the vast majority of folds are shallow, with medium and deep folds exhibiting 
frequencies of approximately one and two orders of magnitude lower, respectively. 
Our results are in good agreement with the ERA-Interim based fold climatology by Škerlak et al. (2015), reproducing 
the spatial patterns of fold activity during all seasons, both qualitatively and quantitatively. Yet, CAMSRA exhibits 
somehow higher frequencies for medium and deep folds compared to the results of Škerlak et al. (2015). Although 
CAMSRA and ERA-Interim share the same horizontal and vertical resolution, they were produced with different ver-
sions of IFS. In addition, the present climatology refers to the period 2003-2018, while the climatology in Škerlak et al. 
(2015) was constructed for the period 1979-2012. 
Fig. 2. Annual cycle of shallow, medium and deep tropopause folds frequency (%) at (a) the NH and (b) the SH.

4 Conclusions
We constructed the global climatology of tropopause folds in CAMS reanalysis for the period 2003-2018, using a 
well-established fold detection algorithm. The majority of folds are shallow, found in the vicinity of the NH and SH jet 
streams, while deeper folds are also detected over the storm track regions. The maxima/minima of tropopause fold fre-
quency at the NH are found during boreal winter/summer, and vice versa for the SH. The spatiotemporal features of fold 
occurrence are in line with previous climatological studies, such as the ERA-Interim based fold climatology by Škerlak 
et al. (2015), revealing that folds are well reproduced in CAMSRA product.     
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Abstract: Long climate records include also non climatic variations due to e.g. station relocations (from urban centres 
to airports), changes and calibrations of instruments, changes in the procedures of data collection and handling. These 
non-climatic variations (inhomogeneities), impede the use of climate records for climate change studies, especially for 
changes in extremes and weather variability using daily data. One important cause of inhomogeneities is the introduc-
tion of automatic weather stations (AWS) that replaced the conventional meteorological stations and methods of ob-
servation. This introduction is often accompanied by station relocation. To cope with the problem, WMO recommends 
a period of parallel observations, the duration of which depends on the observed parameter. The WMO guidance is 12 
months for wind speed and direction, 24 months for temperature, humidity, sunshine and evaporation, and 60 months 
for precipitation. In literature, several studies analysing parallel measurements can be found. Also, the International 
Surface Temperature Initiative has set up the Parallel Observations Science Team (POST) aiming at compiling a data-
base with parallel measurements.  In this work we present the preliminary results of analysing parallel measurements 
of daily maximum and daily minimum temperature, coming from the weather station network of the Hellenic National 
Meteorological Service (HNMS).

1 Introduction
Climate change studies rely on long term homogenized time series of meteorological parameters (WMO, 2011). There 
are several sources of inhomogeneities. Some of them are related to the instrumentation used, i.e. replacement of an in-
strument (Aguilar et al., 2003), degradation of instrument performance, etc. The replacement of conventional meteoro-
logical stations by automatic ones is also a major inhomogeneity issue needed to be considered carefully by establishing 
a common measurement period between the two types of stations and maintaining them the longest possible (Aguilar et 
al., 2003, WMO, 2017). This study aims in contributing to the effort of the scientific community (e.g. http://www.sur-
facetemperatures.org/databank/parallel_measurements; Kaspar et al. (2016); Acquaotta et al. (2016); Baumgartner et al. 
2018) of collecting and analysing the available parallel measurement time series. We present the preliminary analysis of 
all the available parallel measurement time series of daily maximum (TX) and minimum (TN) values, from the weather 
station network of the Hellenic National Meteorological Service (HNMS).
2 Data and Methodology
The HNMS started replacing the conventional (Stevenson screen) weather stations of its network with automatic ones 
(AWS) in the beginning of the previous decade. However, and even though this replacement was rather extensive and 
for reasons that are beyond the scope of this paper, extensive parallel measurement records have been kept for a limited 
number of stations and meteorological parameters. In this work we limit our analysis to TX and TN daily time series, 
for the stations and periods listed in Table 1.
The last column of Table 1 gives the climate zone of the station location, as defined by Mamara et al. (2013). Figure 
1a shows this classification; Figure 1b shows the location of the stations on the map of Greece. From Fig. 1, it can be 
deduced that the parallel measurement stations cover only four out of the seven reported climate zones.

Table 1. HNMS stations with parallel measurements. Climate zone classification as in Mamara et al. (2013).
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Fig. 34. Climatic zones (left pane); Stations with parallel measurements (right pane).

3 Results
The daily values compared here are the TN, reported at 06:00 UTC and the TX, reported at 18:00 UTC, for both the 
conventional and the automatic weather stations. Their differences  (ΔΤΝ and ΔTX)  are defined as the readings of the 
automatic weather station minus that of the conventional (Stevenson screen) station; a positive temperature difference 
indicates that the value recorded by the AWS is higher than that of the conventional station. Tables 2 and 3 provide 
summary statistics for ΔΤΝ and ΔTX respectively.

Table 2. ΔΤΝ Summary statistics.

Table 3. ΔΤΧ Summary statistics.
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The difference time series are visualized by plotting them as time series (Fig. 2), histograms (Fig. 3) and boxplots (Fig. 
4). Due to space limitations it is not possible to show graphs for all stations.

Fig. 2. Temperature difference time series plots (ΔTN blue line, ΔTX orange line).

Fig. 3. Temperature difference histograms for TN (blue bars) and TX (red bars); N denotes the number of points, μ the 
mean value and σ the standard deviation.
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Fig. 4. ΔTN and ΔTX boxplots.

4 Conclusions
The main findings of this preliminary analysis are the following:
• The differences between TN and TX reported by conventional and AWS are of about 0.5 K in average for all stations.
• AWS tend to record lower TN values and higher TX values compared to conventional station readings throughout the 
year (no seasonality).
• This behaviour results to higher DTR values via the AWS readings.
• The recorded differences are expected to introduce breaks in long term time series of daily measurements. 
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Abstract: A weather type classification for northwestern Greece is performed with the use of the ERA5 high resolution 
meteorological database. The ERA5 data used are: i) 6-hourly (00, 06, 12 and 18 UTC) values of 2 meter air temperature 
and dew point, 10 meter zonal and meridional wind components, cloud cover (low, medium, high and total) and convec-
tive available potential energy at 0.25⁰x0.25⁰ resolution over NW Greece and ii) 12-hourly (00 and 12 UTC) values of 
850hPa air temperature and 500hPa and 1000hPa geopotential heights at 1⁰x1⁰ resolution over the Mediterranean region, 
for the 10-year period 1/1/2009-31/12/2018. A multivariate statistical methodology including Principal Component 
Analysis and K-means Cluster Analysis is applied on the above data set leading to 10 clusters (weather types) for NW 
Greece. The intra-annual variations of the 10 clusters’ frequency show the seasonality of the corresponding weather 
types, while the mean patterns of the meteorological parameters for the days classified into each cluster reveal their main 
meteorological characteristics connected mainly to dynamic, orographic and radiation factors.

1 Introduction
The classification of weather types is a research subject which has been extensively studied by many researchers in the 
past (e.g., Maheras 1984, Littman 2000, Lolis et al. 2018). A weather type (WT) is a specific characteristic type of me-
teorological conditions prevailing over a specific geographical area. These conditions can be quantified with the use of 
the corresponding values of the various meteorological parameters and they are connected to the atmospheric circulation 
characteristics prevailing over the greater geographical area of interest. Many methods have been used for the defini-
tion of WTs. Some of them are primarily subjective and they are mainly based on specific criteria (e.g., Hoard and Lee 
1986), while other methods are primarily objective and they are mainly based on automated approaches involving the 
application of various statistical and other mathematical methods on meteorological data (e.g., Anagnostopoulou et al. 
2009, Zagouras et al. 2012, Maheras et al. 2019). Recently, almost all research efforts dealing with the definition of WTs 
and/or the classification of meteorological patterns are primarily objective. However, it is noted that actually almost 
all methods used are not totally objective, because in most WT classification processes, there are some steps which are 
subjectively influenced by the researcher.
In the present study a multivariate statistical methodology, which includes a dimensionality reduction technique fol-
lowed by a classification technique, has been used for the definition and classification of WTs in northwestern Greece.

2 Data and Methodology
The ERA-5 high resolution data, which are obtained from the Copernicus Climate Change Service platform (2017), 
have been used in this study in order to perform a weather type classification for northwestern Greece. Two geographi-
cal domains are selected. The first domain includes the area of northwestern Greece (38.00⁰N - 41.25⁰N and 18.75⁰W 
- 22.50⁰E). In this domain, the following meteorological parameters at 0.25⁰x0.25⁰ resolution for 00, 06, 12 and 18 UTC 
have been used: 2 meter air temperature and dew point, 10 meter zonal and meridional wind components, cloud cover 
(low, medium, high and total) and convective available potential energy. In order to take into account, the synoptic scale 
characteristics of the atmospheric circulation, meteorological data from a second larger domain comprising the Mediter-
ranean region (30⁰N - 50⁰N and 10⁰W - 40⁰E) are also used. For this domain, the following meteorological parameters 
at 1⁰x1⁰ resolution for 00 and 12 UTC are used: 850hPa air temperature and 500hPa and 1000hPa geopotential heights. 
The ERA-5 data used cover the 10-year period 1/1/2009 - 31/12/2018.
A multivariate methodological scheme including Principal Component Analysis (PCA) and k-means Cluster Analysis 
(CA) is applied on the time series of the meteorological parameters of the two domains (Jolliffe 1986, Sharma 1995). 
Specifically, Principal Component Analysis (PCA) is applied on the time series of each meteorological parameter lead-
ing to a dimensionality reduction. The total number of time series has been reduced from 14490 to 47. CA is then applied 
on the 47 time series resulted from PCA leading to 10 clusters. Each cluster can be considered that it corresponds to a 
WT, because it corresponds to distinct characteristic patterns of the meteorological parameters in the two geographical 
domains. The number of clusters have been decided with the use of distortion test (Sugar and James 2003).
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3 Results
The intra-annual variations of the frequency of the 10 WTs are presented in Fig. 1. From the mean patterns of the me-
teorological parameters, only the main synoptic scale characteristics (500hPa and 1000hPa geopotential heights) are 
presented (Fig. 2, 3) due to space limitations. WT1 is a cold period WT as it generally prevails from October to April. 
The maximum of its frequency appears in January. It is characterized by a depression with center in the region of Genoa, 
which causes southerly surface flow over the Ionian Sea and warm advection over West Greece. WT2 is a transitional 
season WT with the maximum of its frequency appearing in April and May, while a secondary maximum is shown 
in October. It is characterized by anticyclonic conditions associated with fair weather over northwestern Greece. The 
center of the anticyclone at the surface is located west of Peloponnese. WT3 is a cold period WT and the maximum of 
its frequency appears in February. It is characterized by a depression centered over Italy, which causes southwesterly 
flow, extensive cloud development and precipitation in NW Greece. WT4 is also a cold period WT with the maximum 
of its frequency appearing in December and January. According to the geopotential height patterns, it is characterized 
by a depression which is located over the region of Dodecanese Islands and SW Asia Minor, causing easterly katabatic 
flow in Epirus which favors almost clear skies and low humidity levels. WT5 is a warm period WT. The maximum of 
its frequency appears in June and it is characterized by the combination between the Azores subtropical height and the 
SW Asia thermal low. In the area of NW Greece, only few clouds over the mountainous areas appear (relevant Figure 
not shown). WT6 is a cold period WT with the maximum of its frequency appearing in February. It is characterized by 
cyclonic activity over the central Mediterranean. A depression over Sicily is shown, which causes southeasterly flow 
and extensive cloud cover over northwestern Greece. The spatial variation of low cloud cover from western to eastern 
slopes of the Pindus mountain range is remarkable i.e. from 80% to 15% (relevant figure not shown). WT7 is a warm 
period WT associated with high static instability because of the presence of an upper air disturbance. The maximum of 
its frequency appears in June. Among the warm period WTs, WT7 is characterized by the highest values of total cloud 
cover over the mountainous areas of Epirus. WT8 is a cold period WT and the maximum of its frequency appears in 
February. It is characterized by the strongest pressure gradient and a westerly flow at 500hPa. A depression appears 
over the northeastern Balkans causing NW winds over NW Greece, which are responsible for high cloud values over 
the windward areas. WT9 is also a cold period WT with the maximum of its frequency appearing in December. It is 
characterized by the combination between an anticyclone with center over the Tyrrhenian Sea and a depression over the 
Eastern Mediterranean. This combination is responsible for the northwesterly flow and the associated cold advection 
over NW Greece. WT10 is the most frequent WT and it can be considered as the typical warm period WT characterized 
by the combination between the Azores subtropical anticyclone and the SW Asia thermal low. This combination along 
with the high static stability favors fair weather conditions over the area of our interest. The maximum of its frequency 
appears in August. Among the warm period WTs, WT10 is characterized by the lowest values of total cloud cover over 
NW Greece. Also, among all WTs, WT10 shows the highest values of noon air temperature.

Fig. 1. Inter-monthly variation of the frequency of WTs 1-10.
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Fig. 2. Mean 12UTC 500hPa and 1000hPa geopotential height patterns (gpm) for WTs 1-5.
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Fig. 3. Mean 12UTC 500hPa and 1000hPa geopotential height patterns (gpm) for WTs 6-10.

4 Conclusions
In the present work, a weather type classification for northwestern Greece is performed for the period 2009-2018 with 
the application of a multivariate statistical methodology on ERA5 meteorological data. The statistical methodology led 
to 10 WTs. Six of them can be characterized as cold period WTs, three of them can be considered as warm period WTs 
and one of them can be characterized as transitional season WT. Each of the revealed WTs corresponds to specific pat-
terns of the examined meteorological parameters connected to specific atmospheric circulation characteristics It is found 
that the meteorological conditions over NW Greece depend not only on the synoptic scale circulation characteristics, 
but also on the interaction between the air flow near the surface and the geomorphological features of the region. The 
classification presents some similarities with other classifications for the whole Greek area, but it is strongly affected by 
the specific meteorological and geomorphological regimes of northwestern Greece. The incorporation of the daily vari-
ability (00, 06, 12 and 18 UTC) of specific meteorological parameters over a small geographical area can be considered 
as one of the main innovative characteristics of the present classification, because the resultant WTs comprise informa-
tion connected to local circulations (e.g. see breezes), mainly in the warm period of the year. This is one of the main 
differences from other classifications performed in the past.
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Abstract: This study deals with hail across Central Macedonia, Greece, for a 10-year period (2008-2017), during 
summer (16 May – 15 September). The hail data are collected from the 153 hail recording stations (hailpads) of the 
Hellenic Agricultural Insurance Organization (ELGA). A detailed spatio-temporal analysis using the multivariable sta-
tistical method Factor Analysis is performed. The analysis focuses on the spatial distribution of hail in order to define 
sub-periods of summer with characteristic distributions of hail in the study area (T-mode analysis). The analysis has 
been conducted for three hail parameters: frequency, density and size. The results show that summer can be divided into 
4 sub-periods, common for all parameters. The path of hail occurrence during summer is revealed and is characterized 
by the movement of the atmospheric systems, the storms movement and by the orography of the area. In addition, it 
is observed that the three hail parameters examined appear their maximum and minimum values almost at the same or 
nearby hailpads.

1 Introduction
Hail is one of the major weather threats, resulting to significant damage and economic losses to agriculture and property. 
Hailstone as defined in the AMS Glossary is a type of solid precipitation: “a ball or irregular lump of ice ranging in 
size from a pea to that of a grapefruit”, from 5 mm to more than 7 cm in diameter, or from 0.06 g to more than 160 g in 
weight (Huschke 1959). Hail is formed from clouds of vertical development, cumulonimbus. It begins as water droplets, 
which are carried upward by thunderstorm’s updrafts turning into supercooled droplets, as they meet below freezing 
temperatures, and freeze on contact with condensation nuclei. Thus, hailstones are formed and grow as they collide with 
water droplets which freeze on their surface. Therefore, hail develops various layers which alternate between clear and 
opaque ice. Different layers mean different temperature and liquid water content conditions in the thunderstorm. The 
layers are created due to the upward and downward air movements, as well as, the horizontal winds that exist from either 
a rotating updraft, as in supercell thunderstorms, or from the surrounding environment’s horizontal winds. The process is 
repeated several times until the hailstone size increases enough so that the thunderstorm’s updrafts can no longer support 
its weight, or the updraft weakens, causing it to fall. 
This paper deals with hail occurrence across Central Macedonia, Greece, for a 10-year period (2008-2017), during 
summer (May-September), and is focused on hail parameters including frequency of occurrence, density and maximum 
hailstone size. The analysis will define the sub-periods of summer based on the distribution of hail in the study area. We 
note that several other studies on hail have been conducted for Central Macedonia (see e.g., Foris et al. 2006, Sioutas 
et al. 2009). Hail insurance damage to crop in Central Macedonia, ranges at an average of about 20-25 million Euros a 
year as estimated by the Hellenic Agricultural Insurance Organization (ELGA). In the effort to eliminate damage to crop 
and the consequent insurance payments, ELGA implements the Greek National Hail Suppression Program (GNHSP) 
(Karacostas, 1989).

2 Data and Methodology

2.1 Hailpad data
Hailpads have been used to obtain objective measurements of hail on the ground within the context of GNHSP applied 
by ELGA). A total number of 153 hailpads have been installed in the project Area 1 (Imathia-Pella-Kilkis-Thessaloniki-
Pieria) of the GNHSP, an area of about 2740 sq. km, resulting to about 4.3 km average linear spacing between sites 
(Fig.1a,b). The primary goals of the hailpad network operation were to provide data for the evaluation of the GNHSP 
effectiveness and also for an adequate sampling of hailfalls (Sioutas 2016). The hailpad network operates from 15 April 
up to 30 September each year and the servicing includes post storm hailpad change of the hailpads that have been af-
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fected by thunderstorm activity. Hailpads found to have hail dents are catalogued, inked and then analyzed by scanning 
using image reading and appropriate software.
The hailpad data used are provided by ELGA and consist of daily values from 153 hailpads for three hail parameters: 
the hail frequency in term of the number of hailpad number recorded hail, the density and the maximum size of the 
hailstones. The data represent a seasonal period May-September of each year during the decade 2008-2017. The study 
area is the Area 1 of central Macedonia, Greece including parts of the prefectures of Imathia, Pella, Kilkis, Thessaloniki 
and Pieria (Fig.1a,b).

Fig. 1. a) Geomorphological map of the study area (Area 1) (Sioutas 2009), b) the study area and the hailpad sites.

2.2 Methodology
As hail is a very local phenomenon and the data basis contains very many zero values, it was decided to use mean intra-
annual courses consisting of average 15-day values. However, the 10-year average time series also contained a consider-
able number of zero values, and therefore, it was decided to be further smoothed by using the method of the three 15-day 
moving averages with binomial coefficients weights (1-2-1). As a result, the study period was necessarily reduced from 
10 15-days period to 8 15-days period, i.e., from the 16th of May to the 15th of September.
The multivariate statistical method Factor Analysis is applied to reduce the dimensionality of the data set, i.e., to define 
sub-periods of summer with characteristic spatial distribution of hail. Factor analysis uses mathematical procedures 
for the simplification of interrelated measures to discover patterns in a set of variables (Child, 2006). The choice of the 
number of factors was decided by considering the physical interpretation of the results (Bartzokas and Metaxas 1993) 
and the percentage of the total variance explained. 

3 Results
Factor Analysis led to 4 factors for each one of the three hail parameters (frequency, density and size). The four factors 
explain 91% of the total variance for frequency and density, and 92% for the size. As it is seen in Table 1 each group 
(factor) consists of two fortnights.

Table1. Factor loadings for the spatial distribution of hail. Values lower than 0.16 are not statistically significant at a 
95% confidence level, values lower than 0.70 have been also omitted for a better presentation of the results.

3.1 Hail frequency
In Fig. 2 the scores of the four factors (space-series) are plotted for each sub-period of summer, for hail frequency. The 
values are normalized, having a spatial mean value, equal to zero and a variance equal to one.



| 651 Climatology

 
Fig. 2. Hail frequency: The distribution for the 4 sub-period of summer. Only 2/3 of the stations are marked on the maps. 
Stations with the 1/3 highest scores are displayed in red. The symbols  (high scores) show the stations that record 
hail frequently, the  symbols (very high scores, above 1 standard deviation) show the stations that record hail very 
frequently and the symbol  (the highest score) shows the station which recorded hail most frequently. Stations with 
the 1/3 lowest scores are displayed in blue. The symbols  (low scores) show the stations that record hail rarely, the 
symbols  (very low scores, below -1 standard deviation) show the stations that record hail very rarely and the symbol 

 (lowest score) shows the station with without (or almost without) hail .

The upper left map presents Factor 2, which explains 23% of the total variance of hail distribution. The “month” starts 
on the 16th of May and ends on the 15th of June. Hail is observed more often, mainly across the northwestern regions, 
while less often or never  in the eastern areas, a result indicating the orographic and continental influence in the study 
area. The upper right map shows Factor 3, which explains 22% of the total variance of hail distribution, also representa-
tive a continental climatic influence and a higher terrain area compared to central and southern low elevation parts. The 
“month” period starts on the 16th of June and ends on the 15th of July. More hail is present mainly across the west and 
southwest, while less or never in the central part of the plain. The bottom left map presents Factor 1, which explains 
25% of the total variance. The “month” period starts on the 16th of July and ends on the 15th of August. Hail is observed 
more often across the northeastern and southwestern areas, while less often or never mainly in the southeastern areas 
of the plain, a result mainly representing the airmass and orographic hailstorm activity of this period. The bottom right 
map shows Factor 4, which explains 21% of the total variance. The “month” period starts on the 16th of August and 
ends on the 15th of September. The map reveals hail more often, mainly across the northeastern areas, while less often or 
never in the western areas of the plain, a result that can be attributed to maritime influence of the neighboring sea area 
of Thermaikos gulf as a major source of moist.

3.2 Hail density
The factor scores spatial distribution, for the 4 factors of hail density, are presented in Fig. 3.
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Fig. 3. As in Fig. 2, but for hail density.

The upper left map shows Factor 3, which explains 22% of the total variance. The “month” period starts on the 16th 
of May and ends on the 15th of June. The map presents a higher density of hailstones mainly across the northwestern 
regions, while lower density or no hail in the eastern. This result is directly related to the increased density of hail oc-
curring in this period over the northwestern areas close to barrier of Vermion Mountain. The upper right map presents 
Factor 2 (23% of the total variance). The “month” period starts on the 16th of June and ends on the 15th of July. The map 
reveals higher hail density mainly across the western and southwestern areas, while lower density or no hail in the center 
of the plain, similarly as mentioned previously an orographic effect of Vermion Mountain barrier and also seasonal ef-
fect of intense hailstorm activity until the end of June. The bottom left map shows Factor 1 (26% of the total variance). 
The “month” period starts on the 16th of July and ends on the 15th of August. The map shows higher hail density mainly 
across the southwestern and northeastern areas, while lower density or no hail mainly in the eastern areas. This finding 
represents the airmass and orographic hailstorm activity of this period, that may also produce dense hail on the ground. 
The bottom right map presents Factor 4 (20% of the total variance) which starts on the 16th of August and ends on the 
15th of September. The map shows a high density mainly across the northeastern parts, while low density or no hail in 
the western and southwestern. A possible maritime influence appears of the neighboring sea area of Thermaikos, in the 
developing of high density hailfalls.
3.3 Maximum hail size
The factor scores spatial distributions, for the 4 factors of hail size, are presented in Fig. 4.

Fig. 4. As in Fig. 2, but for the hail size.

The upper left map presents Factor 3 which explains 23% of the total variance. The “month” period starts on the 16th of 
May and ends on the 15th of June. The map shows larger size of hail mainly across the northwestern areas, while smaller 
size or no hail in the eastern, a result similarly as in the previously explained for hail frequency and density, indicating a 
continentality and orographic effect. The upper right map shows Factor 2 (23% of the total variance) which starts on the 
16th of June and end on the 15th of July. The map reveals larger size of hail mainly across the western and southwestern 
areas, while smaller size or no hail in the center of the plain. A combined seasonal, orographic and continentality effect 
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is appeared in this grouping. The bottom left map presents Factor 1 (27% of the total variance) which starts on the 16th of 
July and ends on the 15th of August. The map reveals larger size of hail across the southwestern and northeastern areas, 
while smaller size or no hail mainly in the eastern parts of the plain. This can be attributed to stronger updrafts and higher 
hailstorms developed in the warmer months, may be fewer in frequency but capable of producing large size hailstones 
on the ground. The bottom right map shows Factor 4 (19% of the total variance) which starts on the 16th of August and 
ends on the 15th of September. The map present larger size of hail mainly across the northeastern parts of the plain, while 
smaller size or no hail in the western and southwestern. Larger hail sizes are attributed to a combined maritime effect 
and the higher elevation influence in hailstorm development in the northeastern parts of the study area.

4 Conclusions
It is evident that each group of fortnights, of the same 30-day period, presents, for all parameters, the maximum and the 
minimum scores (space series) in the same or nearby stations. The most common locations of the highest scores, for each 
30-day period, for all the parameters, are presented below:
• “Month” 16/5-15/6: across the northwestern areas of the plain
• “Month” 16/6-15/7: across the western/southwestern areas of the plain
• “Month” 16/7-15/8: across the southwestern/northeastern areas of the plain
• “Month” 16/8-15/9: across the northeastern areas of the plain

To conclude, hailstorm occurrence follows a rather “cyclonic” course, which can be justified by the influence of the 
atmospheric systems and various scales atmospheric disturbances over the study area, by the storm movement and 
propagation, as well as by the local topography factors including orography and neighboring sea area. This “cyclonic” 
occurrence of hail starts, in early summer, from the northwestern areas of the plain due to the orographic and continental 
influence. Then, in the middle of summer, maximum values of each hail parameter are located across the western and 
southwestern areas because of a combined seasonal, orographic and continentality effect, while at the end of summer 
in the northeastern parts of the plain due to a combined maritime effect and the higher elevation influence in hailstorm 
development.
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Abstract: In this study, a global climatology of aerosol SSA for a 15-year period (2005-2019) is presented. The clima-
tology is based on OMAERUVd (PGE Version V1.8.9.1) daily L3 (1° x 1° latitude-longitude) aerosol SSA data, which 
are obtained from the enhanced two-channel OMAERUV algorithm that essentially uses the ultraviolet radiance data 
from Aura/Ozone Monitoring Instrument (OMI). Severe criteria of enough data availability are applied to ensure repre-
sentative information about the geographical and seasonal variability of SSA. The OMI SSA climatological values range 
from about 0.8 to 0.94, with lower values over desert and biomass burning areas of the globe and higher values over 
urban and industrial regions. Low SSA values are also observed over oceanic areas undergoing export of dust or bio-
mass burning aerosols, such as the tropical or southern Atlantic Ocean. An overall decrease of SSA is observed, which 
is stronger over the northern parts of the Saharan and Saudi Arabian deserts, as well over most of the Taklamakan and 
Gobi Asian deserts. Distinct seasonality of SSA is found, with larger SSA values in boreal summer over areas dominated 
by dust and urban/industrial aerosols.

1 Introduction
Anthropogenic and natural aerosols affect the Earth’s energy budget by impacting its radiation balance through their 
direct, semi-direct and indirect effects, while they continue to contribute the largest uncertainty to estimates and inter-
pretations of the Earth’s changing energy budget (Boucher et al. 2013).
The key aerosol optical properties, namely the aerosol optical depth (AOD), single-scattering albedo (SSA) and asym-
metry parameter, along with the reflective ability of the underlying surface, are determining the strength and sign of the 
aerosol radiative effects (DREs) and forcing. The atmospheric columnar AOD quantifies the total extinction (scattering 
or absorption) of aerosols and is very important for aerosol DREs. Apart from AOD, the aerosol SSA, which describes 
the relative strength of scattering and absorption with respect to the total extinction, is also very important, since solar 
radiation fluxes and aerosol DREs are strongly dependent on this parameter (Hatzianastassiou et al. 2004, 2005). How-
ever, despite its importance, aerosol SSA remains highly uncertain nowadays, thus leading to an significant uncertainty 
of the associated DREs computed by radiation transfer models (RTMs) and climate and general circulation models 
(CMs and GCMs). This uncertainty is exacerbated by the short lifetime and the complicated variety of chemical compo-
nents, emission sources, and size distributions of aerosols (Torres et al. 2013) resulting in a strong spatial and temporal 
variability of SSA. Indeed, it is very difficult to obtain information about this spatial and temporal (seasonal and inter-
annual) variability and to evaluate existing SSA data, because of the lack of SSA measurements offering wide spatial 
and extended temporal coverage. Very few in-situ measurements exist, originating from campaigns, while the situation 
is just slightly better for remotely sensed SSA products, retrieved by algorithms applied to satellite radiation measure-
ments. Apart from two other satellite-based SSA products, namely those retrieved by the Multiangle Imaging Spectro-
radiometer (MISR) flying on the Terra spacecraft (Kahn et al., 2005), and the SSA data retrieved by the Polarization 
and Directionality of Earth Reflectances (Deschamps et al., 1994) instrument on board the PARASOL (Polarization and 
Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar) Sun�synchronous mi-
crosatellite, OMI-Aura global climatological SSA data exist retrieved in the ultraviolet (UV) range. Torres et al. (1998) 
presented a method to detect and characterize aerosols using the strong wavelength dependence of back scattered radi-
ance in the near ultraviolet. This method was first used, and also applied to TOMS (Total Ozone Mapping Spectrometer) 
measurements, in order to derive an effective single scattering albedo of aerosols over cloud- and ice/snow-free scenes. 
More recently, satellite observations at 354 and 388 nm made by OMI were used to derive UV aerosol index (UV�AI) as 
well as the AOD and SSA using a near�UV algorithm (OMAERUV, Torres et al. 2007, 2013) that takes the advantage of 
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the well�known sensitivity to the aerosol absorption in the UV spectral region (Torres et al., 1998). In this way, and by 
applying the OMI SSA retrieval algorithm, it became possible to build an OMI-based multi-year SSA dataset, which is 
very useful for RTM computations and CM evaluations.
This study aims to investigate the spatial and temporal variability of SSA, on a global and year-to-year basis, and also 
to examine interannual changes of SSA over the 15-year period 2005-2019 using daily gridded 1°x1° latitude-longitude 
data retrieved by the OMI near-UV two-channel algorithm. Monthly and annual mean SSA values were computed from 
the daily data, taking care of their availability in order to ensure the representativeness of the derived SSA climatology. 
The examination of the interannual trends of SSA was done by applying a linear regression model (LRM) to the time-
series of SSA for each pixel and calculating the associated 2005-2019 trends, also examining their statistical significance 
at the 95% confidence level. In the next section, the data used and applied methodology are presented, while in section 
3 the obtained results are discussed, before drawing some conclusions (section 4).

2 Data and Methodology

2.1 Data
The daily data used in this study are the Level-3 (OMAERUVd_L3) OMI SSA data gridded at 1° x 1° latitude-longitude 
spatial resolution, retrieved from the two�channel Ultraviolet OMI algorithm. These data are available at three wave-
lengths, 354nm 388nm and 500nm, but here we present the climatology for two of them, i.e. at 354nm and 388nm. The 
reason for choosing these wavelengths is the higher sensitivity of upwelling radiance to aerosol absorption and the lower 
contribution of the surface in the measured fluxes due to the low surface reflectance in the UV wavelengths. This offers 
a great advantage of an effective retrieval of aerosol properties over land including arid and semi-arid regions (Torres et 
al., 1998; 2007). The evaluation of the utilized OMI SSA data against corresponding daily SSA data from 541 reference 
globally distributed AERONET stations for the study period (2005-2019) has shown an encouraging agreement, with 
58% (81%) matched data pairs falling within a ±0.03 (±0.05) difference at 440nm (and 443 nm) (Drakousis et. al. 2020).

2.2 Methodology
The original available daily gridded 1°x1° OMI SSA data during the 15-year study period (2005-2019) were used to 
build the SSA global climatology. To this aim, a specific algorithm was created, which used as input the daily data, and 
computed the OMI SSA monthly, seasonal and annual mean values. Special care was taken to ensure the representative-
ness of the climatological SSA data, given the limitations in the availability of the original daily data, especially over 
higher latitudes and local winter periods. Thus, after several sensitivity tests, the criterion of availability of at least 5 days 
in a month with SSA data was applied in the algorithm computations at pixel level. Then, in order to also obtain realistic 
results on long-term changes of SSA, computed by applying a linear regression model (LRM) to the time series of 180 
monthly SSA data at pixel level, care was also taken to ensure complete time series. Thus, the criterion of availability of 
at least 70% of all monthly data over the study period, i.e. 2005-2019, along with the availability of at least 50% of data 
in the first and the last year of the study period, were applied in the algorithm computations. The algorithm computations 
were done at the 354 nm and 388 nm OMI wavelengths and yielded the slope, and the absolute and relative percent (with 
respect to the 15-year mean value) change values. The statistical significance of the obtained results, at the 95% level, 
was tested using the t-Test (hypothesis slope = 0). The changes of SSA were computed either for the entire study period 
(2005-2019) or per year. Emphasis is given in this study to the global distributions of OMI SSA, aiming to examine the 
geographical variability of SSA, as well to the 2005-2019 changes, both at 1° x 1° spatial resolution. Also, the present 
study focuses on the seasonal variability of SSA, which is shown in the next section over fifteen (15) specific selected 
world areas (Fig. 1), hosting absorbing aerosols of either desert or biomass burning (natural and anthropogenic) origin.

Figure 1. Selected world areas of interest with regards to SSA.
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3 Results

3.1 Geographical variability of SSA 
Globally distributed values of OMI SSA averaged over the period 2005-2019 are shown in the first row of Fig. 2-i at 
354nm (a, left) and 388nm (b, right). For the same wavelengths, the absolute and relative percent changes of SSA are 
shown in the second and third row of Fig. 2, respectively. White shaded areas indicate locations for which the algorithm 
either did not operate, because of missing input data or non-fulfillment of the data availability criteria, or the computed 
changes were not found to be statistically significant at the 95% level.
The application of severe criteria of data availability (180 monthly values, i.e. 100% availability, for every month), 
results in the loss of information over most areas of the globe (Fig. 2-i). Applying less severe criteria, e.g. 50% avail-
ability of monthly values (Fig. 2-ii) provides results with significantly greater geographical coverage. The smallest val-
ues (0.84-0.87 at 354nm and 0.86-0.9 at 388nm) are observed over desert areas, namely the Saharan, the Middle-East, 
the Asian (Taklamakan, Gobi, Thar) and Australian deserts, as well as over the biomass burning areas of central and 
southern Africa. Small SSA values are also found over oceanic areas experiencing export of absorbing aerosols from 
nearby continental areas, namely those of Sahara in North Africa and the Angola-Congo-Gabon area in South Africa. 
The values of SSA slightly increase from 354 to 388nm, due to the decreasing absorption ability of dust and carbona-
ceous aerosols from 354 to 388nm. Concerning the changes of SSA during the period 2004-2019, the results exhibit a 
great similarity between the two wavelengths (354 and 388nm). In general, there is a decreasing tendency of SSA over 
all areas of the Globe for which the algorithm operated. A greater decrease, equal to about –(0.035-0.045) or –(4-5)% 
(yellowish colors), is observed over the northern parts of the Saharan and Saudi Arabian deserts, as well over most of 
the Taklamakan and Gobi Asian deserts. Smaller decreases (greenish colors, values up to –(3.5-4)%, are found over the 
eastern Saharan, southern Saudi Arabian, the Lut and the eastern Australian desert areas. 

Figure 2. Global distribution of OMI-based 2005-2019 mean Single Scattering Albedo (SSA) applying data availability 
criterion 100% (i) and 50% (ii), and absolute (iii) and relative percent (iv) changes of SSA (over the period 2005-2019. 
Results are given for SSA at 354 (a) and 388 (b) nm. 3.2 Seasonal variability of SSA
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The seasonal cycle of SSA at 388nm over the selected world areas of interest is shown in Figure 3. Similar seasonal pat-
terns appear for areas dominated by urban/industrial and dust aerosols (Figs. 3a and 3b, respectively), showing higher 
values in boreal summer and lower ones in winter. However, the SSA values over dust dominated areas (0.86 – 0.92) 
are smaller than those for urban/industrial areas (0.895 – 0.935). Yet, the annual range of values is smaller in some areas 
(e.g. ≈0.01 over the Thar desert) than in others (≈0.05 over North Atlantic). Biomass-burning regions exhibit a different 
seasonal SSA cycle, with minimum values occurring when biomass burning takes place. For example, the minimum 
SSA values over southern Africa and southeastern Atlantic occur in June-July, while over central Africa are observed in 
December and January. The smallest seasonal cycle is found over the Amazonian basin and Indonesia-Malaysia, with 
the minimum values in August and October-November, respectively. 

Figure 3. The seasonal cycle of SSA over the 15 selected world areas of interest. Results are separately given grouped 
for regions hosting industrial (a), dust (b), and biomass Burning (c) aerosols (Fig. 1).

4 Conclusions
This study aims to present a satellite-based global climatology (averaged values over 15 years, from 2005 to 2019) of 
the key aerosol optical property of SSA, which drives the aerosol radiative and climatic effects. The aim is to provide 
background knowledge about the global geographical and seasonal variability of SSA either at 1°x1° latitude-longitude 
resolution or on a regional basis (for 15 selected world regions of interest). The study is performed using OMI SSA 
values at 354 and 388 UV wavelengths, retrieved by the OMAERUVd algorithm. Special care is taken for ensuring a 
sufficient availability of data, in order to obtain reliable and representative information about the spatial and temporal 
variability of SSA. The obtained results show that: 

1. The smallest SSA values (0.8-0.85 at 354nm and 0.85-0.9 at 388nm) are observed over desert areas, namely the Sa-
haran, the Middle-East, the Asian (Taklamakan, Gobi, Thar) and Australian deserts, as well as over the biomass burning 
areas of central and southern Africa.
2. An overall decrease of SSA from 2005 to 2019 has taken place, which is stronger over the northern parts of the Saha-
ran and Saudi Arabian deserts, as well over most of the Taklamakan and Gobi Asian deserts. 
2. A distinct seasonality of SSA is observed over areas dominated by dust and urban/industrial aerosols, with maximum 
values in summer and minimum in winter. The seasonality of SSA over global areas with intense biomass-burning pro-
cesses, like forest fires, follows the seasonality of these burning activities.
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Abstract: In the present study, a satellite algorithm that identifies dust aerosols (DA) aerosols all over the globe is 
developed and applied. The algorithm determines the presence of DA by applying specific threshold values on glob-
ally distributed Aerosol Optical Depth (AOD), Aerosol Index (AI) and aerosol Angstrom Exponent (AE) products. The 
AOD and AI data are retrievals taken from the MODIS-Aqua Collection-6.1 Level-3 and OMI-Aura (Ozone Monitoring 
Instrument) datasets, respectively, while  AE is calculated using MODIS spectral AOD information. The algorithm op-
erates on a daily 1°x1° latitude-longitude pixel level basis, and estimates the frequency of occurrence and the loadings 
(dust AODs, i.e. DODs) of DA on a monthly and annual basis, whereas corresponding climatological quantities are also 
computed for the period 2005-2018. According to the algorithm results, on an annual mean basis and averaged for the 
14-year study period, the highest frequency (up to 170 days/year) and load (DOD up to 1.2) of DA are observed over the 
western part of N. Africa (Sahara), and the Bodélé area, and secondarily over the Asian Taklamakan desert (frequencies 
up to 140 days/year and DODs up to 0.5). On a mean global scale, dust exhibits a clear seasonality, with highest frequen-
cies and loadings (DOD=0.021) in June and lowest ones in the period November-December (DOD=0.002).

1 Introduction
Desert dust aerosols is the greatest contributor on the global aerosol burden (Ramanathan et al., 2001). They are inserted 
in the atmosphere from the world deserts, and especially from the greatest ones (namely the Sahara Desert in N. Africa 
and the deserts of Middle-East and Asia) and can travel far away from their sources under favorable atmospheric cir-
culation until they undergo wet or dry deposition. According to the bibliography, dust is transported from Sahara to the 
Tropical Atlantic Ocean (Chiapello and Moulin, 2002; Evan and Mukhopadhyay, 2010), Mediterranean Basin (Barnaba 
and Gobbi, 2004; Gkikas et al., 2016) and the Gulf of Guinea (Afeti and Resch, 2000; d’Almeida, 1986) as well as from 
the Asian deserts to the Pacific Ocean (Yoon et al., 2019). Apart from these well-known transport pathways, which take 
place every year with specific seasonal and spatial characteristics, dust aerosols have also been identified in remote re-
gions, such as the Arctic (Barkan and Alpert, 2010). DA modify the radiation budget, for example by strongly absorbing 
mainly the solar, but also the terrestrial radiation, exerting the so-called direct aerosol effect (Heald et al., 2014). In ad-
dition, dust aerosols can act as Cloud Condensation Nuclei (CCN) and Ice Nuclei (IN), thus modifying the cloud optical 
properties as well as cloud lifetime and precipitable water (Li et al., 2017; Fan et al., 2016). These interactions of DA 
with radiation and clouds are quite complex and still lack a complete understanding. For this reason, and also due to 
their high spatial and temporal variability, dust aerosols are among the major contributors of uncertainty in current and 
future assessments of climate and require further and extensive investigations.
In the present study, a satellite algorithm aiming to identify DA is developed and applied. This algorithm uses aerosol 
optical properties as input and distinguishes the presence of dust among the other aerosol types by applying specific 
thresholds. The utilized data are originated from MODIS-C6.1 and OMI-OMAERUV datasets and cover the entire globe 
for the 14-year period 2005-2018. The algorithm output provides information about the global distributions of DA’s 
frequency of occurrence and optical depth on an annual and monthly basis.

2 Data and Methodology
The satellite algorithm is initialized with columnar satellite data from the MODIS-Aqua Collection-6.1 and OMI-Aura 
(Ozone Monitoring Instrument) datasets. Specifically, spectral Aaerosol Optical Depth (AOD) information is obtained 
from MODIS and AI from OMI. The utilized data are taken on a daily and 1°x1° latitude-longitude resolution and cover 
the entire globe for the period 2005-2018. The spectral AOD data are used for the calculation of AE (in 470–660 nm over 
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land and 470–2130 nm  over ocean), while the estimated Dust Optical Depth (DOD) is reported at 550nm. The algorithm 
operates on a daily and pixel level basis, and runs for every day of each year of the study period, determining the oc-
currence of DA whenever: (i) AE≤0.4, (ii) AI≥1 and (iii) AOD≥0.1. Subsequently, the algorithm calculates the annual 
and monthly mean absolute and relative percentage (with respect to the number of days of month and year for which the 
algorithm operated and all input data were available) frequency of DA as well as the monthly and annual mean DOD. 
Finally, the algorithm results were averaged over the study period (2005-2018) yielding to climatological mean values 
of the frequency of occurrence of DA and the associated DOD.

3 Results
In Figure 1 the climatological annual mean distributions of the absolute (Nabs) and relative (Nrel) frequency of occur-
rence of DA as well as of the associated DOD are presented. The three geographical distributions exhibit quite similar 
regional characteristics. High values of Nabs, Nrel and DOD are observed over the Northern Hemisphere and specifi-
cally over the world’s great deserts, i.e. the Sahara Desert in N. Africa, the Middle-East deserts and the Asian deserts 
(Gobi, Taklamakan and Thar). The maximum values occur over the western part of N. Africa, and the Bodélé area (Nabs 
up to 170 days/year, Nrel up to 0.7 and DOD up to 1.2), followed by the Taklamakan desert (Nabs up to 140 days/year, 
Nrel up to 0.6 and DOD up to 0.5). High values are also observed over some oceanic regions such as the Tropical Atlan-
tic Ocean (Nabs≤50 days/year, Nrel≤0.2 and DOD≤0.3), the Gulf of Guinea and the Arabian Sea, where dust aerosols 

are transported from their N. African and Middle-East deserts by favorable atmospheric circulation.
Fig. 1. Global distribution of the annual: (a) absolute frequency of occurrence (Nabs) of DA (in number of days/year); 
(b) relative frequency of occurrence (Nrel) of DA and (c) DOD. The results are averaged over the period 2005-2018. The 
white-shaded areas are those for which the algorithm did not operate due to missing input data. 

The global distribution of the 2005-2018 monthly mean absolute frequency of occurrence of DA shows a clear seasonal 
cycle with maximum values in boreal summer (and especially in June) and minimum values in November (Figure 2). 
In January, very low Nabs values, lower than 4 days/month),  are observed over the entire globe (corresponding to blue 
colors), with the exception of Bodélé region in N. Africa (where frequencies up to 20 days/ month are found). This 
region, is known to be the most important dust source in the world, remaining active all year round (Prospero et al., 
2002). In February, low Nabs values are also observed all over the globe, though relatively higher compared to Janu-
ary, corresponding to light blue colors (frequencies up to 7 days/ month) and occurred again over global desert areas, 
such as those of N. Africa, South Middle East and Taklamakan. During the next three months (March-April-May) the 
DA frequencies are further intensified and become more widespread over the Sahara, Middle-East, Gobi, Thar and 
Taklamakan deserts. Values from 5 days/month up to 15 days/month gradually prevail over N. Africa, whereas signs of 
dust export from Sahara to the Tropical Atlantic Ocean start appearing. In April, the frequencies of DA become maxi-
mum over the Asian Taklamakan and Gobi deserts (up to 17 days/month in some pixels). In June, the dust export and 
transport over the Tropical Atlantic is intensified, while quite high Nabs values (ranging from 12 day/month to 20 days/
month) prevail over the western parts of N. Africa and South Middle East. At the same time, the DA frequencies over 
Taklamakan and Gobi start decreasing, while they become maximum over the Thar desert in NW India (up to 12 days/
month). In the same month (June), high Nabs values (up to 7 days/year) are observed over the Arabian Sea, and also over 
the Indo-Gangetic basin, in accordance with the existing literature (e.g. Ramaswamy et al., 2017 and Jethva et al., 2005 
respectively). During the following months (July and August), the magnitude and spatial extent of the high frequencies 
of DA (yellowish and reddish colors) start gradually decreasing, so that in September Nabs values greater than 12 days/
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month are observed only over NW Africa and a few spotted areas in NE Africa (near to the coasts of Sudan) and Asian 
deserts. In general, spatially limited and smaller than 12 days/month Nabs values appear in September and October. In 
November and December, even smaller frequencies of DA prevail all over the globe, when almost the entire global maps 
are colored bluish, as in January.

Figure. 2. Global distribution  of the monthly absolute  frequency of occurrence of desert dust aerosols (in number of 
days/month). The results are averaged over the period 2005-2018. 
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Figure. 2. Continued.

4 Conclusions
In the current study, a satellite algorithm was used for detecting dust aerosols on a global scale. The algorithm ran for the 
14-year period from 2005 to 2018 and provided information about the frequency of occurrence and the optical depth of 
DA. According to the algorithm results, dust occurs more frequently over the great world deserts, namely the Saharan, 
Middle-East and Asian deserts (Taklamakan, Gobi and Thar), where the climatological annual mean frequencies range 
from 50 days/year (greatest part of Sahara and Middle-East) to 170 days/year (Bodélé area in North Africa). High fre-
quencies are also observed over oceanic regions, such as the Tropical Atlantic Ocean and the Arabian Sea, where dust 
aerosols are transported from their source areas in N. Africa and Asia. The maximum DOD values, varying between 0.1 
and 1.2, are found over the Bodélé area. The DA frequency of occurrence shows a clear intra-annual cycle, with high (up 
to 20 days/month) and spatially extended values in boreal summer, especially in June, and secondarily in spring, against 
quite low frequencies (less than 5 days/month) in boreal winter (December to February).
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Abstract: Turbulence is a major factor affecting flight safety and its study is of great importance in order to improve 
air transports quality. In the atmosphere, turbulence is characterized by its highly transient and spatial variability, which 
introduces difficulties in its systematic measurement. Atmospheric turbulence is recorded in situ by commercial aircrafts 
over Europe through the Aircraft Meteorological Data Relay (AMDAR) programme. In this study we analyze a large 
amount of AMDAR data for the period 2008-2018 over Europe. The available indicator of turbulence is the Derived 
Equivalent Vertical Dust Velocity (DEVG), which is an aircraft independent metric. We study the vertical distribution 
and the seasonal variability of heavy-severe turbulence. The results of the statistical analyses are presented. We found 
an increasing number of turbulence events in the upper atmosphere (over 20.000ft MSL) during winter and spring and 
a minimum during summer, while below 5.000ft MSL an increasing number of turbulence events is recorded during 
summer.

Keywords: Turbulence, AMDAR, climatology, aviation.

1 Introduction
Aviation turbulence should be considered hazardous as it can lead to an accident and fatalities to those on board. Se-
vere turbulence is described as one of the hazards that can affect flight safety (Eurocontrol, 2013).  The consequences 
of severe turbulence include temporary loss of aircraft control, abrupt changes in flight altitude and subsequent loss of 
separation between aircrafts, while loose objects may move around the cabin and cause injuries and damage to the struc-
ture of the aircraft. Turbulence is a major factor that can lead to weather related accidents and incidents and therefore its 
study is of great importance in order to improve air transports quality.
    Aviation turbulence is characterized by its small scale and intermittent nature (Ellrod et al. 2003).  In situ turbulence 
observations are critical for research. There are two categories of turbulence encounter datasets, pilot reports (PIREPs) 
and automated measurements from aircrafts. The Aircraft Meteorological Data Relay (AMDAR) programme provides 
in situ records of turbulence data from civil aircrafts. In the European AMDARs, turbulence is reported as ‘Derived 
Equivalent Vertical Gust (m/s)’ (DEVG), which is an aircraft independent metric (Sherman 1985, WMO-No.958 2003).        
The qualitative severity of turbulence can be related approximately to values of DEVG as presented in Table 1. 

Table 1. DEVG qualitative severity of turbulence (WMO-No.958, 2003).

1The term “Moderate” is used instead in several turbulence studies. 

2 Data and Methodology

2.1 Data
In this study more than 16.5 million AMDAR turbulence records are analyzed for the period 2008-2018 over Eu-
rope (60oN 10oW, 30oN 35oE). The data is divided into five flight level (FL) layers: (a) under 5.000ft (<FL050), (b) 
5.000-10.000ft (FL050-FL100), (c) 10.000-15.000ft (FL100-FL150), (d) 15.000-20.000ft (FL150-FL200) and (e) over 
20.000ft (>FL200). Fig.1 presents the counts of the AMDAR reports in each of the chosen FL layers. The observations 
during the ascent or descent phase of the flights, have 6-20 seconds intervals in order to meet meteorological require-
ments of vertical profiles while in the en-route phase have 7 minutes intervals (WMO-No.1200, 2017). This results to a 
gradual decrease in observations with height, especially above 25.000ft. The layer above FL200, includes the en-route 
flight phase, which depending on the air-traffic separation is typically around 35.000ft, and the upper ascending/de-
scending phase. The sum of the above, results to the number of upper-atmosphere observations, as represented in Fig. 1.
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We study the heavy-severe turbulence which is defined by the ranges classified in Table 1 (DEVG>4.5m/s). The percent-
age of heavy-severe turbulence is found to be 3% of the total data records. If only the lower atmosphere or the upper 
atmosphere is considered the corresponding percentage is 8.3% (FL<FL050) and 0.7% (FL>FL200) accordingly. 
The small percentage of turbulence encounter in the upper atmosphere is due to the highly transient and spatial variabil-
ity of the turbulence events (Wolff and Sharman 2008). In the 11-year period though, the number of heavy turbulence 
records (DEVG: 4.5-9m/s) and severe turbulence records (DEVG>9m/s) for the lower and upper atmosphere as depicted 
in Table 2, construct a dataset capable to study the phenomenon.

Fig. 18. Total number of AMDAR reports per 5000ft flight-level layers over Europe for the period 2008-2018.

Table 2. Number of heavy (DEVG: 4.5-9m/s) and severe (DEVG>9m/s) turbulence records under 5.000ft (FL<FL050) 
and over 20.000ft (FL>FL200) over Europe for the period 2008-2019.

2.2 Methodology
The seasonal variabilities of heavy-severe low-level turbulence (FL<FL050) and upper-level turbulence (FL>FL200) 
are examined. Due to the nature of the turbulence events recordings, the heavy-severe/total counts ratio is used in order 
to normalize the effect of air traffic over Europe. In every ratio that is presented in this study the term “total count” refers 
to the corresponding layer. This ratio constitutes the frequency encounter of heavy-severe turbulence events calculated 
per season or/and flight level layer and quantifies the possibility of aviation-scale turbulence detection. Moreover, the 
geographical distribution of the upper-level turbulence is studied per season, in order to detect areas of possible turbu-
lence prevalence and sources, while the vertical distribution of the heavy-severe turbulence events is studied in selected 
flight level layers for each season. The seasonal variability of low-level and upper-level heavy-severe turbulence is 
presented in section 3.1, the geographical distribution of upper-level turbulence per season is examined in section 3.2 
whilst the vertical layered distribution per season is discussed in section 3.3. 

3 Results

3.1 Seasonal variability of low-level and upper-level heavy-severe turbulence
The seasonal variability of the frequency encounter of heavy-severe turbulence (DEVG>4.5m/s) is shown in Fig. 2. The 
low-level heavy-severe turbulence is referred to flight levels up to 5.000ft (FL<FL050) and the upper-level heavy-severe 
turbulence over 20.000ft (FL>FL200). The variabilities of the heavy-severe turbulence encounter frequencies in those 
two layers, exhibit minima and maxima at different seasons, due to the processes that trigger the turbulence events. Con-
sidering that at flight levels under 5.000ft an aircraft is in the area over the airfield, the corresponding recordings refer 
to turbulence events over continental areas, hence are mechanically and/or thermally driven. Wind shear and buoyancy 
effects are the main contributing factors that trigger low-level turbulence which is found to be augmented by an order of 
magnitude in relation to upper-level heavy-severe turbulence throughout the year with an additional increased number 
of events during the warm period of the year throughout Europe. The increased frequency of the low-level turbulence 
events are due to both wind shear and buoyancy effects, but the superimposed seasonal variability may be attributed to 
the thermal heterogeneity of the surrounding areas of the runways, which generates rising thermal currents of different 
characteristics causing turbulent events to the passing aircraft. Low-level turbulence events are minimum during Sep-Low-level turbulence events are minimum during Sep-
tember-October-November (SON) and maximum during June-July-August (JJA).
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Fig.2 Encounter frequency of heavy-severe turbulence (DEVG>4.5m/s) over Europe for the period 2008-2018 per 
season for flight levels over 20.000ft (FL>FL200) and flight levels under 5.000ft (FL<FL050). Seasons are defined as 
winter (DJF), spring (MAM), summer (JJA) and autumn (SON).

Over 20.000ft a seasonal variation of the heavy-severe turbulence frequency encounter is found at which the upper-level 
turbulence events are minimum during JJA and maximum during SON. This distribution is consistent with the PIREP 
derived climatology of Wolff and Sharman (2008) and the climatology derived from ERA40 reanalysis data by Jaeger 
and Sprenger (2007). The summertime minimum could be related to the poleward shift of the Northern Hemispheric jet 
stream over Europe (eg. Archer and Caldeira 2008, Lorenz and Weaver 2007, Koch et al. 2006). 

3.2 Geographical distribution of upper-level heavy-severe turbulence per season
The geographical distribution of the upper-level heavy-severe turbulence over Europe is investigated by calculating 
the ratio of the heavy-severe turbulence/total counts in horizontal grid boxes of 1.5οx1.5ο, in order to take into account 
the complex terrain of Europe. The results are shown in Fig.3. In summer (JJA) heavy-severe turbulence frequencies 
are uniformly distributed throughout the continent. During the rest of the year, a persisting maximum frequency area is 
found over the northern parts of Europe with a prevailing maximum during winter (DJF). Also, over the central Medi-
terranean, over the area of Sardinia, a local maximum of heavy-severe turbulence is spotted. A possible source of those 
maxima is due to contribution of the high mountains that interfere with the flat airflow over the surrounding maritime 
areas. Moreover, turbulence events occur more frequent during spring (MAM) over the mountainous areas of the Balkan 
peninsula, due to the prevailing southwestern winds which trigger mountain waves over the region. Mountain wave tur-
bulence is a well-acknowledged aviation hazard (eg. Ellrod et al. 2003, Sharman et al. 2012), where under appropriate 
conditions depending on the vertical distribution of the temperature and wind velocity, gravity waves can be vertically 
propagated producing turbulent conditions which may extend in very high levels into the stratosphere.

Fig. 19. Horizontal distribution of heavy-severe turbulence over 20.000ft per season over Europe for the period 2008-
2018. Seasons are defined as winter (DJF), spring (MAM), summer (JJA) and autumn (SON).
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The seasonal variation of the geographical distribution of the heavy-severe turbulence events suggests possible sources 
of upper-level turbulence in the studied period. The southern parts of Europe are characterized by complex terrain where 
high mountains dominate next to maritime areas and form a field where under favorable airflows mountain wave turbu-
lence is triggered. In the northern parts of Europe, where the continental areas are plain, the turbulent-persistent areas 
and intensity variations coincide with the patterns of jet-event climatology for the northern hemisphere (e.g. Koch et al. 
2006, Lorenz and Weaver 2007) which highlights the impact of the jet-stream to the upper-level turbulence in that areas.

3.3 Vertical distribution of heavy-severe turbulence per season
To examine the vertical distribution of heavy-severe turbulence events over Europe, the observations are sorted into 
5.000ft layers up to 30.000ft. Over 30.000ft the layer is considered as one due to the reduction in the number of observa-
tions over FL350. The heavy-severe turbulence events are normalized by the total number of observations in every flight 
level layer. The vertical distribution of the heavy-severe turbulence ratio is presented in Fig.4. 
For every season, the lower-level layer encounters the largest frequency of heavy-severe turbulence events in respect 
with the overlying layers, which is expected due to the contribution of the strong wind shears and surface heating/cool-
ing dominating the boundary layer. A seasonal maximum is found during summer (JJA) while seasonal minima are 
found in autumn (SON) and winter (DJF). 
Furthermore, a gradual decrease of the heavy-severe records up to 20.000ft is found for every season, while from 
15.000ft up to 30.000ft the turbulence ratio can be considered constant.

Fig. 4 Vertical distribution of heavy-severe turbulence normalized by the total number of observations in every flight 
level layer. The thickness of the layers is 5000ft while over FL300 is 10.000ft.

Over 30.000ft an increase of the frequency encounter of the heavy-severe turbulence events in relation to the underlying 
layer is present with a minimum in summer (JJA) and prevailing in the other seasons with a maximum during autumn 
(SON). The increase of the heavy-severe turbulence frequency encounter, accompanied with the seasonal variation, may 
be attributed to the jet-stream that is prevailing in those flight levels over Europe.

4 Conclusions
The seasonal variability of heavy-severe aviation-scale turbulence over Europe for the period 2008-2018 from in situ 
aircraft records were presented. A low-level heavy-severe turbulence maximum was found during the warm period and a 
minimum in the cold period of the year while an upper-level maximum was found during the cold period and a minimum 
in the warm period of the year. The maxima and minima of the lower and upper atmosphere did not coincide seasonally, 
due to the different processes that prevail in each atmospheric layer and trigger turbulence events. The geographical 
distribution of heavy-severe upper-level turbulence events showed that in the southern parts of Europe the dominant 
mountains are possible sources of upper-level turbulence with a maximum over the Balkans during the spring while 
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the islands of the central Mediterranean contribute to turbulence events during autumn and winter. Finally, the vertical 
distribution of the heavy-severe turbulence ratio showed that the largest frequency was found in the lower atmosphere 
for every season, accompanied by a gradient decrease with height up to 20.000ft. Above this altitude the frequency was 
almost constant while over 30.000ft a slight increase related to the underlying layer was found with a maximum during 
autumn. This increase in the upper atmosphere may be attributed to the prevailing Northern Hemisphere jet stream over 
the European continent. 
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Abstract: In this study, we attempt to reconstruct climate variability over the Late Glacial and Holocene as deduced 
from the centennial resolution pollen record of a shallow marine sediment core (S2P), recovered from Elefsis Bay in 
the western Attica Peninsula (southern Greece). The pollen record highlighted that the temperate deciduous, open oak 
woodlands of Late Glacial were fully expanded before the onset of the Holocene, without any pronounced setback, in 
contrast to pollen archives from northern Greece. Herein, we perform a quantitative pollen-based climate reconstruc-
tion using the Modern Analogue Technique (MAT). The annual and seasonal precipitation and temperature over the last 
13.500 years are reconstructed on the basis of the closest modern pollen analogues to the fossil pollen assemblages. It 
is found that the observed changes in both seasonality and variability of the examined climatic variables probably drove 
the pronounced vegetation changes that are reflected in the Elefsis pollen archive, correlating well with the vegetation 
changes in the borderlands of Elefsis Bay and the marine paleoenvironmental record from the Aegean Sea.

1 Introduction
Pollen analysis is an excellent tool for the study of the vegetation history of the past and it is widely used in the inter-
pretation of different environmental processes, such as changes in plant cover, climatic conditions, and, eventually, the 
human impact. Additionally, modern pollen assemblages provide insights concerning the dispersal and taphonomy of 
pollen grains significant for the in depth understanding of fossil pollen records (Davis et al. 2020). Last decades, follow-
ing the increasing interest on climatic variability of the Quaternary and climate change, a big boost in the development 
of quantitative methods for paleoclimatic reconstructions, based on biotic responses, have been observed (e.g. Birks and 
Birks 2008). Pollen-based climate reconstruction methods use the sensitive response of terrestrial vegetation to climate 
variability to provide a comprehensive estimation of climatic variables, such as annual and seasonal temperature or pre-
cipitation, nevertheless each of them has advantages and limitations (e.g. Birks et al. 2010, Peyron et al. 2013). Among 
those, the Modern Analogue Technique (MAT) compares numerically fossil pollen assemblage with modern pollen sur-
face samples (analogues) and their corresponding modern climate using dissimilarity to infer paleoclimate parameters 
(Overpeck et al. 1985, Guiot 1990). 
Quantitative climate reconstructions across the Mediterranean document the increased sensitivity of regional pollen re-
cords to climatic oscillations (Dormoy et al. 2009, Sadori at al. 2011, Peyron et al. 2011, 2013, 2017). Α complex pattern 
of climatic variability during the Late Glacial and the Holocene is confirmed suggesting both West/East and North/East 
precipitation gradient with an evolution from wetter (early Holocene) to drier climatic conditions (late Holocene) and 
changing seasonality during this time (Peyron et al. 2011). The sediment core S2P, recovered from the landlocked Elef-
sis Bay, is a unique and well dated Late Glacial to Holocene paleovegetation and paleoenvironmental archive for South-
ern Greece. The Elefsis pollen record documents in detail the vegetation development of the area in response to climatic 
variability and human impact during the last 13,500 years (Kyrikou et al. 2020). In this study, the Elefsis Bay climate 
reconstruction is attempted on the basis of modern analogues, with the aid of the updated, public, quality-controlled, and 
standardised database of modern pollen samples for the Eurasian region, i.e. Eurasian Modern Pollen Database (EMDP, 
Chevalier et al. 2019, Davis et al. 2020).

2 Study Αrea, Materials and Methods
Elefsis Bay lies in the northern part of Saronikos Gulf and forms a natural embayment between western Attica and 
Salamis Island (Fig. 1a). The present-day climate of the area is Mediterranean with annual precipitation of 398 mm, 
while December is the wettest (70.8 mm) and July the driest month (6.4 mm). Regarding temperature, the annual mean 
is 18.3°C and the seasonal means are 10.7°C, 16.3°C, 27.6°C and 19.4°C, for winter, spring, summer and autumn, 
respectively (Hellenic National Meteorological Service Climate Atlas, http://climatlas.hnms.gr/sdi/; reference period 
1971–2000). 
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Fig. 1. a) The Elefsis Bay and its associated catchment area; the red circle indicates the location of the analyzed S2P 
core (from Kyrikou et al. 2020), and b) the Eurasian Modern Pollen Database sample sites (red circles) that have been 
retained for this study.

A 342-cm-long gravity core (S2P), was recovered from the deepest part (35 m) of Elefsis Bay (38° 00.50′ E, 23° 27.48’ 
N) during an expedition of the Hellenic Centre for Marine Research (HCMR) with the R/V Aegaeo. The dating of the 
core is based on AMS C-14 datings, while the age depth model was produced with the Bacon approach (Kouli et al. 
2021). Pollen analysis was performed on 120 weighted samples, collected at 1–4 cm core-depth intervals following the 
methodology in Kyrikou et al. (2020). 
For inferring quantitative paleoclimatic parameters from the pollen assemblages of S2P record the Modern Analogue 
Technique (MAT), a method for the quantitative analysis of stratigraphic records from sediment archives based on the 
concept that “the present is the key to the past” (Rymer 1978), is applied. The MAT (Guiot 1990) reconstructs past cli-
mate parameters by considering the proportion of pollen assemblages; i.e., by trying to determine the degree of similar-
ity between modern pollen samples with known climate parameters and the sample for which climate parameters are to 
be estimated (Simpson et el. 2007). To evaluate the reliability of the reconstructed values, the minimum dissimilarity 
between the core sample and the training samples is examined, using a chord distance (Guiot 1990). In case there are no 
close modern analogues in the training set for certain fossil samples, the MAT reconstructions are less reliable for those 
fossil samples than for samples that do have close modern analogues. In general, a fossil sample is considered having no 
close modern analogues where the minimum dissimilarity for the sample is greater than the 5th percentile of the distribu-
tion of dissimilarity values for the training samples (Simpson et al. 2007).
For the modern pollen sample set, we use the standardized, quality-controlled Eurasian Modern Pollen Database 
(EMPD) containing modern pollen raw counts from a variety of environments, consisting of about 5000 sites for the 
entire Eurasian continent (Chevalier et al. 2019, Davis et al. 2020). Only the sample sites indicated as high quality and 
with available climate information are retained for the subsequent analysis (Fig. 1b), resulting in a subset of 4140 mod-
ern samples. The dissimilarity test between the two datasets indicates that for the entire examined period there are close 
modern analogues to the fossils (Fig. 2), which ascertains the climate reconstructions presented in the following section.

Fig. 2. Temporal distribution for the last 13,500 years of the 
minimum dissimilarity between S2P sample and the EMDP 
training samples. The dotted lines are drawn at 1%, 2.5%, and 
5% percentiles of the distribution of the pair-wise dissimilari-
ties for the training set samples.
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3 Results and Discussion
In paleoclimatology, the general consensus is that not only the Glacial, but also the Holocene exhibited several periods 
of significant climate change. However, not all sites responded synchronously or equally to these events (Mayewski et 
al. 2004). Thus, the paleoclimatic analysis of each site is important to understand the complexity of the Holocene cli-
mate. The MAT is applied here to reveal the climatic characteristics that drove the pronounced vegetation changes that 
are reflected in the Elefsis pollen archive’s response to climatic variability during the Late Glacial and Holocene (Fig. 3).
During the Late Glacial (13,000–11,700 yrs BP), the drop in temperatures and the decrease in precipitation seasonality 
marks the end of Bølling–Allerød warming (Dormoy et al. 2009). During Holocene, we find distinct climate intervals, 
mainly characterized by pronounced changes in precipitation seasonality and in variability of both climatic variables. 
Specifically, in Early Holocene and until 9,000 yr BP, precipitation is characterised by total absence of seasonality, while 
temperatures are relatively cool. Since 9,000 yr BP and through Mid-Holocene, a strong seasonal hydrological contrast 
is gradually established with increasing temperatures, which indicate the ‘climatic optimum’ (Rossignol-Strick 1999). A 
thermal maximum develops at about 7,000 yr BP, shortly after the 7,400 yBP cold event reported for the eastern Medi-
terranean marine record (Filippidi et al. 2016). This is interrupted by a short-lived event around 6,500 yr BP. This event 
is characterised by an abrupt drop in temperatures and winter precipitation and it coincides with the end of deposition 
sapropel S1 (Triantaphyllou et al. 2009, Triantaphyllou et al. 2016).

Fig. 3. Time series since 13,000 yrs BP of the a) vegetation summary (%), b) annual, winter and summer precipitation (in 
mm), and c) annual, winter and summer temperature (in °C) reconstructions from the S2P core. The error bars in annual 
time series indicate the uncertainty in MAT predictions.

Between 5,000 and 4,000 yrs BP, the increase in precipitation corresponds to the mid Holocene humid phase. At about 
4,200 yr BP, a quick transition to drier with weaker seasonality and cooler conditions begins. This event is in accord-
ance with the findings of Triantaphyllou et al. (2014) demonstrating that the termination of the Mid-Holocene warm and 
humid phase coincides with the “4.2 ka” climate event. 
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The high temperatures around 1,000 yrs BP accord with the Medieval Climate Anomaly that has been also reported 
for the northern Aegean Sea (Gogou et al. 2016), while the cooling trend during the most recent period probably corre-
sponds to the Little Ice Age, a period with unusually low solar activity and major volcanic events (Wanner et al. 2008). 
However, through Late Holocene, the woodlands at Elefsis area underwent considerable changes due to the intense hu-
man activity inserting noise in climate signal. 
The reconstructed climatic variability is largely in line with the vegetation analysis of the core. Nevertheless, the precipi-
tation values are significantly higher compared to the present-day climate. As the MAT methods produce more plausible 
reconstructions of temperature-related variables than moisture-related variables (Thompson et al. 1999), an intercom-
parison with other methodological approaches, such as the weighted-average partial least-squares regression (WAPLS) 
and the non-metric multidimensional scaling/generalized additive models (NMDS/GAM) methods (Peyron et al. 2011, 
Peyron et al. 2013), should be applied in order to obtain more robust reconstructions. 

4 Conclusions
In this paper, we use the high-resolution pollen record (S2P) recovered from Elefsis Bay in southern Greece, along with 
the most up-to-date modern pollen database (EMPD) to reconstruct climate conditions of the last 13,500 years, applying 
the Modern Analogue Technique. 
It is found that during the Late Glacial (13,000–11,700 yrs BP), the drop in temperatures and the decrease in precipita-
tion seasonality marks the end of Bølling–Allerød. During Holocene, distinct climate intervals are documented, char-
acterized by pronounced changes in precipitation seasonality and in variability of both climatic variables. Overall, the 
major events of Holocene have been captured in the reconstructed time-series.
Due to both advantages and limitations of the pollen-based climate reconstruction methods (Brewer et al., 2008), further 
multi-method analysis is needed to confirm the above findings. In addition, it should be taken into account that for the 
last 4,000 years, both human activity and climate shape and impact the plant landscape, thus, climate variations should 
be studied in parallel with the history of human inhabitation in the area (Roberts et al. 2011).
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Abstract: Dew point reflects the amount of moisture content in the air and it is widely used in meteorology and cli-
mate research. The aim of this work is to perform a spatial and temporal analysis of dew point over Greece and an 
intercomparison between dew point values from different datasets. For this reason, data from reanalysis products and 
weather stations are used. The spatial patterns of yearly, seasonal and monthly dew point from reanalysis datasets are 
compared with observational records to evaluate the corresponding differences and biases. Additionally, their patterns 
are examined and discussed in terms of the synoptic, mesoscale and local influences. Moreover, some interesting statisti-
cal aspects are examined from the dew point frequency distributions, giving emphasis to the spatiotemporal mapping of 
extreme values, using the upper percentiles. The results are expected to contribute to the study of climate over Greece.

1 Introduction
Dew point is an important meteorological parameter and it represents the temperature to which air must be cooled to 
become saturated at constant pressure (Stull 2000). Dew point is a measure of the amount of water vapor in the air. An 
estimation of the relative humidity can be made easily by calculating the difference between air temperature and dew 
point. It is used to predict the formation of dew, frost, fog, to estimate the minimum temperature (Met. Office 2003) and 
even the height of the base of a cloud (Ahrens 2003). In Greece, dew point data have been used at many studies, such 
as precipitable water estimation (Karalis 1974), sea breeze and etesian winds (Karapiperis 1964), specific atmospheric 
circulation characteristics (Dafis et al. 2016), lower structure of the troposphere during temperature inversions (Prez-
erakos 1998), tornadogenesis (Matsangouras et al. 2014) and many others. Regarding the climatology of dew point in-
ternationally, significant work has been done in the United States (Robinson 1998, 1999). In Greece, the climatology of 
atmospheric moisture has been studied using humidity parameters other than dew point (Kotini-Zambaka 1983, Tzanis 
et al. 2018, 2019, Koutsogiannis et al. 2020). The aim of this work is to provide the basic climatic information about 
the dew point in the Greek area. In that framework, the spatial and the temporal distribution of dew point are made over 
Greece using observational data and reanalysis datasets as well.  

2 Data and Methodology

2.1 Data
Observational data used in this study are time series of daily mean of dew point temperature coming from 22 stations 
which are listed in Table 1. The covered period, which is mainly 1973 – 2014, is also included in Table 1. The spatial 
distribution of these stations is that of Fig.1 (Kalamaras et al. 2019). The total achievable uncertainty of dew-point esti-
mation is of the order of 0.25 °C, following the WMO standards (WMO 2018).
Reanalysis daily mean dew point data are coming from the ERA-Interim reanalysis dataset of the ECMWF (European 
Centre for Medium-Range Weather Forecast). These values come from a 0.75o x 0.75o grid (approximately 80 km x 
80km) covering the area 34.50o N – 42.00o N and 18.75o E – 28.50o E and the points of that grid are illustrated in Fig.2. 
These 154 points cover uniformly the Greek area for the period 1979 – 2014 (Philippopoulos et al. 2019).

Table 1. Meteorological stations and observational period.
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 Fig.1. Spatial distribution of the   Fig.2. Grid points at which reanalysis 
 stations of  Table 1    data were taken.

2.2 Methodology
For each of the timeseries of dew point temperature, coming from observations and reanalysis data, the following sta-
tistical quantities are calculated:

• Mean value.
• Standard deviation.
• 90th, 95th and 99th percentiles.

The monthly, seasonal and yearly values of the above quantities are calculated in order to obtain their temporal variation 
and spatial distribution as well. 

3 Results
Firstly, mean seasonal and monthly values are calculated for all the used stations (observational data) and for all grid 
points as well (reanalysis data). In order to save space, the monthly variations for four stations, coming from regions 
with different climatological characteristics, are depicted in Fig.3.   
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Fig.3. Variations of dew point values : Top: for mean monthly values Bottom : for standard deviation per month

From Fig. 3 it is observed that the higher dew point temperature values are observed in summer, reaching a peak at July 
– August, whereas the lower values occur in winter, mainly in January and February. This happens because warm air can 
contain higher amount of water vapor than the cold air (Maheras and Balafoutis 1984). It is remarkable to notice that 
dew point has the opposite monthly variation to that of relative humidity found by Kotini-Zambaka (1983). Another one 
interesting finding is that the station of Preveza, exhibits the highest values of dew point for almost the 3/4 of the year. 
This can be attributed to the fact that western Greece is mainly influenced by the humid and warm SW winds (Flocas 
1997). Concerning the standard deviation per month, it is observed that it has relatively greater values in winter period 
compared to the summer. This is due to the influence of atmospheric disturbances in winter, causing the alternation of 
warm - humid south winds and cold – dry north winds and thus increasing the variability of atmospheric moisture. 
Taking the mean value of dew point temperature for all available years, the annual mean dew point temperature is ob-
tained. If this is done for the timeseries of reanalysis data coming from all the grid points, then the spatial distribution 
of Fig. 4a is taken.

Fig.4. Spatial distribution of dew point (in oC)  (a) annual mean and (b) annual standard deviation.

From Fig. 4a it is observed that the higher dew point values are observed over marine and insular areas, whereas the low 
values are prevailing over the continental areas. The same pattern is observed throughout the year, if seasonal or monthly 
mean values are taken for all grid points. This finding can be attributed to the fact that higher amounts of water vapor 
exist over marine areas due to evaporation of sea water.
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Following the same procedure for the standard deviation of dew point timeseries for all available years coming from 
all grid points, the spatial distribution of Fig. 4b is obtained. From Fig. 4b, it is seen that the higher values of standard 
deviation are prevailing mainly over north areas. It is also noteworthy that the standard deviation takes its lowest values 
in summer over all areas (seasonal maps not shown for space saving). This can be mainly attributed to the fact that dur-
ing the passage of a barometric low, air humidity changes significantly, i.e. south warm and moist winds blow prior the 
passage of a low, followed by cold and dry north winds. In addition, barometric lows follow more southern orbits in 
winter period that in the summer (Maheras 1988).  
In order to examine the extreme values of dew point temperature, the 90th, 95th and 99th percentiles are calculated using 
all data from each station and grid point. In Table 2 the values of those percentiles are listed for the four representative 
stations which have been used in Fig.3.

Table 2. 90th, 95th and 99th percentiles for four representative stations.

From Table 2 it is obvious that the station located in Western Greece appears to have the greatest extreme values. This 
is in accordance with the results found from Fig. 3. In order to compare the results found from observations with those 
found using reanalysis data, the difference of annual mean values between each of the 22 stations and the corresponding 
nearest point is calculated. The same procedure is done with the standard deviation and the results are listed in Table 3.

Table 3. Differences between observational and reanalysis data.

From Table 3, it is observed that the difference in annual mean values is, in general, less than 3.5 oC. The sources of these 
differences are mainly the different way the dew point is determined in observations (phychrometer) and in reanalysis 
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data (Dee et al. 2011), and the fact that dew point is not determined at exactly the same site for both observational and 
reanalysis data. Regarding the standard deviation, it is noteworthy that the difference in all cases is small and less than 
1 oC, despite the influence of those two factors.

4 Conclusions
The main conclusions from this study of dew point temperature are:

• Dew point monthly mean values take the highest value in summer and the lowest in winter. 
• Dew point standard deviation has the maximum values in winter, whereas the minimum values are observed in sum-
mer.
• The higher values of dew point are observed over Ionian and South Aegean marine and coastal areas.
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Abstract: Global climate change is one of the most crucial issues of contemporary life as it has   important impacts 
on many aspects of human life, one of which is the energy sector. This research focuses on a very responsive to climate 
change area, the Mediterranean, and attempts to analyze the energy demand trends from 1970 through 2100, processing 
not only historical temperature records but future simulations from Regional Climate Models concerning seven Medi-
terranean cities of different sizes and geographical characteristics. Cooling degree days (CDD) and heating degree days 
(HDD) have been estimated in order to point out the trends in the amount of energy demands. The research has shown a 
statistically significant decrease in heating demands at all cities, while cooling demands are increasing at rates reaching 
up to 64 degrees per decade. On the other hand, there is a remarkable expansion of the duration of the cooling demands 
period, at rates of 5 to 6 days per decade till the end of the century. At the same time, the duration of heating demands 
period presents a negative trend, at rates between -4 to -7 days per decade.

1 Introduction
Air temperatures in Mediterranean region continue to increase as a result of the warming of the lower atmosphere during 
the past few decades. As a consequence, this intensifies the energy demands, affecting the economy sector and amplify-
ing environmental pollution issues. For example, published study on Greece’s capital, Athens, has shown that the last 
four decades the heating load in the building sector has decreased about 1 kWh/m2 while the cooling load has increased 
about 5 kWh/m2 (Kapsomenakis et al. 2013).  The projected changes are expected to be more severe as the cooling 
demands increase in a noticeable rate affecting many sectors of human life (Bellard et al. 2012).  
The raising of cooling demands is strongly distinct at the urban areas, reinforced by the phenomenon of Urban Heating 
Island. Cities are warmer than their suburban or rural surroundings because they are made of heat-absorbing materials 
such as concrete and steel, and they generate a significant amount of waste heat as a result of industrial energy usage 
and anthropogenic heat generation. This phenomenon contributes to the apprehension of increased energy demands in 
the urban areas given that the external air temperature is linear related with energy demands(Santamouris et al. 2001).
 The present research analyzes the observed changes in energy demand for heating and cooling at Mediterranean cities 
the past four decades and investigates the tendency the future energy demands. To estimate the ambient temperature-
related impacts on the energy needs to cool and heat buildings, there are two commonly-used indicators: Heating Degree 
days (HDD) and Cooling Degree Days (CDD) (Thom 1959, De Rosa et al. 2014). HDD and CDD are calculated based 
on the cumulative daily deviations below (HDD) or above (CDD) a given temperature threshold (Schoenau and Kehrig 
1990, Spinoni et al. 2018). Despite the limitations of degree days usage (Day and Karayiannis 1999), they are world-
wide applied for climatological analyzes through the scientist’s community (Matzarakis and Balafoutis 2004, Petri and 
Caldeira 2015, Shi et al. 2018, Spinoni et al. 2018). The evolution of these indicators has been analyzed using Regional 
Climate Models (RCMs) under the RCP 8.5 scenario.

2 Data and Methodology
HDD and CDD were calculated and analyzed based on historical daily temperature observations (1975-2018), as well 
as future simulation under the RCP 8.5 (1970-2100), for seven Mediterranean cities.

2.1 Data
Historical data of daily air temperature for seven Mediterranean stations covering the period 1975-2017, were derived 
from the European Climate Assessment & Data Project (ECA&D), available at https://www.ecad.eu/dailydata/index.php.
The stations were selected based on the below listed criteria:  

• City location. As different regions appear diversity of climate characteristics according to their altitude, the distance 
from the sea, big city centers or/and industry sections.
• Data availability for the objected period.
• Not interrupted time series - minimization of missing values
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The locations of the stations are presented in Figure 1.

The metropolitan population of the selected cities varies from 456.199 (Montpellier, France) to 6.559.041 (Madrid, 
Spain). Moreover, have been included both small and big cities with coverage between 122km2 (Nicosia, Cyprus) and 
5335 km2 (Madrid). 
For future simulations,  daily temperature data for the closest grid point to the meteorological stations’ locations were 
used from the Regional Climate Model RCA4 of the Swedish Meteorological and Hydrological Institute (Strandberg et 
al. 2014) and references there in driven by the Max Planck Institute for Meteorology global climate model MPI-ESM-
LR (Popke et al. 2013). The horizontal resolution of the model is 0.11o (~12 × 12 km), and the simulations were carried 
out in the frame of the EURO-CORDEX modeling experiment ( http://www.euro-cordex.net ). The simulated data cover 
the period 1970-2100, while the RCP8.5 future emissions scenario is implanted in the simulations after 2005 covering 
the period 2006-2100 (Riahi et al. 2011). 

Fig. 1. Map of the seven Mediterranean stations

2.2 Methodology
HDD and CDD are widely used indicators of energy consumption for heating and cooling buildings. At this study, we 
estimated annual trends in the energy demands for heating and cooling in the context of climate change. HDD reflect 
the required amount of energy, for a specific period, in order to heat the internal environment, according to a standard 
ambient temperature which is used as threshold for the indicator’s calculation. On the other hand, CDD indicate the 
required amount of energy, in order to cool an interior space, based on a standard exterior temperature. For the purpose 
of the study, daily HDD values are calculated using the base ambient temperature of 18.3 0C (HDD threshold), while 
for the CDD values is used the base temperature of 26 0C (CDD threshold) (Kapsomenakis et al. 2013). Degree days 
are computed from the following equations: HDD=Tbase - Tmean, CDD=Tmean - Tbase . Therefore, HDD refer to cold season 
and is used mostly at the winter (HDD≠0, CDD=0), while CDD refer to warm or hot seasons and is used at the summer 
(CDD≠0, HDD=0). 
The trends of these indicators have been estimated on annual and seasonal scale aiming to the most accurate results.

Tmean: the average daily ambient temperature 
z: the number of the days in a month or year
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3 Results

3.1 Observed trends in CDD and HDD

Table 1. Linear trends for observed HDD and CDD over the period 1975-2017 

Table 1 presents linear trends of the observed HDD and CDD for the selected cities over the period 1975-2017. CDD 
are increasing at a rate reaching up to 64 per decade while HDD have a negative rate ranged from 56 to 116 per decade.
 
3.2 Future simulations
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Fig. 2. Simulations of the annual HHD and CDD (1970-2100) for the selected cities.

Figure 2 presents the simulated CDD and HDD at the selected cities from 1970-2100 under the RCP8.5 scenario. We 
found that CDD increase at rates between 1.3 (Montpellier) and 4.8 (Nicosia) per year, while HDD exhibit negative 
trends at rates ranging from -6 (Nicosia) to -8 (Madrid) per year. Comparing the rising trends in CDD and the decreas-
ing trend in   HDD, the negative rate of heating demands is obviously steeper, reaching up the 87 degrees per decade, in 
comparison to the CDD positive rate that is not getting further than 48 degrees per decade. In the long-term projections, 
there is a converging trend for the amount of energy that is needed for heating and cooling.

Table 2. linear trends in HDD and CDD period under RCP 8.5 (1970-2100).

Moreover, at this study the duration of HDD and CDD period has been computed according to the first and the last day 
that appears the demand for energy consumption due to exterior temperature, based on Julian days. The results indicate 
an increase of CDD period at a rate of 5 to 6 days per decade, considering the seven Mediterranean cities of the study 
(table 2). On the other hand, the period that the above mention cities need energy to heat interior spaces is getting shorter 
at significant rates of 4 to 7 days per decade, statistically significant at confidence level >99%.

4 Conclusions
The main purpose of this study was to investigate the long-term change and the future projections on the energy de-
mands at the, sensitive to climate change, Mediterranean region. The research ended up to the results that despite the 
rising of the cooling demands, there is a crucial and higher rated reduction of heating demands. This phenomenon is 
mostly observed at coastal regions while the demands at mainland regions seem to change at a smoother rate. In addi-
tion, the CDD period is extending, though the HDD period is getting shorter at remarkable rates, causing a side-weight 
at the energy balance. Meanwhile, there is a notable shift at CDD and HDD periods during the year. The trend of the 
CDD’s period is shifted earlier, whereas HDD period is shifted later during the year.
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Abstract: An objective definition of seasons for the Mediterranean region based on the mean intra-annual variations 
of numerous meteorological parameters is performed. The data consists of daily NCEP/NCAR Reanalysis grid point 
values of various meteorological parameters (air temperature, specific humidity, cloudiness, precipitation, wind, geo-
potential heights and precipitable water) over the Mediterranean region and refers to the period 1949-2018. Principal 
Component Analysis and Cluster Analysis are applied and result to 4 climatologically homogenous periods of the year 
(seasons). These seasons generally correspond to the conventional ones, but there are remarkable differences in some 
of their characteristics. The above methodology is applied also for the five overlapping 30-year subperiods 1949-1978, 
1959-1988, 1969-1998, 1979-2008, 1989-2018 and results in 4 seasons too. Regarding the duration of the objectively 
defined seasons, it is found that winter lasts about 4 months, spring and summer are a little shorter than 3 months and 
autumn lasts about 2.5 months. The most remarkable long-term changes of the seasons characteristics are: i) the recent 
warming which is in agreement with the ongoing climate change, ii) the shortening of winter and spring due to later 
onset dates and iii) the extension of autumn due to a later cessation date.

1 Introduction
Climate variability is one of the main focuses in contemporary atmospheric research nowadays. More specifically, pos-
sible variation of the season characteristics, such as their onset and cessation time or their duration, are of strong interest, 
especially for the areas experiencing the effects of ongoing climate change, and therefore for the Mediterranean basin, 
which is one of the most responsive regions of the world to climate change. An alternative definition of seasons, dif-
ferent from the astronomical and conventional definitions, by using objective methodology that integrates the climatic 
characteristics of the region under study could be more appropriate and lead to interesting results. This path has been 
followed by various researchers in the past (Trenberth 1983, Pielke et al. 1987, Alpert et al. 2004b, Lolis and Kotsias 
2020) by using various objective criteria (i.e. temperature variations, precipitation regimes, frequency of synoptic sys-
tems, weather types etc.). In the present work, such an approach for the objective definition of seasons is followed for the 
climatologically sensitive Mediterranean region. This approach consists in the application of a multivariate statistical 
technique, including Principal Component Analysis and Cluster Analysis, on the mean intra-annual variations of various 
climatological parameters over the Mediterranean region for the 70-year period 1949-2018. Possible long-term changes 
of the seasons’ characteristics are studied by applying the same technique for five shorter (30-year) overlapping sub-
periods of the entire 70-year period. The introduced methodology has the advantage of taking into account more than 
one climatic parameter for the definition of seasons, which is physically sound and adequate. The simultaneous usage of 
temperature, humidity, cloudiness, precipitation and other climatic parameters leads to objectively defined seasons that 
are more accurate, since they are based on multiple climatic characteristics.

2 Data and Methodology

2.1 Data
The data used in the present study consist of daily grid point values of the following two sets of meteorological param-
eters for the Mediterranean region (50°N-30°N and 10°W-40°E) and for the period 1949-2018: i) precipitation rate, con-
vective precipitation rate, 2m temperature, total cloud cover, 2m zonal and meridional wind, and ii) 500hPa and 1000hPa 
geopotential height, 500hPa and 850hPa temperature, 850hPa specific humidity and precipitable water. Both datasets 
were obtained from the NCEP/NCAR Reanalysis (Kalnay et al. 1996). The first set includes diagnostic data gridded at 
1.875°×1.905° and the second set comprises intrinsic data gridded at 2.5°×2.5°.

2.2 Methodology
Two statistical methods are applied; Principal Component Analysis (PCA) and Cluster Analysis (CA). PCA is a multi-
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variate statistical method, which expresses a set of potentially correlated variables via a set of uncorrelated variables, 
which are called Principal Components (PCs) and is commonly used as dimensionality reduction tool in climatological 
studies. The number of the statistically significant PCs is indicated by the SCREE plot (Jolliffe 1986). CA is a statistical 
method that classifies the cases of a set of variables into objectively defined distinct groups, which are called clusters, 
such that each cluster is as homogeneous as possible with respect to the clustering variables (Sharma 1995). In the pres-
ent work, k-means CA based on the squared Euclidian distance is applied. The number of clusters is decided with the 
use of distortion test, introduced by Sugar and James (2003).
Τhe long-term mean intra-annual variations (5-day moving averages) of the daily values of the 12 parameters for the 
70-year period 1/1/1949-31/12/2018, are calculated for each grid point and a data matrix (365 days × number of grid 
points) is constructed for each parameter. The 5-day moving averages are used to achieve the necessary smoothing and 
noise reduction, due to the strong day-to-day variation of the parameters. Then, PCA is applied on the unified matrix 
of all parameters. Finally, CA is applied on the time series of the resultant statistically significant PCs, grouping dates 
of the year, and thus defining time periods with homogenous climate characteristics, which can be considered as the 
objectively defined seasons. The same steps are followed for the 5 overlapping 30-year subperiods 1949-1978, 1959-
1988, 1969-1998, 1979-2008 and 1989-2018, to investigate possible long-term variations of the seasons’ characteristics 
(duration, onset and cessation dates etc.).

3 Results
The application of PCA to the mean intra-annual variations of all parameters leads to 3 PCs accounting for 88.9% of the 
total variance, while the application of CA leads to 4 clusters. The 4 clusters correspond to specific time periods within 
the year (seasons) with climatologically homogenous characteristics based on the 12 parameters used. The distances 
of the classified dates from the clusters’ centers (minimum distances correspond to dates that clearly belong to every 
cluster-season) are presented in Figure 1, while the patterns of the parameters for the dates with the minimum distance 
from the respective cluster centers, also known as cluster central dates, are shown in Figures 2-5.
In Figure 1, it can be seen that in general the four seasons seem to correspond to the conventional ones, but their dura-
tion, onset and cessation dates are considerably different. Thus, “winter” season (blue color) starts at November 24 and 
ends at the 20th of March lasting about 4 months (117 days), “spring” (yellow color) is from 21 March to 12 June being 
a week shorter than 3 months (84 days), “summer” (red color) begins at 13 June and ends at the 7th of September with a 
duration of about 3 months (87 days) and “autumn” (green color) completes the annual cycle with a duration of 77 days 
(September 8-November 23). 

Fig. 20. The intra-annual variations of the distances from the cluster centers, for the four objectively defined seasons 
(clusters), for the period 1949-2018.

In Figures 2-5, the mean patterns of only two (due to space limitations) meteorological parameters, the 2m temperature 
and precipitation rate, for the central dates of the four objectively defined seasons are presented. Specifically, tempera-
ture and precipitation patterns are selected to be presented. In autumn (Fig. 2), precipitation is maximum over the warm 
sea, especially the area around Italy, while a high temperature gradient appears along the northern Mediterranean coasts. 
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Spring (Fig. 3) is characterized by high precipitation over the central and eastern Europe (Trigo et al. 1999) where static 
instability significantly contributes to cloud development, while over the southern Mediterranean Sea and north Africa 
drought conditions prevail. Winter (Fig. 4) is characterized by enhanced cyclonic activity over the warm (relatively to 
the continental areas) Mediterranean Sea waters causing remarkable precipitation amounts along the Mediterranean Sea 
axis, especially over Portugal, southern Italy, western Greece, western Turkey and Cyprus (Trigo et al. 1999, Maheras et 
al. 2001). In summer (Fig. 5), the combination between the Azores subtropical anticyclone and the SW Asia thermal low 
along with the high static instability over the northern continental regions are responsible for sunny and dry conditions 
over the southern part (Mediterranean Sea, northern Africa) and frequent convective cloud development and precipita-
tion over the northern continental part (central Europe).

Fig. 21. The long-term mean patterns of 2m temperature (°C) and precipitation rate (mm/day) for the central date 
(October 6th) of cluster 1 (autumn) for the 70-year period 1949-2018.

Fig. 22. As in Fig. 2, but for the 2nd cluster (spring) central date (May 10th).

Fig. 23. As in Fig. 2, but for the 3rd cluster (winter) central date (December 18th).

Fig. 24. As in Fig. 2, but for the 4th cluster (summer) central date (July 31st).

The methodology applied for the entire 70-year period 1949-2018 is also applied for the five overlapping 30-year sub-
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periods 1949-1978, 1959-1988, 1969-1998, 1979-2008 and 1989-2018 resulting also in 4 seasons. The distances from 
cluster centers for the five sub-periods are presented in Figure 6.
Figure 7 shows the long-term changes in the start and the end dates as well as the duration of the four objectively de-
fined seasons. In Fig. 7 the start dates 1 (bold lines) refer to the first appearance of the seasons, while the start dates 2 
(dashed lines) refer to their second appearance after the short intervention of the adjacent season, when it exists. The 
same is valid for the end dates of the seasons. One of the most remarkable long-term changes is the delay (by about 
2-3 weeks) of the autumn cessation and winter onset dates during the most recent 30-year period 1989-2018, leading to 
longer autumn and shorter winter seasons. Also, winter starts and ends later in the recent decades. For spring, during the 
first three 30-year periods, the start date moves later and then it remains nearly unchanged, while the end date remains 
generally the same. Thus, spring experiences a duration decrease. For summer, although the start date doesn’t change 
much, the end date has a significant leap in the second period leading to a summer extension. Autumn experiences the 
most drastic changes. The start date shows a 10-day leap in the second period and then it remains almost constant. The 
end date moves a little later in the second period and in the last period there is a leap from mid-late November to early 
December. As a result, there is a decrease of the duration of autumn in the beginning and an expansion of the duration 
in the end of the total 70-year period.

Fig. 25. As in Fig.1 but for the five 30-year overlapping sub-periods.
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Fig. 26. The long-term variations of the onset and cessation dates and the duration of the four objectively defined sea-
sons.

4 Conclusions
An objective definition of seasons and their characteristics (onset/cessation date, duration) for the Mediterranean region 
using the mean intra-annual variations of 12 meteorological parameters for the period 1949-2018 was attempted. Also, 
the possible existence of long-term changes in the seasons’ characteristics was investigated. The main conclusions that 
can be derived from this study are:

1. The objectively defined seasons are four and correspond to the conventional ones but differ in the start/end dates 
and the duration. Winter lasts about 4 months, spring and summer are a little shorter than 3 months and autumn lasts 
about 2.5 months. 
2. During the 70-year period 1949-2018, (i) winter presents a shortening with later start and end dates, (ii) spring starts 
later and its duration decreases, (iii) summer doesn’t experience any significant change and (iv) autumn is character-
ized by a later start date and a shortening in the beginning of the period and by later end dates and extension of duration 
in the recent decades.
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Abstract: Global and Regional Climate Models are two widely used tools for projecting the future climate situations 
globally or in smaller areas. However, it is accepted that, their ability to estimate the future climate – and specifically 
the future extreme events- is limited, due to several reasons. Consequently, different statistical methods are used in order 
to correct their results. The aim of the present study is to present and to evaluate a newly introduced statistical method 
which is named “ΤΙΝ-Copula”. The TIN-Copula method is a method combining two mathematical theories, Copulas 
and Triangular Irregular Networks (TIN). The TIN-Copula method is used for bias correction of extreme high and low 
temperatures in five stations, located in the Mediterranean area. Additionally, there are three other widely used methods, 
which are the Delta, Scaling and Empirical Quantile Mapping, and used for bias correction of the same parameters in 
the same five stations, in order to compare their results with the TIN-Copula’s values. The results show that the new 
proposed method has important advantages and can approach extreme temperature events in the Mediterranean area 
with high accuracy.  

1 Introduction
Since the beginning of the century, the need of projecting future climate conditions makes both the General Circulation 
Models (GCM) and the Regional Climate Models (RCM) necessary tools in different sciences (meteorology, chem-
istry, climatology, hydrology etc) (Giorgi and Gao 2018, Venetsanou et al. 2019). However, in several cases models’ 
projections differ from the real conditions especially when they are about extreme events (Mearns et al. 2012). These 
differences are called biases and are observed due to the limited ability of the models to represent all the chemical and 
biological procedures happening in the Earth’s system (Lupo and Kininmoth 2013). Several researchers try to apply both 
statistical and dynamical methods, in order to reduce the biases between models’ values and observations and to increase 
the projections accuracy (Piani et al. 2010, Thrasher et al. 2012). Some of them are simple and easily applicable, while 
some others are more complex. 
The “Delta” and the “Scaling” bias correction methods are two of the most widely used methods (Navarro-Racines et al. 
2015, Shrestha et al. 2017), due to their simplicity and their satisfactory results (Räty et al. 2014). Both these methods 
belong into the change factor category, as the transfer their bias signal, estimated in a historical – calibration period, to a 
future period (Tabor and Williams 2010). Except of the change factor methods, there are other bias correction methods 
focusing on the entire distribution of the studied parameter. The Empirical Quantile Mapping method (EQM) use the 
distribution of the parameters in a historical period, and fit the future data to the selected distribution (Panofsky and Brier 
1968). EQM is a bias correction method, preferred from several scientists, mainly due to its accuracy. 
In the present research, a recently introduced statistical method is proposed for the bias correction of extreme high and 
low temperatures. The new method was proposed by Lazoglou et al. (Lazoglou et al. 2019) and is called “TIN-Copula” 
method. TIN-Copula combines the Triangular Irregular Networks (TIN) with the theory of Copulas. In 1977 Peucker et 
al. (Peucker et al. 1977) introduce the TIN networks as a new way to represent continues surfaces with non overlapping 
triangles. These networks are designed according to the Delaunay triangulation (Delaunay 1934). The second part of the 
TIN-Copula method, is the Copulas. Copula is a popular mathematical theory, especially in the fields of economics and 
insurances (Tang and Valdez 2009), which is used for the description of the dependence between two or more random 
variables. The main advantage of copulas is their ability to describe the dependence between variables with different 
marginal distributions. Due to that, several scientists use copulas for the dependence description between drought se-
verity and intense, as well as for the bias correction climate models parameters (Piani and Haerter 2012). In the present 
study, the combination of the TIN networks and copulas – TIN-Copula - is used for the bias correction of extreme high 
and low temperatures in five European stations. 
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2 Data and Methodology

2.1 Data
The reliability of a study is depended on the accuracy of the used data sets. Taking that into account the present study 
uses data from the European Climate Assessment & Dataset project (ECA&D) (Klein Tank 2002) as well as from the 
Regional Climate Model RegCM4 (Giorgi et al. 2012). More specifically, the database is consisted of two parts. The 
first part includes daily temperature values from 26 European stations (Figure 1- red and blue points). Most of them (21 
stations – figure 1 red points) are used as default stations while the rest five stations (blue points – figure 1) are used 
for validation. The second part of the database includes daily temperature values from the Regional Climate model 
RegCM4 forced by the General Circulation Model MPI. The used version of the RegCM4 model runs with the most 
extreme Representative Concentration Pathway (RCP) scenario, the 8.5. The database is referred to a time period of 20 
years, starting from 1981 to 2000.

Fig. 1. The used points of the study and the designed Triangular Irregular Network (TIN). The numbers of the stations 
are referred to table 1. 

Table 1. The used stations from ECA&D.

2.2 Methodology
In the present study the TIN-Copula method is used and evaluated for its ability to reduce the biases between the ob-
served extreme temperatures and the respect RegCM4 estimated values, in five European stations. For the application of 
the TIN-Copula method the further down procedure is followed.
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• Firstly, a Triangular Irregular Network is designed, using the available points - stations (Figure 1 – green triangles). In 
the present study, the available points are the 21 stations located in the south and central European area (Figure 1- red 
points). 
• In each point several calculations are made. Particularly, a copula family is selected in order to describe mathematically 
the dependence of the used variables (monthly mean and extreme temperatures). For the selection of the most appropri-
ate copula family more than 20 are tested and the final selection is made according to the AIC and BIC criteria. Except 
for the copula family selection, a similar procedure is followed in each station for the selection of the most appropriate 
marginal distributions of the used data sets. The final selection is also made according to the AIC and BIC criteria and 
the tested distributions are six (Normal, Log-normal, Gamma, Exponential, Generalized Extreme Value – GEV, Pareto).
• The next step for the TIN-Copula application is the detection of the point where the new method is applied to. In the 
present study, these points are the five selected grid points of the RegCM4 climate model (Figure 1- yellow triangles). 
• For every studied point the triangle in which it belongs is selected and its distances from the triangle’s vertices are 
calculated. 
• For every studied point, a new function is developed combining the estimated distances with the selected copula fami-
lies in the triangle vertices. 
• The model values are used as inputs in the final – new function, resulting in the bias corrected values.
For the results’ evaluation the bias corrected extremes are compared with the values of the closest station (figure 1 – blue 
points). Furthermore, the bias correction is also made with three other widely used bias correction techniques (Delta, 
Scaling, Empirical Quantile Mapping) and the results are compared with both the TIN-Copula values and with the clos-
est stations values.

3 Results
In the present research four bias correction methods are used for the bias correction of extreme high and low tempera-
tures (95% and 5% respectively) of the RegCM4 model. The results are presented for five grid points. For the results 
evaluation the bias corrected extreme values are compared with the respect ones of the closest stations (Bilbao, Cagliari, 
Milan, Split, Thessaloniki). Figures 2 and 3 present the results for the high and low temperatures respectively, for two 
stations (Milan and Thessaloniki), while the results of the other three studied stations are only discussed and not pre-
sented. 
According to Figure 2, the observed temperatures are underestimated by RegCM4 model in all stations. In some cases 
the underestimation exceeds the 10oC (Bilbao, Milan), while in some others the biases are about 3-5oC (Cagliari, Split, 
Thessaloniki). The application of the four bias correction methods reduce the biases in all stations. Additionally, in some 
cases the TIN-Copula method improves the model’s values with higher accuracy compared with the rest three methods. 
More specifically, in Bilbao, the Scaling and the EQM methods overestimate the observations, while the TIN-Copula 
approach them with high accuracy. Similar results are observed in Split where the three widely used methods underes-
timate the observations in contrast with TIN-Copula, which approaches them satisfactorily. The analysis of the Taylor 
diagrams shows that in the majority of stations both the model values and the bias correction values are almost equal and 
close to the observed ones. An exception is observed in Bilbao where the standard deviation is increased after the bias 
correction with all methods, while the initial correlation was slightly decreased (~0.2).  

High Temperature

Fig. 2. Boxplots and Taylor graphs for high temperature parameter in Milan and Thessaloniki.
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Figure 3 shows that the observed low extreme temperatures are underestimated by the RegCM4 in all studied sta-
tions. This underestimation reaches the 10oC in Bilbao, the 8oC Millan, while, in the other stations the biases are about 
3-5oC (Cagliari, Split, Thessaloniki). The use of bias correction methods is to improve the results in all stations. In 
the continental station, Milan, the TIN-Copula, the Delta and the EQM methods reduce the biases in contrast with the 
Scaling method. However, in the other four costal stations, all methods including Scaling decrease the biases between 
the RegCM4 values and the observed ones. Particularly, high improvement is detected in the values of second and the 
third quantiles, while a difference of 2-5oC is observed in the maximum and minimum ones (first and fourth quartiles). 
Additionally, according to the Taylor diagrams of the five stations, the values of the correlation, the standard deviation 
and the Root Mean Squared Error of the initial data sets present low differences with the respect bias corrected values 
(from all methods). An exception is observed in Bilbao, where the estimated SD values from the TIN-Copula, the Delta 
and the EQM methods differ significantly from the model and scaling values. Generally, as it happens in extreme high 
temperatures an improvement is observed in all stations, while the TIN-Copula method present similar results with the 
ones coming from the three widely used bias correction methods (Delta, Scaling and EQM).

Low Temperature

Fig. 3. Boxplots and Taylor graphs for low temperature parameter in Milan and Thessaloniki

4 Conclusions
In the present research a newly introduced, statistical method, which is named “TIN-Copula”, is used for the bias cor-
rection of extreme high and low temperatures, estimated by the regional climate model RegCM4. The five stations are 
located in the Mediterranean area and the studied time period is consisted of 20 years. The new method is a combina-
tion of triangular irregular networks (TIN) and the theory of copulas. Except from the TIN-Copula method, three other 
widely used methods (Delta, Scaling and EQM) are used for the extreme values bias correction.
According to the results, the model’s extreme temperatures present important biases from the recorded ones in the ma-
jority of the studied stations. After the bias correction with all methods, the real extremes are approached with higher 
accuracy. The results of the TIN-Copula method are close to the respect values of the other three methods in most of 
the studied stations and for both high and low temperatures. However, the TIN-Copula has some important advantages. 
Firstly, the correction is based on the values of three and not only one stations, resulting in the increasing of the accuracy. 
Secondly, using the TIN-Copula method, a function is developed in every studied point. This function can be used for 
the bias correction of future values. Finally, with the TIN-Copula method the bias correction can be applied to every 
point included in a triangle and not only to points that have a station near to them. All these points, in combination with 
the satisfactory results, make the TIN-Copula method a useful tool for future use. 
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Abstract: During the last years, climate models are considered as the fundamental practice for the projection and the 
assessment of the future climate conditions, both globally and regionally. However, systematic biases between the simu-
lated model output and observed conditions are observed, mainly due to the chaotic nature of the atmospheric system, 
and the limitations in the representations of the sub-grid-scale processes that need to be parameterized. The objective 
of the present research is to test a new technique for minimizing the uncertainty of daily climate model output. We use 
a new bias correction method the TIN-Copula, for increasing the accuracy of the simulations, produced by the state-of-
the-art global Earth System Model (Hadley Centre Global Environmental Model version 3). The recently introduced 
TIN-Copula approach is a combination of Triangular Irregular Networks and Copulas and achieves to model the whole 
dependence structure of the selected studied variables. The region of study for the present research is the Middle East 
and North Africa (MENA) region which is considered a global climate change hot-spot. The ERA5 reanalysis data set is 
used as the reference one, due to the lack of accurate and consistent observational data in the MENA region. The results 
of the study proved that the TIN-Copula method is able to improve significantly the simulation of maximum tempera-
ture, both annually and seasonally. 

1 Introduction
During the last decades, General Circulation Models (GCMs) and Regional Climate Models (RCMs) are being used for 
projecting future climate conditions. Climate models aim to represent mathematically the climate system taking into ac-
count the governing physical, chemical and biological processes (Goosse et al, 2010). With the increased understanding 
of the climate system and recent advances in computational resources, the spatial and temporal resolution of climate 
models has increased, resulting in more detailed and more representative projections. However, the variable nature of 
the climate system and the interactions of its components (oceans, atmosphere, surface etc.) and the inadequate repre-
sentation of orography and coastlines result in discrepancies between climate simulations and observations (Lupo and 
Kininmoth 2013). These biases are greater when the analysis concerns extreme weather conditions (Mearns et al. 2012). 
Consequently, there is an increasing interest in developing and using statistical methods for increasing the accuracy of 
climate models’ simulations (statistical bias correction). Some of the most widely-used bias correction methods include 
the “change factor” methods (scaling, delta etc.) due to their simplicity and satisfactory results. Apart from the simple 
approaches, several more sophisticated methods have been developed. Such methods are more complicated and compu-
tationally demanding, however, they provide more accurate results (Piani et al 2010b, Piani and Haerter 2012). 
The present study applies a recently-introduced bias correction approach, the TIN-Copula method (Lazoglou et al 2019). 
This is a combination of the Triangular Irregular Networks (TIN) (Peucker 1977) and Copulas. Initially, it was devel-
oped for the bias correction of stations and gridded data sets, using as reference data sets from random stations which 
represented the studied region uniformly. The TIN-Copula method has been used for the bias correction of both tempera-
ture (Lazoglou et al., 2019) and precipitation data (Lazoglou et al., 2020) with encouraging results. The objective of the 
present research is to test this methodology for the bias correction of daily maximum temperature, derived form a next-
generation global earth system model (HadGEM3), and with a focus on a region with lack of accurate and consistent 
observational records - the MENA region. It should be mentioned that in this study the TIN-Copula method is not used 
according to the initial concept (Lazoglou et al., 2019), as we used gridded data as a reference for the bias correction. 

2 Data and Methodology

2.1 Data
We employ daily maximum temperature data, derived from two sources. As quasi-observed data, we use the reanalysis 
ERA5 data set, provided by the European Centre for Medium Range Weather Forecasts (ECMWF) (Hersbach 2019). 
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ERA5 is the most recent reanalysis dataset of ECMWF. The main advantage of ERA5, compared with previous ver-
sions, is their increased temporal and spatial resolution as well as the higher number of the vertical levels (Matveeva 
and Sidorchuk, 2020). The “target” data to be corrected are daily maximum temperature data, derived from the Hadley 
Centre Global Environmental Model version 3 (HadGEM3) (Williams et al., 2017). For both datasets we extracted a 30-
year period, starting from 1981 to 2010. The first 20 years were used as calibration period and the following 10 years for 
evaluation. The area of study is the MENA region, and is represented by the two datasets with different spatial resolution 
(ERA5 = 0.25 x 0.25, HadGEM3 = 0.8 x 0.5) (Figure 1).  

Fig. 1. HadGEM3 and ERA5 grid points in the MENA region. 

2.2 Methodology
A refined approach of the TIN-Copula method for the bias correction of HadGEM3 simulated data was used in order 
to treat gridded reanalysis data as a proxy to station observations. The followed procedure is similar with the one intro-
duced by Lazoglou et al. (2019), while here the formation of the Triangular Irregular Network is based on a gridded data 
set (ERA5). Consequently, prior to any calculations, a TIN network is designed using all the ERA5 grid points of the 
MENA region. Following that, a separate procedure is applied to every modelled grid point. This procedure is described 
below and illustrated by Figure 2:
Selection of the triangle that includes the studied HadGEM3 grid (Figure 2 - purple upper triangle - red point). 
Calculation of a weight index for every vertex – ERA5 grid (Figure 2 – blue points), based on the distances from the 
studied HadGEM3 grid (Figure 2 – green lines). The weight index takes is maximum value for the most remote vertex.
Calculation of a new ERA5 data set equal to the average of the three ERA5 grids (triangle vertices) multiplied with their 
weight indices.
Selection of the most appropriate copula family that describes the dependence between the new calculated ERA5 data 
set and the data of the studied HadGEM3 grid. The selection is made on monthly basis and only with data from the 
calibration period (1981-2000). 
Selection of the marginal distribution that satisfactorily describes the new calculated data set in monthly basis. Seven 
distributions (Normal, Gamma, Log-normal, Weibull, GEV, Exponential, Pareto) are tested and the final selection was 
based on the Akaike Information Criterion (AIC) (Akaike 2011),
The selected copula family is applied to the HadGEM3 data for the evaluation period, and the output is fitted to the 
selected marginal distribution. The final result is the bias corrected data set.
The final part of the procedure is to evaluate the results. Specifically, the bias corrected simulated data are compared with 
the ERA5 data for the last 10-year evaluation period (2001-2010). 

Fig. 2. A methodology scheme, representing one triangle from the TIN network 
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3 Results
The evaluation of the bias corrected HadGEM3 data for the period of 2000-2010 is performed both spatially (Figure 3) 
and statistically (Figure 4). Figure 3 illustrates the seasonal differences between the ERA5 and HadGEM3 data before 
(left panel) and after (right panel) the bias correction. During the four seasons, the HadGEM3 model seems to simulate 
higher maximum temperatures than the reanalysis data for the largest part of the MENA region. This overestimation 
exceeds 5oC in the tropical zone during summer and autumn, while in the other seasons (winter and spring) the overesti-
mation is smaller than this threshold value. The bias corrected maps (Figure 3 – right panel) reveal that the TIN-Copula 
method is able to minimize significantly the initial differences for the whole year, as the absolute differences are smaller 
than 2oC for the largest part of the studied area. The strongest improvement is achieved in the tropical zone during all 
seasons, while in summer the differences in the northern part of the studied area range from -2oC to 2oC. Another remark-
able outcome in Figure 3 is that before the bias correction, the HadGEM3 model simulates lower maximum tempera-
tures than the ERA5 data only in the northeastern part of the MENA region and only during winter and spring. However, 
after the bias correction the HadGEM3 underestimates the ERA5 values in the subtropical zone during winter and in the 
northeast part of MENA region in spring (-3oC). 

Fig. 3 Seasonal differences between the ERA5 and HadGEM3 data before (left panel) and after (right panel) the bias 
correction.

In support of the spatial analysis (Figure 3), Table 1 corroborates the improvement of the simulation data after the bias 
correction, providing the percentiles of the grids in which the differences between the HadGEM3 and the ERA5 data 
are lower after the bias correction. According to Table 1 the improvement exceeds 80% for all seasons, reaching 95% 
in summer. In winter, the corresponding percentile is almost 83% while the two transition seasons have approximately 
equal improvement (88.5% and 89% respectively).
Figure 4 represents statistical plots (vioplots, QQ plots, density plots) for the studied datasets before and after the bias 
correction. According to the diagrams of the first two seasons (winter and spring) the HadGEM3 model tends to over-
estimate the ERA5 data mainly towards the lower values. However, the TIN-Copula method is able to significantly 
increase the accuracy on the entire data set. This result appears from the left part of the bias corrected vioplot which is 
almost equal with the respect ERA5 one, as well as from the bias corrected line on the QQ plots which accurately fits 
the diagonal line. In summer, when the highest maximum temperatures occur, the HadGEM3 model simulates higher 
values compared to the ERA5 data. This can clearly be seen from the QQ plot where the initial HadGEM3 line diverges 
significantly from the diagonal. Similar results are also obtained for the autumn, but in this season the model approaches 
the maximum values of the ERA5 data with greater accuracy. Similar to the first two seasons, the use of the TIN-Copula 
method for bias correction improves significantly the accuracy of the simulated maximum temperatures.

Table 1. Percentile of Grids with Improvement.
Winter Spring Summer Autumn

Percentile (%) 83.3 88.5 95.6 89 
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Fig. 4. Comparison of the HadGEM3 and ERA5 data, before and after the bias correction with vioplots and QQ plots.

4 Conclusions
The aim of the present study is the demonstration and evaluation of a recently-introduced statistical method, TIN-Copu-
la, for the bias correction of global model daily output. For this purpose, the most recently updated ERA5 reanalysis data 
set has been used as reference, while the method is applied to simulations of the HadGEM3 climate model. The study 
focuses on the improvement of HadGEM3 maximum temperatures for a 10-year period (2001-2010) using as calibra-
tion period the years 1981 to 2000. The studied area is the MENA region which is considered to be a prominent climate 
change hotspot (Van Oldenborgh, 2013). 
The findings of this research showed that the application of the TIN-Copula method on the initial HadGEM3 data in-
creases significantly their accuracy. In particular, the HadGEM3 model tends to simulate greater maximum temperatures 
compared to the ERA5 ones in the biggest part of MENA region. During all seasons, the overestimation is mainly ob-
served in the lowest values of the data set, while for the season of summer there is an overestimation of the entire data 
set.This is in agreement with other studies, indicating that the HadGEM model in general seems to simulate relatively 
high future temperatures (Demircan et al., 2017, Venetsanou et al., 2019). The use of the TIN-Copula method signifi-
cantly improves the simulated maximum temperatures in the whole MENA region and during all seasons. In particular, 
in more than the 85% of the studied grid points, the differences between the simulated maximum temperature and the 
ERA5 data have been minimized after the bias correction. Overall, the outcomes of this investigation corroborates the 
findings of recent studies, which propose the TIN-Copula method as a useful tool for bias correction (Lazoglou et al., 
2019, 2020). 
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Abstract: The atmospheric circulation characteristics favoring extreme precipitation in the Iberian Peninsula are ex-
amined with the application of a multivariate statistical methodology including Principal Component Analysis (PCA) 
and Cluster Analysis (CA) on the circulation parameters before, during and after the end of extreme precipitation events. 
The data used are: i) daily 0.2°×0.2° grid point values of precipitation over the Iberian Peninsula and the corresponding 
ranking of extreme precipitation dates obtained from IB02 data set and ii) daily NCEP/NCAR Reanalysis 2.5°×2.5° grid 
point values of 500hPa and 1000hPa geopotential height, 500hPa and 850hPa air temperature and 850hPa specific hu-
midity over the North Atlantic and western Europe, from October to March and for the period 1950-2007. The extreme 
precipitation events are defined as the sequences of consecutive extreme precipitation days. PCA and CA are applied 
on the above data for D-1, D and END days of the extreme precipitation events (D day is defined as the first day of the 
event, D-1 day is defined as the day before D day and END day is defined as the day after the last day of the event) and 
result into 6 clusters. Each cluster corresponds to a specific precipitation pattern and a specific evolution type of atmos-
pheric circulation. Most events occur during December and January and take place in the western part (Portugal), while 
a low-pressure system west of Britain appears in the majority of the events.

1 Introduction
Extreme precipitation events have had major impacts in the socioeconomic development of countries with flooding, 
major property damage and human casualties. In the Iberian Peninsula, during the extended winter period (October–
March), such events are usually associated with low-pressure systems of Atlantic origin (Fragoso et al. 2010, Liberato 
et al. 2013). Furthermore, precipitation in the Iberian Peninsula from cyclones traveling along the North Atlantic or 
through the Azores-Mediterranean axis represent about 70% of the total precipitation in the peninsula (Trigo and DaCa-
mara 2000, Hawcroft et al. 2012). Analyzing and ranking precipitation events does not depend only on the availability 
of precipitation datasets, but most importantly on the criteria and methods used in the respective studies. Some authors 
analyze extreme events based on socioeconomic impacts (Fragoso et al. 2010, Liberato et al. 2011), while others study 
precipitation extremes based on meteorological criteria (Liberato et al. 2013, Pinto et al. 2013). Ramos et al. (2014) 
used a high-resolution precipitation dataset covering the entire Iberian Peninsula to classify and rank the top extreme 
precipitation events during the extended winter period, based on the large departures from the climatological means. 
This ranking has the advantage of being objectively defined and being independent of socioeconomic impacts. In this 
work, the types and the evolution of atmospheric circulation patterns connected to these precipitation extremes are in-
vestigated with the use of the ranking of extreme precipitation days defined by Ramos et al. (2014) and the application 
of multivariate statistical techniques.

2 Data and Methodology

2.1 Data
The data used in the present study consist of: i) daily 0.2°×0.2° grid point values of precipitation over the Iberian Pen-
insula and the ranking of the top 500 extreme precipitation dates obtained from IB02 data set (Ramos et al. 2014) and 
ii) daily NCEP/NCAR Reanalysis (Kalnay et al. 1996) 2.5°×2.5° grid point values of 500hPa and 1000hPa geopotential 
height, 500hPa and 850hPa air temperature and 850hPa specific humidity over the North Atlantic and western Europe. 
The data refers to the extended winter period (October to March) from 1950 to 2007.

2.2 Methodology
In the present work, two statistical methods are used; Principal Component Analysis (PCA) and Cluster Analysis (CA). 
PCA is commonly used in climatological studies as a dimensionality reduction technique. It is a multivariate statistical 
method that expresses a set of potentially correlated variables via a set of uncorrelated variables, which are called Prin-
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cipal Components (PCs). The number of the statistically significant PCs is indicated by the SCREE plot (Jolliffe 1986). 
CA is a statistical method that categorizes the cases of a set of variables into objectively defined distinct groups, called 
clusters, such that each cluster is as homogeneous as possible in regards to the clustering variables (Sharma 1995). The 
squared Euclidean distance is selected as the measure of similarity, k-means is selected among the types of clustering 
techniques and the decision regarding the number of clusters is made with the use of distortion test (Sugar and James 
2003).
Firstly, we analyze the top 500 extreme precipitation dates and define the extreme precipitation events. An extreme pre-
cipitation event is defined as the sequence of consecutive dates belonging to the above group of 500 dates. In this way, 
348 events are found. Then, three specific days are defined for each event: D day is defined as the first day of the event, 
D-1 day is defined as the day before D day and END day is defined as the day after the last day of the event. A matrix 
is created for each atmospheric circulation parameter containing the D, D-1 and END values for the whole domain. For 
precipitation, the mean daily precipitation amounts from D to END-1 day are used. Then PCA is applied on: 1) the uni-
fied matrix of all the circulation parameters including the D, D-1 and END values, and 2) the matrix of the mean daily 
precipitation cubic roots. Finally, CA is applied on the time series of the resultant statistically significant PCs and groups 
extreme precipitation events that correspond to similar evolution types of atmospheric circulation.

3 Results
The application of PCA on the time series of the D-1, D and END days of all the circulation parameters leads to 8 PCs 
accounting for 62% of the total variance and the application of PCA for the precipitation leads to 6 PCs accounting for 
61.5% of the total variance. Then the application of CA on the 14 PCs leads to 6 clusters. These clusters include extreme 
precipitation events that correspond to specific atmospheric circulation evolution types. Two (clusters 2 and 4) of the six 
clusters correspond to extreme precipitation in the western part of the Iberia, one (cluster 5) in the central-western part, 
one (cluster 1) in the northern part, one (cluster 3) in the southern part and one (cluster 6) in the eastern part. In Fig. 1, the 
number of events and the corresponding days of extreme precipitation are presented for each cluster. As it can be seen, 
the majority of events occur in the western part of the peninsula (clusters 2, 4 and 5) and the minority in the eastern part 
(cluster 6). Also, a substantial number of events take place in the southern part of the region (cluster 3).

Fig. 27. The number of extreme precipitation events and days for each cluster.

The mean daily patterns of the atmospheric circulation parameters for the D-1, D and END days and the mean daily 
patterns of precipitation are constructed for each cluster and are presented in Fig. 2 and 4. Due to space limitations, only 
two out of five circulation parameters are shown for two out of six clusters. Also, the histograms showing the number of 
events per month and year are presented in Fig. 3 and 5.
Cluster 4 (Fig. 2) includes extreme precipitation events taking place in the western Iberia, mainly in Portugal. A low-
pressure system west of Britain appears on D-1 day, before precipitation initiation. The system approaches the Iberia 
peninsula from northwest and it is intensified favoring the prevalence of a strong southwesterly flow, the increase of 
specific humidity over the Iberian Peninsula and the initiation of precipitation (D day). After the end of the event (END 
day), the atmospheric disturbance weakens and the specific humidity over the Iberian decreases. It is known that low-
pressure systems of Atlantic origin do not frequently cross the Iberian Peninsula directly and cause large precipitation 
amounts especially in the western part (Trigo and DaCamara 2000, Trigo 2006, Ramos et al. 2014). Also, precipitation 
occurring under westerly flows contributes the most in the total precipitation (Cortesi et al. 2013). The majority of ex-
treme precipitation events of cluster 4 appear in December, January and February and there is a peak of events in the 
70s’ (Fig. 3).
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The mean patterns and the associated histograms for cluster 6 are shown in Fig. 4 and 5 respectively. A strong upper-
level atmospheric disturbance moves from northwest to southeast forming an upper low. Near the surface, the depression 
is formed south of the Iberian Peninsula causing easterly flow over the region and increasing significantly the humidity 
on D day in the eastern part of the peninsula, where extreme precipitation occurs. The whole system weakens on END 
day. It must be noted that extreme precipitation events in the eastern part of the Iberia Peninsula are the minority as can 
be seen in Fig. 1. It has been found that precipitation connected to easterly flows and corresponding to the eastern part 
contribute the least to the total precipitation of the Iberian Peninsula (Cortesi et al. 2013). According to the histograms 
of Fig. 6, there is not any remarkable inter-monthly variation, while most of the events took place during the second half 
of the under-study period.

Fig. 2. The mean patterns of 500hPa and 100hPa geopotential heights (gpm) and 850hPa specific humidity (g/kg) for the 
D-1, D and END days and the mean pattern of precipitation (mm) per event day, for cluster 4.

Fig. 3. Ιnter-monthly (left) and inter-annual (right) variations of the number of extreme precipitation events for cluster 
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4.

Fig. 4. As in Fig. 2 but for cluster 6.

Fig. 5. As in Fig. 3 but for cluster 6.

4 Conclusions
A study on the extreme precipitation events in the Iberian Peninsula and the associated evolution of atmospheric circula-
tion was conducted for extended winter (November-March). The main conclusions that can be derived from this work 
are:
• Most extreme precipitation events occur during December and January.
• All extreme precipitation events are associated with the presence of a strong atmospheric disturbance over the region, 
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the high baroclinicity near the surface and the high levels of specific humidity in the lower troposphere. The exact posi-
tion of the atmospheric disturbance along with the wind direction near the surface are responsible for the exact pattern 
of extreme precipitation in the peninsula.   
• Most of the events appear in the western part of the Iberian Peninsula and a low-pressure system of Atlantic origin 
located west of Britain is present in such case.
• The minority of events occur in the eastern part of the peninsula under the formation of a low-pressure system around 
Gibraltar and the prevalence of an easterly flow near the surface.
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Abstract: Heating degree days (HDDs) is a climate index designed to reflect the energy demand needed to heat a home 
or a business. HDDs index derives from measurements of outside air temperature. The objective of this study is to assist 
government intentions to revise the criteria for granting the heating subsidy to households. HDDs were calculated by 
using daily maximum and minimum temperatures of 59 meteorological stations of the Hellenic National Meteorologi-
cal Service, covering 45 years (1960-2004). Daily temperature compared with a base temperature of 15.5 oC to measure 
how much the outside air temperature was lower than the base temperature. Then HDDs were calculated for each loca-
tion on an annual basis.
Afterward, a mathematical model was applied to estimate HDDs at a spatial resolution of 0.0083° (730m 38°N) by using 
twenty geographical and topographical variables as independent variables. Some of the predictors used are elevation, 
latitude, incoming solar irradiance, Euclidean distance from coastline, land to sea percentage of area coverage, peaks 
and valleys, east/west and north/south slopes and saddles. The geographical distribution of HDDs revealed five climate 
zones. The outcome of this study is the determination of coefficients for the heating subsidy at 13,548 Greek cities, 
towns and villages.

1 Introduction
The energy consumption for heating or cooling the interior of a building depends on the weather conditions prevailing in 
an area. In addition, the increase in global average surface temperature with the simultaneous increase in the frequency 
of severe weather events, leads to an increase in energy requirements mainly for heating and cooling purposes. How-
ever, it is necessary to improve the energy efficiency of buildings and save energy, in fact the European Union adopted 
a revised Energy Performance of Buildings Directive (Directive 2018/844). The new Directive includes measurements 
that will accelerate the rate of building renovation towards more energy efficient systems and strengthen the energy 
performance of new buildings, making them smarter.
Climate indices based on temperature, such as degree days, are used to quantify the energy required for heating or 
cooling the interiors of buildings (ASHRAE 2017, KENAK 2010) or to study the period and the phenological stages of 
crop and insects development (Grigorieva et al. 2010, Matzarakis et al. 2007, Heather et al. 2015). Generally, a degree 
day is a calculated quantity presenting the deviation of the outside temperature from a selected temperature. Heating 
degree days (HDDs) represent the sum of degrees at which the outside temperature is less than a specified, base tem-
perature and is used to estimate the energy consumption required to heat the interiors of buildings (Spinoni et al. 2015). 
HDDs take into account the daily fluctuations of the ambient temperature and they are considered a more reliable 
measure for estimating energy consumption compared to other indices (CISBE 2006).
The objective of this research is to determine with high precision the climate zones of the Greek territory based on the 
calculation of the HDDs which is an indicator of harsh cold conditions and is used to heating loads calculation. Moreo-
ver, to provide gridded HDDs and to propose a new, fairer system for the disbursement of the annual heating subsidy 
for households. Until recently, the maximum heating subsidy was distributed only to regions in the north part of Greece, 
mainly in northwest Macedonia. However, there are settlements in Peloponnese, even in Crete with exceptional heating 
needs.
This study was conducted by the Hellenic National Meteorological Service (HNMS) on behalf of the Greek Ministry of 
Finance in order to contribute towards the revision of the criteria for granting the heating subsidy to households for the 
benefit of the entire society. Furthermore, it is useful for professionals who are responsible for decision-making during 
the design phase of energy-efficient residential buildings and for the energy inspection. It can be used as an additional 
tool, in parallel with the Technical Instructions of the Technical Chamber of Greece and the Regulation on Energy Per-
formance in the Building Sector.
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2 Materials and Methods
The HDDs were calculated on an annual basis for 59 surface meteorological stations that belong at the HNMS network 
and are part of the Global Observation System. The energy requirements for heating differ from place to place depend-
ing on the temperature conditions of each area. It is well known that the geophysical and topographic characteristics of a 
region, such as latitude and longitude, altitude, slope, etc., affect the amount of sunlight received by each area and there-
fore affect the air temperature. In the present study, the calculated HDDs were correlated with various geophysical and 
topographic parameters, in order to model the estimation of HDDs and produce gridded HDDs data at high resolution.

2.1 Data
The calculation of HDDs is based on daily air temperature values. For this purpose, daily maximum and minimum tem-
perature values measured at 59 meteorological stations, were collected. Daily temperature data cover a long period of 45 
years (1960-2004). The meteorological stations for which the maximum and minimum temperature time series were
used are shown in Figure 1.

Fig. 1. Location of meteorological stations

2.2 Calculation of Heating Degree Days

As mentioned in the introduction, degree days show the difference between the outside temperature and a reference or 
base temperature over a period of time. The reference or base temperature is considered to be an equilibrium temperature 
for buildings at which neither indoor heating nor cooling is required in order to maintain comfort conditions. The fol-
lowing formula describes the calculation of HDDs:

It is true that other values can be used as the reference or base temperature. The choice of base temperature depends on 
the area we are referring to and the applications in which the HDDs will be used. In America, for example, 65 oF (about 
18.3οC) is usually used as base temperature. Beenstock et al. (1999) used 10οC for Israel and Valor et al. (2001) pointed 
out that any value between 15 and 21οC can be used as base temperature. Buyukalaca et al. (2001) used five different 
base temperatures for Turkey ranging between 14 and 22oC. Also, Papakostas et al. (2010) set the base temperature at 
15οC for the calculation of annual HDDs in Athens and Thessaloniki and Matzarakis and Balafoutis (2004) used 14οC. 
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In the present study 15.5oC that proposed by the UK MET-Office were chosen as base temperature, a value which is 
suitable for mid-latitudes and is used by the European Environment Agency (EEA 2019). Also 15.5oC was used in a 
European Union funded project which was a consortium of nine European countries coordinated by the European Com-
mission’s Joint Research Center (Spinoni et al. 2014).

2.3 Mathematical Modeling – Interpolation
The aim of mathematical modeling is to correlate meteorological and climate parameters, through mathematical rela-
tionships, with various geophysical and topographic parameters, so as to obtain a good estimate of these parameters 
in each region. These mathematical relations try to reflect the influence of geophysical features of an area on regional 
climate. The geophysical characteristics are the independent variables through which the dependent variables, in this 
case the HDDs, are estimated.
In the present study 20 geophysical parameters were used as HDDs predictors. The main geophysical parameters were 
elevation, latitude, incoming solar irradiance, Euclidian distance from the coastline, land-to-sea percentage, peaks and 
valleys, east-west slopes, north-south slopes, north-south saddles, northeast-southwest saddles and 10 extra variables 
proposed by the AURELHY method. All theses geophysical parameters were available with a spatial analysis of 0.5 
minutes, i.e 0.0083333333 decimal degrees. More details about geophysical parameters can be found in previous study 
(Mamara et al. 2017).
One of the most important and difficult tasks of climatologists or meteorologists is to provide information about the 
weather and climate at any time in any part of the world, even in places with no available meteorological measurements. 
This problem can be solved by using multiple regression analysis and spatial interpolation techniques. In recent years, 
several spatial interpolation techniques have been developed to support transformations from discrete point measure-
ments to spatially continuous fields. The choice of the interpolation method depends on the objective of the study. In 
this study, we applied a spatial interpolation method that has been successfully used to the development of the climate 
atlas of Greece (http://climatlas.hnms.gr). More information about that method can be found in Mamara et al. (2017) 
and Gofa et al. (2019).
The resulting correlation coefficient (r) as calculated during the modeling procedure is 0.954 indicating a strong correla-
tion between HDDs and geophysical parameters. The coefficient of determination (r2) is 91%, meaning that the 91% of 
the total variance of the annual HDDs is explained by the fitted model.

3 Results and Discussion
During the spatial interpolation process, the Greek territory was divided into a grid with a resolution of approximately 
730 m (689 m for the latitude of 42° and 769 m for the latitude of 34°). The normal values of the annual HDDs (average 
of annual HDDs for the period 1971-2000) were estimated at grid nodes using the spatial interpolation method described 
in Mamara et al. (2017). In this way, we managed to transfer from the 59 point measurements to 1,083,095 points.
In the northern mountainous areas with an altitude of up to 1,500m, which is practically the highest altitude where a set-
tlement is situated in our country, the annual HDDs is about 2,600oC. In very mountainous areas with an altitude greater 
than 1,500m the annual HDDs exceed 3,000oC. On the other hand, the lowest annual HDDs values were about 210oC 
and were recorded in the southern coastal areas of western Crete and Rhodes. Figure 2 represents the five climate zones 
determined by the annual HDDs. In the first zone A (red color on the map) are classified the southernmost coastal, conti-
nental and insular, areas of the country that have up to 800oC annual HDDs. In the second zone B (orange color) belong 
the areas, mainly small plains of the central and southern country, with annual HDDs from 801 to 1,200oC. The third 
zone C (yellow color) includes areas, mainly lowland areas of the mainland and inland, which have annual heating days 
from 1,201 to 1,600oC. In the fourth zone D (green color) belong mainly semi-mountainous areas of the mainland, Evia 
and Crete, with annual heating degree values from1,601 to 2,000oC. Finally, in the fifth zone E (blue color) belong the 
mountainous areas with annual HDDs greater than 2,000oC. In addition to the five climate zones, the white color on the 
map shows the very mountainous or the subalpine and alpine areas with an altitude of more than 1,500 meters, where 
no settlements are found.
However, even with this new detailed map of five climate zones, inequalities or injustices may arise again in terms of 
granting the heating subsidy, for example an area with 1,190oC annual HDDs belongs to zone B while another area with 
1,210oC annual HDDs (only 20 oC more) belongs to zone C. To overcome this problem, annual HDDs were calculated 
in each city, town and village. Given the gridded HDDs data and taking advantage of the Geographic Information 
Systems (GIS), the annual HDDs were estimated for 13,548 settlements, according to data provided by the Hellenic 
Statistical Service of 2011. Finally, a coefficient for granting the heating subsidy resulting from the fraction of the an-
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nual HDDs to 1800 oC is assigned in each settlement. For example, a settlement with 900 oC HDDs has a coefficient of 
900/1800 = 0.5, while a settlement with requirements of 2400 oC HDDs has a coefficient of 2400/1800 = 1.33. More on 
coefficients based on HDDs can be found in the following link http://www.hnms.gr/emy/el/meteorology/meteorologi-
cal_news?name=231020. According to these results, home heating subsidy differs from area to area. Mountain villages, 
regardless of whether they are in Central Greece, the Peloponnese or Macedonia enjoy higher subsidies, as their heating 
requirements are greater. Until recently, a seaside area in Crete, for example, would be in the same subsidy category 
as a mountain area in Crete, even though they have much different heating requirements. Figure 3 shows the heating 
subsidy per area, distributed on a scale from 0 to 100%.

The Ministry of Finance took into consideration the estimates of this study in order to grant heating subsidies for low-
income families. However, the results of this study and the high resolution of HDDs map can be an excellent tool for 
other various energy projects and environmental applications. It also can be utilized for the next energy-saving program 
implemented by the Ministry of Environment and Energy as well as for urban planning purposes.

Fig. 2. The five climate zones determined by the annual heating degree days

Fig. 3. Percent of heating subsidy
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Abstract: Solar energy is one of the most sustainable, safe and abundant renewable energy sources. Inclined Photovol-
taic panels are used aiming to maximize received energy. Inclination of installation most popular choice is a tilt angle 
equal to location latitude, which under clear sky conditions is the most effective. Cloud coverage changes the solar radia-
tion field by limiting the direct and enhancing the diffuse radiation and affects the optimum tilt angle. In order to study 
this impact, hourly data extracted from Copernicus Atmosphere Monitoring Service for 21 European cities, (2005-2019) 
were used. Hay model for diffuse irradiance and Isotropic constant albedo model for reflected irradiance were used to 
simulate the incoming radiation on surfaces with various inclination angles and constant azimuth angle (southwise). 
Finally, regression equations are proposed for the simple and practical estimation of the optimum angle as a function of 
latitude and CMF in annual and seasonal basis. Also, in order to evaluate different suggestions of changing tilt angle, 
three scenarios are investigated and the energy potential of annual results is compared. Results showed that with increas-
ing cloudiness the difference of the optimum to the theoretical (equal with the location latitude) angle is increasing. 

1 Introduction
The performance of Photovoltaic (PV) panels is highly influenced by tilt angle (the vertical angle with respect to the 
ground) and the orientation (an azimuth or horizontal angle with respect to a reference) and the orientation (an azimuth 
or horizontal angle with respect to a reference) for a given location (Nicolás-Martín et al. 2020). The maximum energy 
output, can be achieved when a PV panel is positioned in a way that the sun rays arrive at the panel vertically. In order to 
collect the maximum possible daily energy, one approach is to use tracking systems (Sungur, 2009). A solar tracker is a 
mechanical device that follows the movement of the sun on its daily path across the sky. However, trackers are expensive 
and are not always applicable (Nann, 1990). Thus, in most of the cases, PV panels are installed to fixed tilt and azimuth 
angles, that are manually adjusted. For solar energy application in the northern hemisphere, optimum orientation for the 
azimuth angle is considered southwise (Mehleri et al., 2010). An empirical practice used for fixed-tilt installations is to 
use the location’s latitude, which theoretically can provide the maximum energy, year round, for clear sky conditions. 
In real sky conditions, the main contributor to the variability of solar radiation and hence to the optimum tilt angle is 
the presence of clouds. In specific, cloud coverage always leads to slopes closer to the horizontal to be more efficient 
energywise, which indicates anisotropy of the diffuse light with higher diffuse contribution coming from angles closer to 
the zenith (Raptis et al., 2017). One parameter that takes into account the effect of cloud is the Cloud Modification Fac-
tor (CMF), which is defoned as the ratio of the actual solar radiation divided by the clear sky radiation. To estimate the 
global irradiance on a tilted PV panel, in order to calculate the optimum tilt angle (βopt) at a given location, the following 
variables are needed to be calculated; the beam irradiance (BIβ), the reflected irradiance (RIβ) and the diffuse irradiance 
(DIβ). In this study, he have used data of these variables on horizontal plane at ground and top of the atmosphere level 
from Copernicus Atmosphere Monitoring Service (CAMS), in addition to empirical models for diffuse radiation (DIβ) 
like Isotropic (Liu and Jordan 1961), Hay (Hay 1979), Reindl (Reindl et al. 1990) and Perez (Perez et al. 1990). These 
models are similar in estimating the isotropic background and deviate by whether they consider the circumsolar and 
horizon band regions of diffuse irradiance (Gracia and Huld 2013). In most of the cases a standard model for reflected 
irradiance (RIβ) is used with constant albedo value (Liu and Jordan 1963) (0.2). For the computation of the beam irradi-
ance (BIβ) reaching the inclined surface, a purely geometric relation can be used which depends on the surface’s inclina-
tion angle and the sun’s coordinates. Additionally, more than one change of the optimum tilt angle of PV panels through 
the year can lead to a higher energy benefit, depending on the conditions prevailing on the site of interest.
In this study, we rely on hourly data from CAMS in order to calculate the optimum annual and seasonal angles for 21 



710 | Climatology

European cities for the period 2005-2019. The results are used in order to propose regression models for the practical 
and simple calculation of optimum angle as a function of latitude and CMF. Also, three scenarios of changing the tilt 
angle through the year are investigated by comparing the annual energy outcome.

2 Data and Methodology
Hourly data for the years 2005-2019 for 21 European cities (as shown in Figure 1), available from CAMS were used. 
This service can provide global (GHI), beam (BHI), diffuse (DHI) irradiance on horizontal plane at ground level for 
clear and real sky conditions and the irradiation on horizontal plane at the top of the atmosphere (I0,h). Τhe following 
quality control criteria were applied to hourly values  and those outside the limits were rejected(De Miguel et al. 2001) 
(i) GHI≥0.19Whr/m2; (ii) GHI≤1.12·Isc; (iii) DHI≤1.1·GHI; (iv) DHI≤0.8·Isc, and (v) BHI≤Isc where Isc is the solar con-
stant equal to 1366.1 W/m2 (Zheng 2017). CMF was calculated from the hourly ratio GHI divided by Clear sky GHI. 
Solar geometry parameters, like azimuth angle (Az), zenith angle (Sza) and elevation (El) were estimated for all cities 

using astronomical calculations.
Fig. 1. 21 European cities of interest.

In addition, global irradiance on the tilted surface was calculated using data for real sky conditions. BIβ is calculated 
from hourly values of GHI, DHI, incidence angle and solar zenith angle (Psiloglou et al. 1996). For the RIβ, the con-
stant albedo value of 0.2 is used. With the use of albedo, the tilt angle and hourly data for GHI the computation of RIβ 
is straightforward (Psiloglou et al. 1996). Hay’s model is very popular among engineers (Raptis et al. 2017), so it was 
selected in order to estimate the DIβ reaching the tilted surface. 

3 Results
Hourly data for the period 2005-2019, were used, as described in the data and methodology section, in order to calculate 
the optimum annual and seasonal angles for 21 European cities. Meanwhile, for the consideration of the influence of 
clouds, hourly CMF values were calculated. Thus, optimum annual and seasonal angles were represented in relation 
with latitude and CMF and corresponding polynomial fits were provided.
Latitude has a clear effect on the difference between latitude angle and annual optimum angle, leading to important 
increase of the difference for higher latitudes (Figure 2a). The reason is that for higher latitudes the present of clouds 
becomes more significant and in general cloud coverage leads to optimum tilt angles closer to the horizontal. This effect 
leads to higher divergence between latitude and annual optimum angle for regions in higher latitudes. The linear func-
tion has a RMSE=1.72 ° with R2=0.95, which indicates the difference of optimum angle could be estimated by this fit. 
In addition Figure 2b, shows the dependence of the difference from CMF. As CMF decreases, indicating higher cloud 
coverage, the difference between latitude and annual optimum angle increases. On the contrary, difference becomes 
more significant for higher values of CMF. As stated before, the main contributor for this result is cloud coverage. The 
2nd order polynomial function has a RMSE=1.52° with R2=0.96, which indicates that CMF could be alternatively used 
as a proxy for estimating the difference.
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Fig. 2.. Mean annual values as calculated from Hay model and Isotropic constant albedo model are shown in addition 
with 1σ, for the years 2005-2019(a) as a function of latitude and (b) as a function of CMF, alongside with the corre-
sponding fits.

Table 1. Annual regression coefficients and goodness of fitting for the difference between latitude angle and annual 
optimum angle as a function of Latitude and CMF, respectively.

Following the idea, that 4 changes per year of the fixed tilt angle could provide an energy benefit, without much work 
(Raptis et al., 2017), we have repeated the same calculations for four seasons. For the estimation of seasonal optimum 
angle regression models are proposed and presented in Table 2. The spring’s and autumn’s regression models for the dif-
ference between latitude angle and seasonal optimum angle as a function of latitude shows similar behavior as annual’s 
regression model. Autumn’s and annual’s results are alike because of the similar CMF and same cloud coverage condi-
tions lead to regression models that are closely convergent. Spring’s model is close to annual’s results too, but the cloud 
coverage conditions, which are a bit more different from annual’s (a bit lower values of CMF) leads to a more significant 
difference. Summer and winter are two seasons characterized by different cloud coverage conditions, than the annual 
results. These two seasonal models as a function of latitude and CMF have the biggest divergent from annual model. It 
appears that winter’s regression model has the worst RMSE and R2 and the biggest discrepancy from annual model. This 
result is caused by the extreme values and variations for clouds coverage leading to high deviations in optimum seasonal 
angle especially in higher latitudes.

Table 2. Seasonal regression coefficients and goodness of fitting for the difference between latitude angle and annual 
optimum angle as a function of (i) Latitude and (ii) CMF.

In order to evaluate different suggestions of changing tilt angle, three scenarios are investigated and the energy annual 
results (kWhr/m2) are shown in Figure 3. For the first scenario, a fixed angle equal to the latitude angle for every city 
is used. The second scenario is based on the fixed angle equal to the annual optimum as computed for every city with 
Hay model and Isotropic constant albedo model. The third and last scenario considers four changes of the angle, at the 
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median dates among the solstices and equinoxes. It is obvious that for every city the third scenario provides the better 
energy annual results. The energy results between the two first scenarios, shows that for lower latitudes the difference 
among them is not significant. At these latitudes the difference between latitude and annual optimum angle is low cause 
of the smaller cloud coverage (Figure 2a, Figure 2b), which leads to smaller energy differences. As latitude and cloud 
coverage become higher, the difference between the two first scenarios becomes more significant, as a result of higher 
differences between latitude and annual optimum angle (Figure 2a, Figure 2b). The most important result between 
three scenarios is the small benefit using the third scenario in comparison with the second scenario for cities in higher 
latitudes. The difference among them is very small and the energy advantage of four seasonal changes, in contrast with 
cities in lower latitudes is nearly cancelled.

Fig. 3. Annual energy (kWhr/m2) reaching a surface with tilt angle (a) constant through the year and equal to latitude 
angle, (b) constant through the year and equal to annual optimum angle and (c) seasonal optimum  under four changes 
in the median dates among solstices and equinoxes.

4 Conclusions
Hourly data have been used alongside with models for diffuse irradiance in order to estimate optimum tilt angle and 
expressed it as a function of latitude and CMF. First and second order polynomial fits have been used for the relation of 
the difference of the optimum tilt angle to the latitude in respect to latitude and CMF, accordingly. As cloud coverage 
becomes more significant for higher latitudes, optimum tilt angles closer to horizontal tend to be preferable, which indi-
cates higher diffuse contribution coming from angles closer to zenith. This leads to higher difference between optimum 
and latitude angle for cities in higher latitudes and lower CMFs. These areas are the ones with less good agreement in 
the estimation of tilt angle by the provided polyonomial fits. In addition, seasonal regression models were proposed for 
the estimation of seasonal optimum angle, where winter data showed the less accurate showing the less accurate fitting. 
The regression fits provided for the seasons can be widely used to estimate the tilt angle in other locations, with respect 
to either latitude or CMF. Finally, from the three investigated scenarios, the four changes of optimum angle gave the best 
results for annual energy outcome. However, for higher latitudes the four changes of tilt angle through the year didn’t 
display a significant impact on the annual energy in comparison with the fixed annual optimum angle. Thus, even it is 
preferable for lower latitudes to change more than one time through the year the tilt angle, for higher latitudes a fixed 
annual optimum angle can lead to comparable energy output. Use of such data and methods can be used for any city and 
results for specific months and seasons based on their (local) cloudiness. Combined with their contribution to the annual 
solar radiation can be used. In this case hybrid scenarios (for example calculating seasonal optimum angles and make 4 
changes during the year) can be used in order to improve the total annual or seasonal solar energy potential, depending 
on the user needs.
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Abstract: We used modeled data from ERA5 and ERA20c models to reconstruct the climate conditions, of the now 
abandoned village of Kotili, in relation with new on-site observational data. In order, to describe the climate condi-
tions of the last 120 years, that are needed, in further ecological and historical studies. Due to the lack of previous 
observations, we installed a small weather station and an array of temperature and humidity sensors in the region. By 
comparing the measured data, from our sensors in the area, we concluded that the modeled data are in good agreement 
with the observations. These results, indicate a good correlation of the measured parameters with the models, without 
the need of further adjustments. This approach, establish that the modeled data used, is a viable method for creating a 
‘best approximation’ timeseries describing the climatic conditions of this remote location.

1 Introduction
Our goal is to evaluate the feasibility of using past weather modeled data, to reconstruct part of the climatic history of 
this remote region. The recreated timeseries of climatic data can be correlated with the ecological and cultural history 
of the region for the last century. The studied region is, the now abandoned village of Kotili (“Παλιά Κοτύλη”) of the 
prefecture of Kastoria, Greece. A major hinder on establishing the validity of the modeled data was the sparseness of 
meteorological observations, which coincides with the remoteness of area, the low population density and the distance 
of other cities. Thus, we installed a small meteorological station and an array of temperature and humidity sensors, in 
order to obtain on site data. The observations will be compared with the modeled data, in order to evaluate the models› 
ability to describe the climate of the region.

2 Data and Methodology

2.1 Data
The modeled data are a product of the European Center for Medium-Range Weather Forecasts (ECMWF) and obtained 
from the ERA5 and ERA20C. ERA5 covers a period from 1979 until today, with a spatial resolution of 31 km and 
temporal resolution of one hour. And similar, the ERA20C spans from 1900 to 2010 with spatial resolution of 0.25° 
and temporal resolution of six hours.

The observational data obtained by instruments we installed in the region for this purpose, and include a “Davis Van-
tage Pro2” autonomous weather station and an array of seven “Hobo Pro v2” temperature and humidity loggers. The 
Davis instrument provided us with measurements of temperature, relative humidity, atmospheric pressure, rainfall, 
wind speed and wind direction. The instrument took measurements from October 2019 to October 2020, with a time 
step of two hours. Similar, the Hobo loggers were installed from July 2019 until October 2020 and took measurements 
every ten minutes. The Davis weather station was placed outside the small narrow valley of the settlement (Fig 1.), in 
order to be representative of the meteorological conditions for the broader area. The rest of the sensors, were placed 
at the center of the settlement and at locations where we expected variations due to local conditions. We try to obtain 
some reference values, from locations near a stream, an open field, inside a forested area, and slopes with different 
orientation (Fig. 1.).
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Fig. 1. Instruments locations, where “HB” one of the HOBO loggers and “DAVIS” the small weather station. The orange 
line denotes the narrow valley of the old Kotili village (“Κοτύλη Παλιά”).

2.2 Methodology
Due to the lack of other observational data for the location, we are going to use only the data collected by our instru-
ments. At this point, we will focus on the corelation of temperature and relative humidity, as the main indicators of the 
validity of the modeled data. For the models the relative humidity is computed by the temperature and the dew tempera-
ture at the surface, with the following formula.

For the geographic location of each sensor, we obtain the corresponding modeled values by bilinear interpolation of the 
gridded data for each time step. As a result, we produced a time-series of the modeled data which has the same time span 
as the available modeled data. In order to perform any comparison, we aggregate the measured data, by computing the 
mean values of each variable, in the time duration that corresponds to the modeled data.

3 Results
Using the matched timeseries of the previous step, we produced corelation statistics between the observations and the 
ERA5 model (Tables 1 and 2). We provide the relative figures for two of the sensors, for brevity (Fig 2-5).

Table 1. Corelation statistics of temperature, between ERA5 model and observations.
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Table 2. Corelation statistics of relative humidity, between ERA5 model and observations.

4 Conclusions
We can determine that there is a satisfactory correlation between the temperatures for all the locations of the sensors, 
with the model slightly underestimating the actual temperature. In contrast, the corelation for the relative humidity is not 
as great. This is in part expected, due the attenuation of the variable by the local conditions.

With these finds we feel quite confident, to use the modeled data, in order to construct a timeseries that will describe the 
climatic conditions of the region for the past century. The lack of meteorological data for longer periods for the area, 
narrows the validation methods that can be used. As a result, the timeseries from the models have to be used accordingly.

Fig. 4. Temperature corelation of HB 1 
sensor and Davis station.

Fig. 5. Relative humidity corelation of 
HB 1 and Davis station.
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Abstract: In this work, we assess the impact of the communication between the microphysics and radiation schemes 
regarding the effective radii of cloud particles. We use the WRF 3.8.1 regional climate model forced by ERA interim 
reanalysis to conduct simulations over Europe with a spatial resolution of 0.44o for the 2004-2008 period. Impact assess-
ment is done by comparing two simulations: one with enabled communication between the microphysics and radiation 
schemes and one simulation that has it disabled and thus, relies on the assumptions of the radiation scheme to parameter-
ize radii of cloud particles. Results indicate a strong impact on shortwave radiation at the surface. The simulation with 
the disabled communication presents consistently larger shortwave radiation amounts for all seasons, with the average 
increase ranging from +1% in autumn to +7% in winter. The radiation increase is larger above the sea, and ranges be-
tween +7 to +10%. A particularly large and statistically significant radiation increase is seen over the Atlantic Ocean in 
spring and especially summer, surpassing +15% over extensive areas. The impact on shortwave radiation also affects 
temperature, mainly over land. An extensive area of significant temperature decrease, exceeding -0.5oC, is seen over 
central Europe in autumn.  

1 Introduction
Solar radiation is one of the most important parts of the climatic system. Clouds can interact with solar radiation through 
absorption and reflection and can thus severely impact the weather and climate (Boucher et al. 2013). The impact of 
clouds on radiation depends highly on the cloud characteristics. The size of cloud particles is a highly important factor 
(Kokhanovsky 2004). Until recently not so much attention has been given in this parameter in many climate/weather 
models. Many models have been using the radiation scheme, making crude assumptions, to parameterize the size of 
cloud particles (Stensrud 2007). Even if a more detailed parameterization of cloud particle size existed in some micro-
physics schemes, it was not necessarily passed to the radiation scheme in order to fully incorporate the full cloud effects 
on radiation. 
This was also the case in one of the most popular climate/weather models, the Weather and Research and Forecasting 
Model (WRF). One of the most widely used radiation schemes, the RRTMG (Iacono et al. 2008), has been coupled with 
a microphysics scheme (Thompson and Eidhammer 2014), with respect to the cloud particle size, starting only in WRF 
version 3.5.1. This coupling has enhanced model performance by increasing the accuracy of surface radiation simulation 
(Thompson et al. 2016)the model assumed the radiative effective radii of cloud water, cloud ice, and snow were repre-
sented by values assigned a priori, whereas a second, \”coupled\” approach utilized known cloud particle assumptions 
in the microphysics scheme that evolved during the simulations to diagnose the radii explicitly. This led to differences 
in simulated infrared (IR. In the WRF model, the RRTMG radiation scheme has also been coupled with the WDM6 
microphysics scheme. Using the latter configuration, a study over Korea (Bae et al. 2016) found a considerable impact 
of the coupling regarding solar radiation at the surface as well as precipitation amount. 
However, the aforementioned studies of the coupling between radiation and microphysics schemes have been performed 
for short time spans - case studies lasting some days. In this study we use the WRF model to explore the impact of the 
microphysics-radiation scheme coupling for a larger time span -5 years- and over the European domain. 

2 Data and Methodology
We have conducted two simulations, using the WRF (Weather and Research and Forecasting Model) version 3.8.1, 
spanning the period 2004-2008 with a 0.44o resolution. The coupling between the microphysics and radiation scheme is 
by default enabled in the model. However, the user can choose to disable it (from version WRF 3.8 and on). Thus one 
simulation, named “Disabled” has the coupling switched off whereas the other simulation, named “Enabled” has the 
coupling switched on. Apart from this feature, both simulations share the exact same configuration. They are driven by 
ERA-Interim reanalysis data, and use one year spin up period (2003). The main parameterizations used are the Thomp-
son aerosol-aware microphysics scheme (Thompson and Eidhammer 2014), the CLM4 land model, the Grell-Freitas 
cumulus scheme, the Yonsei planetary boundary  layer and the RRTMG radiation scheme for both longwave and short-
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wave spectrum (Iacono et al. 2008). The impact of the microphysics-radiation coupling is assessed by comparing the 
two simulations (“Disabled” minus “Enabled”). The impact is assessed for several variables: near surface temperature 
(T), solar radiation at the surface (Rsds), total cloud fraction (CFRACT) and shortwave cloud forcing at the surface 
(SCRE). The SCRE describes the effect of clouds on shortwave radiation at the surface. It is the difference of the net 
shortwave radiation at the surface (netSw) and the net clear-sky shortwave radiation at the surface (netCSw) for a given 
experiment: SCRE=netSw - netCSw.  

3 Results
By disabling the microphysics-radiation coupling (“Disabled”-“Enabled” simulations), a considerable impact is seen on 
the cloud forcing. Moreover, the change in cloud forcing (ΔSCRE) between the two simulations is statistically signifi -ΔSCRE) between the two simulations is statistically signifi -SCRE) between the two simulations is statistically signifi-
cant over large areas of Europe (Fig1-second row). Some of the SCRE changes are connected and can be explained by 
changes in the cloud fraction (Fig1-top row). For example there are areas like northeastern Europe in spring and central 
Europe in autumn that present considerable cloud fraction changes that in turn affect the cloud forcing. However in gen-
eral, cloud fraction is not affected in a particular direction, with both increases and decreases seen all over the domain. 
When averaging over the entire domain these positive and negative changes counterbalance each other (Table1). 
Interestingly, there are large areas where an increase, considerable and statistically significant, is seen in the cloud forc-
ing where no considerable cloud fraction changes are present. This is a strong indication that the change in cloud forcing 
is due to the change in cloud optical properties which in turn is attributed to disabling the coupling between the radiation 
and microphysics schemes. This effect is mainly present above the sea and especially over the Atlantic Ocean during 
spring and summer. This is probably connected to the fact that the RRTMG radiation scheme distinguishes between 
clouds over land and sea, using different formulas to describe the cloud particle radii. Thus in the “Disabled” simulation, 
radiation experiences a crude distinction between cloud particles over land and over the sea, whereas this is not the case 
in the “Enabled” simulation where the cloud particles are parameterized by the microphysics scheme. This probably 
explains the considerable difference in cloud radiation effect between the two simulations over the sea. 
The change in cloud forcing (SCRE) between simulations “Disabled” and “Enabled” leads to changes in the shortwave 
radiation at the surface (Rsds) (Fig1-third row). We are confident that it is the change in cloud forcing that produces the 
changes in Rsds. This is because both simulations present no changes in Clear-sky shortwave radiation at the surface. 
Clear-sky radiation is calculated by the radiation scheme without taking clouds into account and thus does not depend 
on cloud optical properties.

Fig. 1. Differences between simulations “Disabled” and “Enabled” for total cloud fraction (CFRACT) (first row), cloud 
forcing (ΔSCRE) (second row), shortwave radiation at the surface (Rsds) (third row) and near surface temperature (T) 
(bottom row). Stippling indicates the areas that are NOT statistically significant 95% level, according to the Mann-
Whitney non parametric test.
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The spatial pattern of Rsds differences between the two simulations follows very closely the pattern of the changes in 
the cloud forcing (ΔSCRE). The overall increase in cloud forcing over the sea in the “Disabled” simulation means that 
clouds allow more solar radiation to reach the surface. Therefore, the areas of strong increase in cloud forcing are also 
presenting a strong and statistically significant increase in surface solar radiation. Averaged over the entire European 
domain, the change in Rsds is quite strong (Table1) and lies between 1% (autumn) and 7% (winter). The change of Rsds 
is even stronger over the sea, as expected due to the stronger change in cloud forcing. Over the sea points of the domain, 
Rsds change lies between 7% (autumn) and 10% (winter). The strongest Rsds changes are located over the area of north 
Atlantic that also presents the largest change in cloud forcing. In this area (-13o west, - 10o east, 45o south, 70o north, 
sea points only) a very strong increase of 17% in summer and 13% in spring is seen.
It is obvious that if the coupling between the microphysics and the radiation schemes is disabled, the changes in the solar 
radiation at the surface are substantial. In general, an increase in Rsds is seen. To put the magnitude of Rsds changes 
into perspective, we compare them with the impact of another physical mechanism, the aerosol direct effect. Aerosols 
are considered an important part of the climatic system. Pavlidis et al. (2019), in a WRF study over the European do-
main, showed that the aerosol-radiation interactions contributed to a decrease of seasonal averaged solar radiation at the 
surface around -3% to -8%, depending of course on season and aerosol climatology used. As presented previously, the 
impact of the coupling between the radiation and microphysics schemes presents an impact of quite similar magnitude 
(+1% to +8% seasonal domain averages). It is obvious that the communication between these two schemes not only 
increases the physical consistency of the model, but it can also severely impact solar radiation levels at the surface. This 
is even more evident over the sea where the impact becomes considerably stronger. In order to further elaborate on the 
effect of the radiation-microphysics coupling on Rsds, we have calculated the mean absolute difference between simula-
tions “Disabled” and “Enabled” for each month. The absolute difference is always positive and it cannot be impacted by 
the compensation between positive and negative values when averaging over large areas. Thus it is a nice metric to iden-
tify the average magnitude of change. This averaging has been done the entire European domain as well as for an area 
covering the British Isles and is close to the strong Rsds changes over the Atlantic Ocean. In Fig.2 the red line presents 
the spatial averaged absolute Rsds differences over both land and sea points while the blue line is only over the sea. For 
comparison, the direct effect of aerosol is also included (black dashed line), calculated over both land and sea points. The 
aerosol direct effect is calculated as the difference between a simulation enabling the aerosol-radiation interactions while 
using the Tegen aerosol climatology (Tegen et al. 1997) and a control simulation having no aerosol effects at all. First of 
all, we can clearly see in Fig.2 (left) that for the entire European domain, the absolute difference in shortwave radiation 
due to the radiation-microphysics coupling is larger over the sea (blue line) throughout the year. It seems that the overall 
impact (over land+sea) on Rsds is mainly driven by the changes over the sea. Moreover, it becomes clear that the impact 
of the coupling is definitely comparable in magnitude to the aerosol direct effect also throughout the year. For specific re-
gions such as the British Isles (-10o west, 2o east, 50o south, 59o north) that were examined, (Fig.2-right) the impact of 
the coupling can be considerably stronger. For the British Isles it reaches 30 W/m2 in summer, almost double the impact 
seen over the European domain for the same season. Finally, it is impressive that for the British Isles area, the impact 
of the radiation-microphysics coupling on Rsds is consistently larger than the aerosol direct effect throughout the year.  
 The change in shortwave radiation at the surface, when the radiation-microphysics coupling is disabled, does have 
an impact on temperature. The spatial pattern of the temperature changes follows in general the pattern of Rsds differ-
ences. Thus, over the entire domain, temperature is not affected towards a specific direction for all grid points. However 
domain averaged temperature differences (calculated over land only) present a clear increase in spring (0.4oC) and a 
decrease in autumn (-0.2oC), with the same behavior also being seen for most sub-areas of the domain for these two sea-
sons. At grid point scale, temperature changes are not usually statistically significant over most part of Europe. However, 
there are a few areas with statistically significant changes. The most prominent one is an extensive area centered over 
the Alps in central Europe during autumn. There, a quite strong temperature decrease is seen, that on average is -0.75 
oC. Interestingly, this temperature decrease is not entirely collocated with the strongest decrease in shortwave radiation 
at the surface. This is located a bit further north over (northern central Europe) and is driven by a collocated decrease 
in cloud fraction. Temperature changes detected over the sea are minimal. However, our simulations use prescribed sea 
surface temperature data and do not have a fully coupled ocean model that could dynamically affect sea surface tem-
perature. This is a limitation of this study. Especially since the largest Rsds differences have been detected over the sea. 
Of course, the large thermal capacity of the sea could limit the impact of solar radiation changes compared to that over 
land. However, it would be interesting to further study this effect in the future. 
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Table 1. Domain averaged relative differences of simulations “Disabled”-“Enabled” regarding total cloud fraction 
(CFRACT), shortwave down welling radiation at the surface (RSDS), shortwave down welling radiation at the surface 
over the sea and temperature over the land (T). For all seasons.

Fig. 2. Domain averaged absolute difference on shortwave down welling radiation at the surface (Rsds) between simu-
lations “Disabled” and “Enabled” over the European domain (EU) and the British Isles (BI). For each month. For both 
land and sea points (red line) and only over sea points (blue line). Moreover the aerosol direct effect is also presented 
(black dashed line) to enable comparison. 

4 Conclusions
In this study we have conducted two simulations with the WRF model over Europe spanning five years. One simulation 
(“Enabled”) enables the coupling between the radiation and the microphysics schemes regarding cloud particle size. 
The other simulation (“Disabled”) disables it and uses the radiation scheme to crudely parameterize cloud particle size. 
Disabling the communication between radiation-microphysics schemes leads to strong impacts on several key climatic 
variables. Cloud fraction does present statistically significant changes over specific areas of the domain. These changes 
in cloudiness amount also impact shortwave radiation at the surface. However, there are large areas of change in the 
cloud forcing at the surface that are not accompanied by changes in cloud fraction. This indicates that over these areas 
the change in cloud forcing is attributed to the change in cloud optical properties and not cloudiness amount. 
The largest change in cloud forcing is seen over the sea, especially over the Atlantic Ocean, and is positive, meaning that 
clouds tend to let more solar radiation to reach the surface. Solar radiation at the surface is considerably affected by disa-
bling the microphysics-radiation coupling. A domain averaged increase (both over land and sea) is seen that is around 
1% to 7%. This is comparable to the impact of the aerosol direct effect, an important physical mechanism. Considerably 
stronger increase in radiation is seen over the sea than over land. Surface temperature is impacted over land areas driven 
by the change in shortwave radiation. In some limited cases, most prominently over the Alps in autumn, temperature 
changes can be strong (>0.5oC) and of statistical significance. Unfortunately, the lack of coupling with an ocean model 
in our simulations does not enable us to identify any temperature changes at sea surface temperature. To conclude, the 
importance of the coupling between radiation and microphysics schemes is strong. This interaction must be treated as 
an important part of WRF model configuration in any climate simulations. 
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Abstract: The present study examines the mean, mean maximum and mean minimum annual, winter and summer 
temperature recorded by various stations and at various levels in the wider Greek region. Our aim is the investigation 
of trends and correlations between the temperature at surface stations and the temperature recorded in the lower tropo-
sphere as well as the general circulation indices that affect the region. The results show that temperature increases in the 
surface stations are mirrored in the upper air data, which agrees with the view that climate change is reverberated in the 
upper atmosphere. In addition, statistically significant correlations exist between NAOI and NCPI indices, while there 
is no statistical correlation between SOI and the stations.  

1 Introduction
In order to better understand the extent of climate change in the examined region it is important to study the temperature 
variability at the surface as well as at different barometric levels. At ground level several factors exist that may heat the 
surface (Stathopoulou et al. 2007), which are not present in the upper atmosphere. Surface temperature is measured by 
surface meteorological stations combined with satellite data while in the upper atmosphere the use of radiosondes is 
necessary. Radiosondes have been used to monitor global changes since in 1958 (Thorne et al., 2005), hence they are 
very important along with satellites in recording long term upper air temperature trends and variability. Regarding trends 
and variability of upper air temperature, Angell (1988) showed that for the period 1958–1987 a significant increase 
(C.L. 95%) in mean annual global temperature at the surface and in the tropospheric 850–300 hPa layer in contrast to 
significant cooling trends (C.L. 99%) that appeared in 300–100 hPa layer. Besides, most tropospheric temperature data 
sets show less warming in the global mean than that reported at the surface in the tropics and the Southern Hemisphere 
(Brown et al., 2000; Gaffen et al., 2000).  In Greece, the data for surface temperature show that temperatures are in-
creasing particularly in the summer (Feidas et al. 2004), where as in the upper atmosphere the trends were positive and 
statistically significant in all the layers until 200hPa (Ntagkounakis et al. 2018; Philandras et al. 2018).
A number of different teleconnections act on the region and as a result affect the Greek climate (Philandras et al. 2015). 
One of them is the North Atlantic Oscillation (NAO), which is defined as the difference of standardized sea level pres-
sure (SLP) time series from a station close to the center of the Azores High (usually Lisbon, Azores or Gibraltar) and 
a station close to the center of Islandic Low (Reykjavik) (Hurrell and Deser, 2010). Positive NAO phase (stronger di-
pole) results in prevailing westerly winds that are strengthened and moved northwards causing increased precipitation 
and temperatures over the northern Europe and drier and cooler anomalies in the Mediterranean region, while opposite 
conditions occur during the negative (weaker dipole) NAO phase. Furthermore, Kutiel and Benaroch (2002) showed 
that the so called North Sea–Caspian Pattern index (NCPI) is associated with the air temperature in the wider region of 
Eastern Mediterranean. 

2 Data and Methodology
In this research two types of data are considered, starting from the surface stations in the region. A total of 10 differ-
ent stations are considered spread across the Greek region, which are provided by the Hellenic National Meteorologi-
cal Service (HNMS). They will be compared to upper air data from 5 different radiosonde recording locations in the 
wider Greek area, in 3 different levels 500hPa, 700hPa and 850hPa. The data for the upper air radiosonde recordings 
were provided from the Univerity of Wyoming database (http://weather.uwyo.edu/upperair/sounding.html). The mean, 
maximum and minimum temperature will be calculated for each station along with their respective 9-year moving av-
erage. Graphs will be created for the surface stations and the radiosonde recordings. A Pearson correlation test will be 
conducted between the mean annual, winter and summer temperature of each station and the general circulation indices 
mentioned above (NAOI, SOI & NCPI). A Theil-Sen trend estimator will also be used on the data.
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3 Results
The time series of the annual air temperature for the 850 hPa level in the Figure 2 display a minimum in the mid-1970s, 
then an increasing trend is observed which intensifies after 1990 until today. The observed mean temperature increase is 
1 OC and the largest increases, of about 2 OC, are recorded in the Heraklio station during the 1973-2019 period. Regard-
ing surface temperatures, similar changes with the same variability are observed in the mean and the mean minimum 
values on an annual basis in the greater Greek region (Figure 1). The study of trends (OC/year) showed that all annual 
time series studied in the surface stations have a statistically significant trend at the 95% confidence interval and vary 
between 0.02 OC/year - 0.03 OC/year. In addition, the statistically significant trends for the stations in the 850 hPa level 
for the 1973-2019 period are: Brindisi 0.03ΟC/year, Athens 0.027OC/year, Izmir 0.033 OC/year while in Heraklio and 
Thessaloniki the trends are 0.03 OC/year and 0.05 OC/year respectively. Similar trends are observed in the 700 hPa and 
500 hPa time series on an annual basis, which are also statistically significant, in particular at the 500 hPa level the trends 
are more intense. 
In the summer in the 850 hPa level a minimum is observed in the mid-1970s in the temperature time series, while af-
terwards temperature exhibits a heating trend. The observed increase is 2.5 OC which is larger than the corresponding 
increase on an annual basis. Similar increases and variability are also observed in the surface stations in summer. During 
summer, the trends (OC/year) are larger compared to the annual trends: in Brindisi 0.047 OC/year, in Heraklio 0.03 OC/
year, in Athens 0.044 OC/year, in Thessaloniki 0.077 OC/year and in Izmir 0.045 OC/year. At the surface stations similar 
increases are observed (0.04 OC/year), which are also larger than the corresponding annual trends. Similar behavior is 
observed during summer at the 700 hPa and the 500 hPa upper air levels.
Finally, during winter at the 850 hPa level the temperature time series also show positive trends but lower that the cor-
responding summer and annual ones: In Brindisi 0.018 OC/year, Heraklio 0.027 OC/year, Athens 0.014 OC/year, Izmir 
0.019 OC/year and Thessaloniki 0.047 OC/year. The winter temperature time series trends are almost zero at the surface 
level (0.006 OC/year average), while at the 700 hPa and 500 hPa levels the trends are similar to the ones observed at the 
850 hPa level.

Figure 1: Mean, Mean Minimum and Mean Maximum temperature at the surface stations on an Annual basis (left), 
Summer (middle) and Winter (right) and their corresponding 9-year moving averages (thick lines).
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Figure 2: Radiosonde temperature recordings at different pressure levels on an Annual basis (left), Summer (middle) 
and Winter (right) and their corresponding 9-year moving averages (thick lines). 

In Table 1, correlations between mean temperatures and two major indices, NAOI and NCPI, are presented. As seen in 
Table 1, there is no statistically significant correlation between annual mean temperature and NAOI. In summer NAOI 
correlates well with all stations, while in winter a correlation is mainly observed with the surface stations. There are 
more statistically significant correlations between mean temperatures and the NCPI in all stations, and the correlations 
are also larger. On an annual basis the correlations continue to be smaller than the seasonal ones similarly to the NAOI. 
We also considered the Southern Oscillation Index, however no statistically significant correlation was found.

Table 1: Correlation Table between the mean temperatures and North Atlantic Oscillation Index (NAOI) and North Sea-
Caspian Pattern Index (NCPI). Trends observed in OC/year. The cells colored grey are statistically significant.
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4 Conclusions
The presented analysis shows that the temperature increases observed in the surface stations are also observed at the 
upper air levels. The trend analysis showed that there is a statistically significant heating trend in the data on an annual 
basis in both surface and upper air stations. In summer the trend intensifies and follows a similar pattern to the data on 
an annual basis, while in winter the trends in the surface stations are almost zero and in the upper air the trends are much 
smaller. In all periods studied we can see that the trends in the upper air temperature are more intense than the ones 
recorded at the surface. Finally, in the correlation analysis we can see that the NAOI has a statistically significant cor-
relation with the mean temperatures in the surface stations in summer and winter only, while the upper air temperature 
is correlated well with NAOI only in summer. The NCPI has a better correlation with the stations in the region overall, 
however the correlation on an annual basis in the upper air data is still smaller than the ones recorded in winter and 
summer.

Acknowledgments We would like to thank HNMS for the surface stations and the http://weather.uwyo.edu/upperair/
sounding.html platform for the radiosonde recordings.
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Abstract: The manifestation of the dark Universe begun with unexpected large-scale astronomical observations. We 
are investigating the possible origin of small-scale anomalies, like the annual stratospheric temperature anomalies. Un-
expectedly within known physics, their observed planetary relationship, does not match concurrent solar activity (F10.7 
and EUV emission), whose impact on the atmosphere is unequivocal; this different behavior points at an additional 
energy source of exo-solar origin. A viable concept behind such observations is based on possible gravitational focusing 
by the Sun and its planets towards the Earth of low-speed invisible (streaming) matter; its influx towards the Earth gets 
temporally enhanced. Only a somehow “strongly” interacting invisible streaming matter with the little screened upper 
atmosphere can be behind the temperature excursions. Ordinary dark matter (DM) candidates like axions or WIMPs, 
cannot have any noticeable impact. The associated energy deposition O(∼W/m2) varies over the 11-years solar cycle. For 
the widely assumed picture of a quasi not-interacting DM, the exo-solar energy is enormous. The atmosphere is uninter-
ruptedly monitored since decades. Therefore, it can serve as a novel (low threshold) detector for the dark Universe, with 
built-in spatiotemporal resolution while Sun’s gravity acts temporally as signal amplifier. Analyzing observations from 
the anomalous ionosphere we arrived in this work to surprising relationship with inner earth activity like earthquakes. 
Similarly investigating the transient sudden stratospheric warmings within the same reasoning, the nature of the as-
sumed “invisible streams” could be deciphered.

1 Introduction
Dark matter (DM) dominates the Universe and came from long-range gravitational observations. Following ongoing 
searches, DM does not interact with ordinary matter, at least for the parameter phase space such searches  are sensitive  
to. Though,  on much  smaller scales, a number  of unexpected phenomena contradict this global picture for DM 
(Zioutas et al., 2020). Here we refer to the possible origin of small-scale anomalies, like that of the annually observed 
temperature excursions in the upper stratosphere (38.5-47.5 km). The observed planetary relationships of the daily strato-
spheric temperature distribution are unexpected within known physics. We stress that following known physics a remote 
planetary impact is extremely feeble (Javaraiah, J., 2003) and cannot cause a visible interaction. Interestingly, the ob-
served spectral shapes of the stratospheric temperatures do not match concurrent solar activity (given by the proxy F10.7 
radio line at 2.8 GHz), or Sun’s EUV emission, whose impact on the atmosphere is unequivocal; this remarkable behav-
iour points to an additional energy source of exo-solar origin whose energy deposition at the stratosphere is comparable 
with that incident from our Sun (Zioutas et al., 2020).
Notably, a viable concept behind such observations is based on possible gravitational focusing and/or self-focusing effects 
by the Sun and its planets towards the Earth of low-speed invisible (streaming) matter, including planetary intrinsic 
self-focusing effects (SofueY., 2003). For example, when the Sun– Earth or Moon-Earth directions align with an invisible 
stream, its influx towards the Earth’s atmosphere can get temporally enhanced by orders of magnitude. This is the key 
process behind the reasoning of this work.
We denote generic constituents from the dark Universe as “invisible matter”, in order to distinguish them from ordinary 
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DM candidates like axions or WIMPs, which cannot have any noticeable impact. Moreover, the observed peaking plan-
etary relations exclude on their own any conventional explanation, or coming from the dynamics of the inner atmosphere. 
Only a somehow “strongly” interacting invisible streaming DM with the little screened upper stratosphere (overhead≈1 
gr/cm2 or even much less towards the ionosphere) can be inevitably behind the occasionally observed dynamical behav-
iour of the upper atmosphere. We recall that candidates from the dark sector are already discussed in the literature. For 
instance, Anti Quark Nuggets (AQNs) or magnetic monopoles or dark photons are presently the unbiased candidates. 
Such particles are inspiring this type of work.
The associated energy deposition is O(∼W/m2) (Zioutas et al., 2020) being variable over the 11-years solar cycle. For the 
widely assumed picture of a quasi not-interacting dark Universe, the new exo-solar energy is enormous. Noticeably, our 
observationally derived conclusions are not in conflict with the null results of all underground dark matter experiments, 
given that a similar planetary relationship is not observed even underneath the stratosphere (16–31 km). Interestingly, 
the atmosphere is uninterruptedly monitored since decades. Therefore, it can serve also parasitically as a novel (low 
threshold) detector for the dark Universe, with built-in spatiotemporal resolution and the Sun acting temporally as sig-
nal amplifier due to its gravitational focusing effects. Observations, for example, like the transient sudden stratospheric 
warmings, or the anomalous ionosphere, could help to decipher the nature of the putative “invisible streams”. With 
this contribution to COMECAP 2021 we want to communicate this novel idea to atmospheric/climate experts aiming for 
interesting feedback. The main reasoning of this contribution is based on results from the recent publication (Zioutas et 
al., 2020). We also include in this manuscript first recent result which correlates the dynamical behaviour of the global 
Ionosphere with the activity of the inner Earth. More striking observations will be shown in the presentation during the 
COMECAP 2021 conference. Presently more possibilities are being scrutinized, (see for example https://arxiv.org/
abs/2012.03353).

2 Previous results
The most relevant results about the stratosphere’s dynamical behaviour are given in Zioutas et al., (2020). A few plots 
are added here to help the reader to follow the reasoning behind the present work. For example:

Fig. 1. (Left) Time dependence of the mean daily stratospheric temperature [(00:00+12:00)/2] at 3, 2, 1 hPa (altitude ≈ 
38.5, 42.5, 47.5 km), 42.5oN/13.5oE and for the period 1986–2018. In the right is shown the period 2007-2017. The error 
bar of each individual observation is equal to 0.5 K (Zioutas et al., 2020).

Fig. 2. Cartoon illustration of gravitational (self-)focusing effects of DM streams by the Sun, Earth, Venus, Mercury 
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and/or Moon. Top: Gravitational focusing effect by the solar system. In this configuration, the galactic center is on 
the right side and in the opposite direction of the incident DM stream. Bottom: The self-focusing effect of incident low 
speed streams reflects the dominating free fall towards the Sun, whose flux towards the Earth can also be gravitationally 
modulated by the Moon (Javaraiah, J., 2003). The additional gravitational focusing effects due to the inner Earth mass 
distribution (Javaraiah, J., 2003) can be enormous (not shown).

Fig. 3. (Top) Planetary longitudinal distributions for the mean daily temperature [(00:00+12:00)/2] of the upper strato-
spheric layers at 3, 2, 1 hPa (altitude ≈ 38.5, 42.5, 47.5 km), 42.5oN/13.5oE and for the period 2007–2017. The blue 
and green bars in (A) give the Earth’s orbital constraints used in (C), which shows planetary relationship for Mercury’s 
reference frame only if the Earth propagates in the heliocentric orbital arcs 50o to 180o. Also the plot in (E) shows a clear 
planetary relationship. (Bottom, inside dashed frames) The spectra (B), (D) and (F) show the corresponding longitudinal 
distributions of the F10.7 solar line (≈2.8 GHz), which is a proxy for the solar activity. A comparison between (A) and 
(B), (C) and (D), (E) and (F) shows no similarity between each pair. This excludes that the solar radiation is solely at the 
origin of the upper panels (see also Figure 4).

Fig. 4. The upper spectra give the mean daily temperature distribution measured at 3,2,1 hPa (altitude ≈38.5–47.5 km) 
and at the location 42.5oN/13.5oE as a function of Mercury, Venus and Mars longitude. For comparison, the lower spectra 
show the concurrent solar activity derived from the daily measured intensity of the F10.7 solar line for the same time 
interval (2007–2017). The error bars can barely be seen. For Mercury and Mars the spectral shapes are clearly differ-
ent, while for Venus this is less pronounced. Along with the highly different Earth’s spectral shapes, the comparison 
temperature vs. F10.7 line in this Figure further excludes known solar radiation being the only driving source behind the 
stratospheric temperature distributions.
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Fig. 5. The various spectra are from the upper stratosphere (3,2,1 hPa) and the measuring period is 1986–2018. Spectra 
E & F, obtained with the F10.7 cm line, are strikingly different from the upper stratospheric temperature distributions 
C & D, also discarding an involvement of the solar activity exclusively. Concerning the orbital constraints for Mercury 
and Venus, spectra (C) and (D) are complementary to each other (180o opposite), confirming the observed strongest 
planetary relationship of the peaking upper stratospheric temperature covering 31 years. Mercury and Earth performed 
133 and 31 orbits, respectively.

Fig. 6. A comparison between the mean temperature spectra of the upper stratosphere (top) and the lower stratosphere 
(bottom). The lower stratosphere (16–31 km) is the main Ozone layer, which is strongly affected by the solar UV. Of 
note, the striking difference between both spectra. The position of the Galactic Center in this plot is at ∼86.5o, and the 
upper stratosphere reaches its maximum temperature ∼18 days later. The Earth longitude of 100o corresponds to 1st of 
January.

Correlation between dynamical atmosphere and inner earth activity?
The streaming DM scenario was the driving idea of previous work (Zioutas et al., 2020). In this work we have searched 
for possible correlations between the global activity of the ionosphere and the actually unpredictable activity of the in-
ner Earth. For this, we have compared data from the global ionosphere and the inner Earth, concentrating on large 
Earthquakes. Figure 7 shows the daily derived value of the total electron content of the ionosphere (TECUs) for a large 
period around the zero time, as it is defined by the time of occurring the strong Earthquakes. The obtained correlation is 
apparent.
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Fig. 7. The global degree of ionization of the entire Earth’s ionosphere with reference to the observed 20 Earth-
quakes (EQs) of magnitude M ≥ 8. [Maroudas M., 2021].

3 Discussion and Conclusions
The derived correlation between the ionospheric plasma density and the Earthquakes fits-in the picture of streaming DM 
which interacts on its way towards the earth with the most outer atmospheric layer, i.e., the ionosphere, and the inner 
earth triggering even a large earthquake. More quantitative 2D plots of the spatiotemporal atmospheric activation the pe-
riod around a large earthquake will be presented during the conference. Possible candidates from the dark sector are anti-
quark nuggets (AQNs), magnetic monopoles, and DM dark photons, or others as yet unpredicted theoretically (Zioutas et 
al., 2020). Their impact can be strongly enhanced by the gravitational lensing effects by the solar system bodies including 
of course the Sun and even the nearby Moon.
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Abstract: A scalable and sustainable Early Warning System for Mosquito Borne Diseases (EYWA1) has been devel-
oped to monitor and forecast the outbreak of the climate-sensitive West Nile Virus (WNV). EYWA is making use of 
heterogeneous data (big EO satellite data, reanalysis, epidemiological, entomological, etc) and an ensemble of models 
(deterministic, statistical and AI). Besides the scientific importance, this innovative approach of EYWA serves as a tool 
for helping regional decision-makers to improve health system responses, take preventive measures to curtail the spread 
of WNV and provide support to existing elimination efforts. In this study we present the dynamic core of EYWA, which 
is a spatial forecasting model. We assess its hindcast skill at the municipality scale for the period 2010-2019 and present 
its forecast skill in operational mode during 2020. Associations between emergence of human case and climatic condi-
tions that underline the role of seasonality in WNV transmission are discussed. 

1 Introduction 
WNV belongs to the flavivirus genus, and it is a neurotropic mosquito-borne virus (Colpitts et al., 2012). It is maintained 
in nature in a mosquito-bird-mosquito transmission cycle. Culex are generally considered the principal vectors of WNV. 
Wild birds are the predominant reservoir hosts of WNV (Valiakos et al., 2011). Human infection is most often the result 
of bites from infected mosquitoes. Temperature, precipitation, relative humidity, and soil water content and wind speed 
have been associated with WNV prevalence (Paz 2015; Vogels et al. 2017; Giordano et al. 2017; Stilianakis et al. 2016).
In this study, we describe initial steps of a spatial forecasting model for the transmission risk of WNV. The occurrence 
of WNV, the number of infected humans and the week of incidence predicted from the model were compared to the 
corresponding numbers from observations. As a case study, we used all municipalities of Greece for the period 2010- 
2019 and calibrated the model with the available epidemiological and environmental data. We validated the model with 
observations from each municipality comparing simulated versus observed cases. Last, we present results from the 
operational forecasts issued in 2020.

2 Data and Methodology
Our study concerns Greece and it was conducted at the municipal level. Before we forced the model with temperature 
and precipitation data, we created a database with essential population (such as the local administrative division of the 
country, latitude, longitude, permanent human population, area, wild bird populations in each municipality) and epide-
miological data (such as number of recorded infected humans and week of first incidence in each municipality). 
The model is an expansion of Kioutsioukis and Stilianakis (2019) model. The model simulates the seasonal lifecycles 
of birds, mosquitoes and humans and the inter-specific WNV infection cycle between birds, mosquitoes and humans. 
The model has 14 compartments (i.e. health states), dividing the population according to its epidemiological state. The 
compartments interact through several parameters with geographical dependence, weather-dependent parameters and 
parameters with fixed value. Mathematically, the model is described by 14 differential equations solved numerically 
with a time step of one day. 
During the calibration period, optimal values for critical parameters were estimated through minimizing the Root-Sean-
Square Error (RMSE) between observed and modeled annual human cases. During the forecast period, those parameters 
were inferred from ensemble techniques. 

3 EYWA is the result of a European cooperation, initiated and operationalized by three core groups: the Beyond Centre (NOA), the Ecodevelop-
ment SA and the LapUP.
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Model verification for the continuous variables relied in the RMSE or the MB. Regarding the categorical variables 
(events), we utilised four indices dependent on the hits (hereafter a; obs:True/mod:True), the false alarms (hereafter b; 
obs:False/mod:True), the misses (hereafter c; obs:True/mod:False) and the correct rejections (hereafter d; obs:False/
mod:False). Specifically:

3 Results and Discussion 
One hundred seventy-three municipalities were WNV free. In the remaining one hundred fifty-two municipalities, WNV 
human cases observed from one up to six years. Specifically, in 41% of the municipalities human cases were observed 
only in one year during the decade while in 29% of the municipalities human cases were found in two years. Three or 
four years of WNV incidences were reported in 16 % and 10 % of the municipalities, respectively. Last, persistence of 
WNV human cases in five or six years were shown in 2 % of the municipalities for both cases.

3.1 Model evaluation (2010-2019) 
The categorical indices take values between 0 and 1. We split this range into five equally sized zones and we calculate 
the number of municipalities within each zone for every index. The POD is greater than 80 % in 88 out of 152 munici-
palities, where at least one human case was observed (Figure 1). Those cases are also associated with low values of FAR 
and MIS and high values of CSI. In addition, we found 36 municipalities with POD <0.2. Twenty of them belonged 
to Athens and Thessaloniki, where about half of the country’s population lives. The remaining 16 were municipalities 
where WNV cases have occurred only once in the last decade. These results show that the model could not represent 
specific conditions in densely populated urban units, as well as municipalities with one case per decade. While the first 
possess a threshold to the downscaling limit, the second has a stochastic nature that is beyond the predictability of a 
deterministic model.

Figure 35 The examined indices POD, FAR, MIS and CSI decomposed into five zones, with the number of municipali-
ties at each zone.

Figure 2 shows the multi-annual evolution of the indices. The aggregated POD over decade is 0.72, so the model identi-
fied the municipality and the year for 72 % of the observed human cases (MIS is 0.28). It is worth mentioning that the 
range of POD is from 0.57 (2014) to 0.89 (2010) and FAR varied between 0.08 (2019) and 1 (2015-2016). The FAR 
index reached high values (0.67-1) in the period 2014-2017, when the fewest human cases were observed. At the same 
period, CSI took low values (0-0.27), so there is a correlation between FAR and CSI and the number of infected humans 
(and infected municipalities). POD and MIS improved as WNV spread increase.
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Figure 36 The evolution of POD (top left), FAR (top right), MIS (bottom left) and CSI (bottom right) as a function of 
year. The dashed line (red) represents the aggregate value over the decade. 

Over the decade, WNV cases occurred 319 times (out of 325 X 10 = 3250 potential cases). Our model identified 229 
cases, missed 90 cases and falsely alerted 109 cases. To avoid deceptively good validation statistics, we excluded the 
2822 correct negatives. Out of 229 hits, the most frequently number of modelled infected humans is one (104 times) or 
two (35 times). Out of 90 misses, the most frequently number of human cases from model was one (72 times) and two 
(11 times). Finally studying the false alarm, the most frequently modelled number of human cases was one (104 times) 
or 2 (5 times). The main conclusions are: 
a. if one case is forecasted, there is a 50% probability that the case is observed and a 50% probability that the model 
generated false alarm
b. at 80% of the misses the observed number of infected humans was one
c. when the modelled number of cases was larger than one, practically there were no false alarms

Figure 3 shows the bias of each case (model minus observation) versus the number of observed infected humans. 
The model was unbiased at low incidences (IH<5), exhibited small underestimation tendency at intermediate cases 
(5<IH<10) and larger underestimation at local outbreaks (IH>10), being able to identify the event though. The week 
of occurrence of the first human case for each municipality during 2010-2019 is also presented in Figure 3. The timing 
of the first observed human case varies between 22 and 43 and the corresponding modelled range was 18 – 44. The 
municipalities are scattered around the diagonal, indicating an overall unbiased representation of the environmental and 
entomological parameterizations. The points on the axes represent the false alarms (points on the vertical axis) and the 
misses (points on the horizontal axis).

Figure 3 Modelled minus observed human cases versus the observed number of infected humans. The dotted lines (red) 
delimit the areas where 0<IHobs<5, 5<IHobs<10 and IHobs>10 (left panel). Scatter plot of modelled versus observed timing 
(week) of the 1st human case at each municipality over decade. The red line represents the main diagonal (right panel). 
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Following the successful implementation of the model over the decade, we performed 298 decadal simulations to in-
vestigate the meteorological sensitivity of the model. The simulations correspond to all possible combinations of 1 o C 
perturbations in the monthly temperatures of up to three months. The main results of this analysis are:

1. at 23 % (22 out of the 96 municipalities) the annual number of infected humans was found sensitive to the tempera-
ture anomaly in May

2. at 20 % (19 out of the 96 municipalities) the annual number of infected humans was found sensitive to the tempera-
ture anomaly in April-May and May-June

3. at 51 % (49 out of the 96 municipalities) the annual number of infected humans was found sensitive to the tempera-
ture anomaly in April-May-June and May-June-July

4. Common ground at all critical combinations was the month of May, which is explained if we consider the impor-
tance of spring temperatures which shape many mosquito parameters (Marini et al., 2020)

3.2 Model Forecast (2020)
The model provides in a 7-month ahead horizon daily estimates of the sub-populations within each health compart-
ment, such as the number of infected humans at each municipality and an estimation of the timing the cases will occur 
at each municipality. To tackle the meteorological uncertainty, we consider all 51 ensemble members of seasonal fore-
casts released each month from ECMWF, but we must infer the initial epidemiological state, given no field data. Here 
we developed a module, which employs another ensemble technique based on weighted analogue past forecasts and 
observations. Figure 4 shows the monthly evolution of the indices under 5 different epidemiological scenarios (Best: 
epidemiological scenario - only 1 infected mosquito, Persistence: Last year’s epidemiological situation, iqr: mean value 
from IM0 from AnEn, 99th: greater value from AnEn, Combination: Combine iqr, 99th and Persistence). 
Combining the above scenarios, the probability of detection for 2020 is 0.63 (30 of the 48 municipalities detected). For 
the investigated regions Central Macedonia and Thessaly where human cases appeared, the Probability of Detection 
(POD) is 0.62 (16 of 26 detected) and 0.83 (5 of 6 detected) respectively. However, the POD indices are coupled to false 
alarm ratio (FAR), being 0.38 in Greece, 0.19 in PKM and 0.59 in PTH. The critical success index (CSI), which consid-
ers the detected cases but also the false alarms and the misses is in the range 0.38-0.46. 

Figure 4 The evolution of Probability of Detection (POD) (top left), False alarm Ratio (RAR) (top right), Misses Ratio 
(MIS) (bottom left) and Critical Success Index (bottom right) as a function of time for Greece 
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Abstract: Atmospheric macro-turbulence is observed to be self-organized into large-scale coherent structures such as 
robust vortices and zonal jets. Previous studies have addressed the self-organization dynamics using a simplified model 
of a barotropic atmosphere. In this study, we extend these results to a stratified atmosphere by considering a single-layer 
shallow water flow on a beta-plane forced at small scales by random stirring and dissipated by linear drag of potential 
vorticity. Numerical simulations of this model reveal four regimes depending on the energy input rate of the excitation. 
A homogeneous regime in which the incoherent eddies directly forced dominate the flow, a regime with coherent large-
scale Rossby waves, a regime in which robust zonal jets coexist with weaker Rossby waves and a regime of strong 
isotropic vortices. The transitions between these four regimes occur abruptly when the energy input rate passes specific 
thresholds. We show that a generalized quasi-linear model retaining only the direct interactions between the large-scale 
structures and the small-scale eddies is able to capture both the characteristics of the dominant structures and the criti-
cal values for the regime transitions. As a result, the statistical state dynamics of turbulence self-organization can be 
captured by a second-order closure. 

1 Introduction
Atmospheric macro-turbulence is observed to be self-organized into large-scale structures such as zonal jets and robust, 
long-lasting vortices (Held, 2019). The vortices produce significant spatio-temporal variability in momentum and heat 
fluxes as well as the weather, while the jets and the associated storms tracks significantly influence the local climate. It 
is therefore important to understand the processes maintaining these coherent structures. 

A simple model that has been used as a testbed for theories on the universal dynamics underlying the maintenance 
of these structures is forced-dissipative turbulence in a single layer shallow water fluid on a β-plane under the quasi-
geostrophic approximation (Smith, 2004). Numerical simulations of this model have shown that turbulence can be 
organized into zonal jets or materially coherent vortices (Morten et al., 2017). They have also hypothesized that these 
structures are maintained by a scale by scale inverse cascade of the energy of the turbulent eddies. If the turbulent eddy 
time scale matches the time scale of Rossby waves, then the cascade is anisotropized by differential rotation and leads 
to the emergence of zonal jets. If there is no match, then isotropic vortices form (Smith, 2004).  However, numerical 
simulations of barotropic turbulence have shown that in this simpler dynamics, there is also a regime in which Rossby 
waves dominate the dynamics. In addition, it was shown that the large-scale structures emerge due to their direct inter-
actions with small-scale eddies, a process that bypasses the local in wavenumber space turbulent cascade (Bakas and 
Ioannou 2014). This is important, since in this case the statistical state dynamics of the turbulent flow can be closed at 
second order and is amenable to an analytic theory that is able to predict the characteristics of the emergent structures. 

To address whether there is a Rossby wave regime in the shallow-water model and to investigate the mechanism of 
energy transfer in the turbulent flow in this case, we perform in this work numerical simulations of the shallow-water 
model and investigate the formation of large-scale structures as well as their characteristics. In addition, we identify the 
triad non-linear interactions underlying the scale by scale energy cascade and the direct energy transfer from small to 
large scale structures. We then perform numerical simulations in the absence of the local in wavenumber cascade inter-
actions and compare the results to the fully non-linear simulations. 

2 Transitions in the turbulent flow
Consider a fluid consisting of a single layer of depth H and density ρ in a doubly periodic β-plane 2π×2π  channel. The 



740 | Numerical modeling / Weather analysis

dynamics under the quasi-geostrophic approximation, reduce to a single equation for the evolution of relative potential 
vorticity q:

Fig. 1. nzmf (blue), zmf (red) and anisotropy index  (green) as a function of the energy input rate calculated at statistical 
equilibrium for the non-linear (solid) and the quasi-linear (dashed) integrations. 

2 Transitions in the turbulent flow 

Consider a fluid consisting of a single layer of depth 𝐻𝐻 and density 𝜌𝜌 in a doubly periodic β-plane �� � �� channel. 
The dynamics under the quasi-geostrophic approximation, reduce to a single equation for the evolution of relative 
potential vorticity 𝑞𝑞: 
 

𝜕𝜕�𝑞𝑞 � 𝐽𝐽�𝜓𝜓𝜓 𝑞𝑞� � 𝛽𝛽𝜕𝜕�𝜓𝜓 � �𝑟𝑟𝑞𝑞 � 𝜉𝜉𝜓���������� 
 
where � � ��𝜓 �� are the zonal and meridional coordinates, 𝐽𝐽�𝑓𝑓𝜓 𝑓𝑓� � 𝜕𝜕�𝑓𝑓𝜕𝜕�𝑓𝑓 � 𝜕𝜕�𝑓𝑓𝜕𝜕�𝑓𝑓 is the Jacobian, 𝜓𝜓 is the 
streamfunction related to potential vorticity through 𝑞𝑞 � �𝜕𝜕��� � 𝜕𝜕��� � 𝜆𝜆��𝜓𝜓, �/𝜆𝜆 � �𝑓𝑓𝐻𝐻/𝑓𝑓� is the Rossby radius of 
deformation and 𝛽𝛽 is the gradient of planetary vorticity. Turbulence is supported by the small-scale random injection of 
potential vorticity 𝜉𝜉 that parametrizes processes such as baroclinic instability and convection. There is also linear 
dissipation of potential vorticity at a rate 𝑟𝑟 so that the dynamics reaches a statistical steady state. We assume that the 
random stirring is delta correlated in time, homogeneous in space and has zero mean. We also assume that it is isotropic 
and injects energy at a rate 𝜀𝜀 in a narrow ring of wavenumbers with radius 𝛫𝛫� � ��  and width 𝛥𝛥𝛫𝛫� � �. The rest of the 
parameters (𝛽𝛽 � ��� and 𝑟𝑟 � ���) are chosen in the parameter range in which robust coherent structures form in studies 
of barotropic turbulence (Bakas and Ioannou 2014).   
We integrate (1) using a pseudospectral code with a �� � �� resolution and define three proxies for the amplitude and 
rough characteristics of the emergent structures. The first two, are the zmf and nzmf indices defined as the ratio of the 
energy of zonal jets and non-zonal waves respectively with scales larger than the scale of the forcing over the total 
energy in the flow: 
 

��𝑓𝑓 �
∑ 𝐸𝐸��𝑘𝑘� � �𝜓 𝑘𝑘�������

∑ 𝐸𝐸��𝑘𝑘�𝜓 𝑘𝑘����𝜓��
𝜓���������𝑓𝑓 �

∑ 𝐸𝐸��𝑘𝑘�𝜓 𝑘𝑘����𝜓�����

∑ 𝐸𝐸��𝑘𝑘�𝜓 𝑘𝑘����𝜓��
� ��𝑓𝑓𝜓�������� 

 
where 𝐸𝐸��𝑘𝑘�𝜓 𝑘𝑘�� � ��/���𝑘𝑘�� � 𝑘𝑘���|𝜓𝜓�|� is the time averaged kinetic energy power spectrum of the flow, 𝑘𝑘�, 𝑘𝑘� are the 
zonal and meridional wave numbers and 𝜓𝜓� is the Fourier amplitude of streamfunction respectively. The third is the 
index 
 

𝑎𝑎 �
∑ �𝑘𝑘�� � 𝑘𝑘���|𝜓𝜓�|���𝜓��

∑ �𝑘𝑘�� � 𝑘𝑘���|𝜓𝜓�|���𝜓��
𝜓 

 
which measures anisotropy in the flow. If the flow is isotropic, then � � �. If the flow is dominated by meridionally 
elongated structures, then 𝑎𝑎 � �, and if the flow is dominated by zonally elongated structures, then 𝑎𝑎 � �. These indices 
are shown in Fig. 1 as a function of the energy input rate of the forcing for 𝜆𝜆/𝜆𝜆� � ���. When the energy input rate is 
smaller than the critical value 𝜀𝜀� � �����, the flow is homogeneous and isotropic with the presence of the incoherent 
structures that we directly force. This is also illustrated in Fig. 2a-b showing the time averaged kinetic energy spectra 
𝐸𝐸��𝑘𝑘�𝜓 𝑘𝑘�� in wavenumber space and a snapshot of streamfunction for 𝜀𝜀 � ���𝜀𝜀�. We observe that there is significant 
energy only in the ring of wavenumbers that we directly force. For 𝜀𝜀 � 𝜀𝜀� the rapid increase of the nzmf index and 𝑎𝑎, 
indicate the emergence of anisotropy in the flow in the form of large scale waves that are  
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zonally elongated. These waves, a snapshot of which is shown in Fig. 2e, have specific scale. This is shown in Fig. 2d, 
where the energy spectra that are illustrated for ε=30ε1 peak at specific wavenumbers  (kx=1,ky=5). It can also be shown 
that these waves remain phase coherent over long times scales. When the energy input rate passes a second critical value 
ε≥ε2≈60ε1, the zmf index increases indicating the emergence of zonal jets in the flow. This is also shown by the kinetic 
energy power spectra that are plotted in Fig. 2g and peak at  kx=0 as well as in Fig. 2h showing a snapshot of the jets. 
Finally, when the input rate passes a third threshold ε≥ε3≈700ε1, the flow becomes isotropic as shown by the decrease of  
a to zero in Fig. 1. The flow is then dominated by a few strong vortices with large scales that are comparable to or larger 
than the deformation scale 1/λ, as shown by the energy spectra and the snapshot of the streamfunction plotted in Fig. 2j 
and Fig. 2k respectively. These three abrupt transitions in the turbulent flow, occur for a wide range of values for both 
the planetary vorticity gradient β and the deformation radius 1/λ. However, when β/rKf<10  or λ/Kf>1, we find that the 
flow remains isotropic for all energy input rates.

3 Identification of the triad interactions with important role in the dynamics
The energy transfers from the small-scale waves that we directly inject into the flow to the large-scale structures that 
emerge is due to the non-linear interactions of the various structures in the flow. A Fourier transform of potential vorticity 

where K=(kx,ky) is the wavevector, reveals that the non-linear interactions occur in triads. That is,

Fig. 1. nzmf (blue), zmf (red) and anisotropy index 𝑎𝑎 (green) as a function of the energy input rate calculated at statistical 
equilibrium for the non-linear (solid) and the quasi-linear (dashed) integrations.  

 
zonally elongated. These waves, a snapshot of which is shown in Fig. 2e, have specific scale. This is shown in Fig. 2d, 
where the energy spectra that are illustrated for � � ���� peak at specific wavenumbers �𝑘𝑘� � 1, 𝑘𝑘� � ��. It can also 
be shown that these waves remain phase coherent over long times scales. When the energy input rate passes a second 
critical value � � �� � ����, the zmf index increases indicating the emergence of zonal jets in the flow. This is also 
shown by the kinetic energy power spectra that are plotted in Fig. 2g and peak at 𝑘𝑘� � � as well as in Fig. 2h showing 
a snapshot of the jets. Finally, when the input rate passes a third threshold � � �� � �����, the flow becomes isotropic 
as shown by the decrease of 𝑎𝑎 to zero in Fig. 1. The flow is then dominated by a few strong vortices with large scales 
that are comparable to or larger than the deformation scale 1/𝜆𝜆, as shown by the energy spectra and the snapshot of the 
streamfunction plotted in Fig. 2j and Fig. 2k respectively. These three abrupt transitions in the turbulent flow, occur for 
a wide range of values for both the planetary vorticity gradient 𝛽𝛽 and the deformation radius 1/𝜆𝜆. However, when 
𝛽𝛽/𝛽𝛽𝛽𝛽� � 1� or 𝜆𝜆/𝛽𝛽� � 1, we find that the flow remains isotropic for all energy input rates. 

3 Identification of the triad interactions with important role in the dynamics 

The energy transfers from the small-scale waves that we directly inject into the flow to the large-scale structures that 
emerge is due to the non-linear interactions of the various structures in the flow. A Fourier transform of potential 
vorticity  

𝑞𝑞 � � 𝑞𝑞�𝐊𝐊𝑒𝑒�𝐊𝐊��
��,��

, 

 
where 𝐊𝐊 � �𝑘𝑘�, 𝑘𝑘�� is the wavevector, reveals that the non-linear interactions occur in triads. That is, 
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Fig. 2. (a), (d), (g), (j)  Long time average of kinetic energy spectra for (a) ε=0.3ε1, (d) ε=30ε1, (g) ε=1600ε1 and 
(j) ε=1.6∙106ε1. (b), (e), (h), (k) Snapshots of the streamfunction for (b) ε=0.3ε1, (e) ε=30ε1, (h) ε=1600ε1 and (k) 
ε=1.6∙106ε1. (c), (f), (i), (l)  Long time average of kinetic energy spectra obtained from quasi-linear integrations for (c) 
ε=0.3ε1, (f) ε=30ε1, (i) ε=1600ε1 and (l) ε=1.6∙106ε1.  

 
Fig. 2. (a), (d), (g), (j)  Long time average of kinetic energy spectra for (a) 𝜀𝜀 � �.�𝜀𝜀�, (d) 𝜀𝜀 � ��𝜀𝜀�, (g) 𝜀𝜀 � ����𝜀𝜀� and 
(j) 𝜀𝜀 � �.� � ���𝜀𝜀�. (b), (e), (h), (k) Snapshots of the streamfunction for (b) 𝜀𝜀 � �.�𝜀𝜀�, (e) 𝜀𝜀 � ��𝜀𝜀�, (h) 𝜀𝜀 � ����𝜀𝜀� 
and (k) 𝜀𝜀 � �.� � ���𝜀𝜀�. (c), (f), (i), (l)  Long time average of kinetic energy spectra obtained from quasi-linear 
integrations for (c) 𝜀𝜀 � �.�𝜀𝜀�, (f) 𝜀𝜀 � ��𝜀𝜀�, (i) 𝜀𝜀 � ����𝜀𝜀� and (l) 𝜀𝜀 � �.� � ���𝜀𝜀�.   

two waves with wavevectors 𝐊𝐊� and 𝐊𝐊� produce a potential voriticity tendency for the wave with wavevector 𝐊𝐊� �
𝐊𝐊� � 𝐊𝐊�. In order to distinguish whether the observed transfer is caused by the inverse turbulent energy cascade process 
of scale by scale interactions or by the direct interactions between the large-scale structures and the small-scale forced 
waves, we define a scale 𝐿𝐿� that separates the large-scale structures in the flow having 𝐿𝐿 � 𝐿𝐿� from the small-scale 
structures having 𝐿𝐿 � 𝐿𝐿�. This can be achieved either by a spatial average over the intermediate scale 𝐿𝐿� or through a 
low-pass filter in wavenumber space 

𝑞𝑞� � � 𝑞𝑞�𝐊𝐊𝑒𝑒�𝐊𝐊��

��,��,����

, 

 
where 𝐾𝐾 is the amplitude of the wavevector and 𝐾𝐾� � ���𝐿𝐿� is the wavenumber for the cut-off scale. Therefore, the 
mean (bared quantities) correspond to large-scale structures that we denote by ℓ, while deviations from the mean 𝑞𝑞𝐽 �
𝑞𝑞 � 𝑞𝑞�, correspond to small-scale structures that we denote by 𝓈𝓈 and can be defined through the high-pass filter  

𝑞𝑞� � � 𝑞𝑞�𝐊𝐊𝑒𝑒�𝐊𝐊��

��,��,����

. 

 
In order to see how the large-scale structures evolve, we substitute the separation of potential vorticity in large-scale 
and small-scale waves 𝑞𝑞 � 𝑞𝑞� � 𝑞𝑞𝐽 into (1) and take the mean to obtain: 
 

𝜕𝜕�𝑞𝑞� � �𝜕𝜕�𝜓𝜓� � �𝑞𝑞� � � 𝐽𝐽�̅𝜓𝜓�, 𝑞𝑞�������
ℓ�ℓ�ℓ

� 𝐽𝐽�̅𝜓𝜓′, 𝑞𝑞�� � 𝐽𝐽�̅𝜓𝜓�, 𝑞𝑞′� �������������
ℓ�𝓈𝓈�ℓ

� 𝐽𝐽�̅𝜓𝜓′, 𝑞𝑞′������
𝓈𝓈�𝓈𝓈�ℓ

,       ��� 

 
where 𝐽𝐽�̅𝑎𝑎, 𝑎𝑎� � 𝐽𝐽�𝑎𝑎, 𝑎𝑎���������, is the mean of the Jacobian. As a result, the large-scale structures are influenced by the self-
interaction between the large-scale structures, by the interaction between the large-scale and the small-scale structures 
and by the self-interaction between the small-scale structures. Similarly, if we subtract (2) from (1) we obtain the 
equation that governs the evolution of small-scale structures 
 

𝜕𝜕�𝑞𝑞′ � �𝜕𝜕�𝜓𝜓′� �𝑞𝑞′ � � 𝐽𝐽′�𝜓𝜓�, 𝑞𝑞�������
ℓ�ℓ�𝓈𝓈

� 𝐽𝐽′�𝜓𝜓′, 𝑞𝑞�� � 𝐽𝐽′�𝜓𝜓�, 𝑞𝑞′� �������������
ℓ�𝓈𝓈�𝓈𝓈

� 𝐽𝐽′�𝜓𝜓′, 𝑞𝑞′������
𝓈𝓈�𝓈𝓈�𝓈𝓈

� �,       ��� 

 
where 𝐽𝐽𝐽�𝑎𝑎, 𝑎𝑎� � 𝐽𝐽�𝑎𝑎, 𝑎𝑎� � 𝐽𝐽�𝑎𝑎, 𝑎𝑎���������. We observe that the small-scale structures are influenced by the self-interaction 
between the large-scale structures, by the interaction between the large-scale and the small-scale structures and by the 
self-interaction between the small-scale structures. So there are four types of triad interactions. Type I which involves 
the interaction of small-scale waves producing potential vorticity tendency for small-scale waves �𝓈𝓈, 𝓈𝓈, 𝓈𝓈�, type II which 
involves the interaction of large-scale waves producing potential vorticity tendency for large-scale waves , and 
types III  and IV  which involves the interaction of small and large-scale waves producing a tendency 
either for the large or for the small-scale potential vorticity. The local in wavenumber space interactions underlying the 
inverse energy cascade are type I, with type II interactions leading to a further cascade towards larger scales. On the 
other hand, the direct interactions between large and small scale structures are type III since these underlie the quasi-
linear interactions producing the vorticity tendency of small scales in (3) and the tendency of large scales in (2).  
 
It has been shown that in the absence of forcing and dissipation, the energy and the enstrophy of any of the four types 
of triads are individually conserved (Legras, 1980). That is, if we ignore a certain type, the energy and the enstrophy of 
all the others is conserved and vice versa. Based on this, we can perform numerical simulations in which we ignore one 
or more types of triads and compare the flow evolution to the corresponding evolution of the fully nonlinear dynamics. 
We perform such simulations that we denote as quasi-linear as they retain only the quasi-linear type III interactions. Τhe 
nzmf, the zmf and the anisotropy indices at statistical equilibrium in this case are shown as a function of the energy 
input rate in Fig. 1 (dashed lines). We observe that there is very close correspondence to the indices from the fully non-
linear dynamics showing that the three transitions are accurately captured by the quasi-linear dynamics. Similarly, the 
kinetic energy spectra plotted in the last column of Fig. 2, reveals that the scale and amplitude of the emerging structures 
agrees with the characteristics of the large-scale structures in fully non-linear integrations with the exception of the 
large-scale vortices. These results therefore show that type III interactions and thereby the direct transfer of energy to 
large scales underlies the flow evolution. This is important, since in this case the statistical state dynamics of the flow 
close at second order and the resulting deterministic system that evolves the flow statistics is amenable to the usual tools 
of dynamical systems. Using these tools Bakas and Ioannou (2014) presented a theory that accurately captures the 
characteristics of the emerging structures in barotropic turbulence. For the shallow-water model we will pursue this in 
the future.  

4 Conclusions 

In this work we studied the self-organization of turbulence in a single-layer shallow-water quasi-geostrophic model on 
a beta-plane. Turbulence was supported by a random delta-correlated, isotropic stirring of potential vorticity at small 
scales. Numerical simulations of the model showed that for a wide range of values for the planetary vorticity gradient 
and the Rossby radius of deformation, there are three regime transitions in the turbulent flow that occur abruptly as the 
energy input rate of the stirring is increased. For low values of the energy input rate, there is a homogeneous and isotropic 
turbulent state, with only the presence of the incoherent eddies that we directly excite in the flow. When the input rate 
passes a certain threshold, large-scale Rossby waves with specific scales emerge out of the background of homogeneous 
turbulence and remain phase-coherent over long times. When the energy input rate passes a second threshold, zonal jets 
emerge and dominate the flow. Finally, when the energy input rate passes a third threshold the isotropy of the flow is 
reinstated with the emergence of isotropic and robust large-scale vortices. The mechanism of energy transfer from the 
forced small scales to the large scales of the emergent structures was then investigated. The types of triad interactions 
producing a local in wavenumber space energy cascade and a direct energy transfer from small scales to large scales 
were identified. Numerical simulations retaining only the triads that transfer energy directly showed that this type of 
interactions plays the dominant role in the formation of the emergent structures. This is important, as the statistical state 
dynamics of turbulence in this case can be captured by a second-order closure and is amenable to analytic treatment. 
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It has been shown that in the absence of forcing and dissipation, the energy and the enstrophy of any of the four types 
of triads are individually conserved (Legras, 1980). That is, if we ignore a certain type, the energy and the enstrophy of 
all the others is conserved and vice versa. Based on this, we can perform numerical simulations in which we ignore one 
or more types of triads and compare the flow evolution to the corresponding evolution of the fully nonlinear dynamics. 
We perform such simulations that we denote as quasi-linear as they retain only the quasi-linear type III interactions. Τhe 
nzmf, the zmf and the anisotropy indices at statistical equilibrium in this case are shown as a function of the energy input 
rate in Fig. 1 (dashed lines). We observe that there is very close correspondence to the indices from the fully non-linear 
dynamics showing that the three transitions are accurately captured by the quasi-linear dynamics. Similarly, the kinetic 
energy spectra plotted in the last column of Fig. 2, reveals that the scale and amplitude of the emerging structures agrees 
with the characteristics of the large-scale structures in fully non-linear integrations with the exception of the large-scale 
vortices. These results therefore show that type III interactions and thereby the direct transfer of energy to large scales 
underlies the flow evolution. This is important, since in this case the statistical state dynamics of the flow close at second 
order and the resulting deterministic system that evolves the flow statistics is amenable to the usual tools of dynamical 
systems. Using these tools Bakas and Ioannou (2014) presented a theory that accurately captures the characteristics of 
the emerging structures in barotropic turbulence. For the shallow-water model we will pursue this in the future. 

4 Conclusions
In this work we studied the self-organization of turbulence in a single-layer shallow-water quasi-geostrophic model on 
a beta-plane. Turbulence was supported by a random delta-correlated, isotropic stirring of potential vorticity at small 
scales. Numerical simulations of the model showed that for a wide range of values for the planetary vorticity gradient 
and the Rossby radius of deformation, there are three regime transitions in the turbulent flow that occur abruptly as the 
energy input rate of the stirring is increased. For low values of the energy input rate, there is a homogeneous and isotrop-
ic turbulent state, with only the presence of the incoherent eddies that we directly excite in the flow. When the input rate 
passes a certain threshold, large-scale Rossby waves with specific scales emerge out of the background of homogeneous 
turbulence and remain phase-coherent over long times. When the energy input rate passes a second threshold, zonal jets 
emerge and dominate the flow. Finally, when the energy input rate passes a third threshold the isotropy of the flow is 
reinstated with the emergence of isotropic and robust large-scale vortices. The mechanism of energy transfer from the 
forced small scales to the large scales of the emergent structures was then investigated. The types of triad interactions 
producing a local in wavenumber space energy cascade and a direct energy transfer from small scales to large scales 
were identified. Numerical simulations retaining only the triads that transfer energy directly showed that this type of 
interactions plays the dominant role in the formation of the emergent structures. This is important, as the statistical state 
dynamics of turbulence in this case can be captured by a second-order closure and is amenable to analytic treatment.
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Abstract: Precipitation is a challenging weather forecast parameter to verify against observations as it is highly vari-
able in space and time exhibiting sharp gradients in its value range. Many different score types and methodologies are 
used for precipitation verification. The ECMWF developed and applies SEEPS (Stable Equitable Error in Probability 
Space) as a headline verification score to monitor the accuracy of its operational forecasts. SEEPS differentiates the 
precipitation forecast performance into precipitation intensity categories (dry, light, heavy) based on the climatological 
cumulative distribution and in this way it takes into account the local characteristics of weather regimes in the areas 
that is applied. Similarly, the Symmetric Extremal Dependence Index (SEDI) is based on contingency tables and can 
be adjusted to the climatological distribution of precipitation at each location using geographically variable thresholds 
focused on extreme events, thus enabling the assessment of locally important aspects of the forecast while providing 
a reliable performance metric. In this study, the combination of these scores is suggested as a measure of the perfor-
mance of a forecast system and its ability to predict relatively extreme rainfall events. SEDI and SEEPS indices are 
applied to a year-long dataset of 6-hour accumulated precipitation forecasts derived from high resolution NWP systems 
(COSMO4km-1km) over Greece. Both scores are aggregated over climatologically diverse regions and area means are 
obtained. 

1 Introduction
Precipitation is a parameter highly variable in space and time and exhibits sharp gradients. These characteristics make 
the evaluation of precipitation forecasts a challenging task which is linked to the observation plurality and spatial in-
consistency. On the other hand, there is a large number of possibilities with respect to the choice of score, verification 
method, spatio temporal aggregation which imply different approaches. Most of the verification scores are categorial 
and based on contingency tables by specifying appropriate thresholds. 
Moreover, combining data from a larger number of stations during the evaluation process of NWP forecasts can produce 
false skill if climatologically diverse regions are combined. In particular, when interest is driven by the presence and 
implications of heavy precipitation events, one must aggregate regions of similar climatology that will be reflected in 
the precipitation thresholds that constitute an ‘extreme’ event in the specific area. Consequently, it is important for HIW 
events to analyse the relative strengths and weaknesses of commonly used statistical measures but also to highlight 
the importance of threshold choice especially during the aggregation of results of stations with different climatological 
characteristics. 
This study is focused on the application of two forecast verification skill scores that are related to the geographical and 
seasonal variations and are already presented in Boucouvala et al. (2016). Short description of the methodology is also 
given in this paper. The first score is the Stable Equitable Error in the Probability Space (SEEPS) (Rodwell, 2010), 
which uses the categories ‘‘dry’’, ‘‘light precipitation,’’ and ‘‘heavy precipitation’’ based on the climatological cumula-
tive distribution. The second one is the Symmetric External Dependency Index (SEDI) categorical score which is suit-
able for extreme events as it is equitable, symmetric and does not degenerate for rare events (unlike most categorical 
scores). It needs however to be adjusted on the climatological characteristics of a specific region by using appropriate 
thresholds.  The combination of these two scores can contribute to the monitoring of model performance and the assis-
tance in the decision making for rare events forecast. 
In this study, SEEPS and SEDI scores already applied in the past to assess the predictability of coarser resolution models 
for the 24 hourly precipitation, are now adjusted (climatologically) and applied for 6h precipitation that is more related 
to high impact events and are used to evaluate the performance of higher resolution model (COSMO-GR4) and its finer 
(COSMO-GR1) for all seasons on an annual basis. The objective of this paper through these two metrics is to determine 
what perspectives these scores provide when climatology is taken into consideration, and focus on forecast assessment 
of heavy precipitation in order to underline model’s ability to reliably capture challenging weather events.  
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2 Data and Methodology
Statistical Indices: SEEPS is designed to be as insensitive as possible to sampling uncertainty and equitability and 
adapts to the climate of the region in question. It is based on climatological probabilities of “light” and “heavy” precipi-
tation calculated over a 30-year observations database (1980- 2009) for each station. The station climatology database 
was provided by ECMWF while the code calculating SEEPS was developed at Hellenic National Meteorological Ser-
vice (HNMS) and adapted for this study for 6h accumulated precipitation. 
The score involves three categories: ‘dry’, ‘light precipitation’ and ‘heavy precipitation’. The boundary between the 
light and heavy categories depends on the relevant climatology for the station at which the score is being calculated.  The 
overall scoring matrix for SEEPS is a function of   p1 (the observed climatological probability of dry weather) and p2 and 
p3 (the observed climatological probabilities of ‘light’ and ‘heavy’ precipitation, respectively) at the given observation 
station (with p1+p2+p3=1). Rodwell et al. (2010) assumed p3=p2/2, so the final scoring matrix is the following:

Threshold between ‘dry’ and ‘light’ category is assumed constant at 0.2mm/6h for all time periods and all stations taking 
into account World Meteorological Organization (WMO) guidelines (Rodwell et al., 2010).  Thresholds between ‘light’ 
and ‘heavy’ category are extracted from the database for every station and every month.  Therefore, for every month of 
our dataset, a 3x3 contingency table with the sum of the daily combination of modeled/observed occurrences of each of 
the 3 categories (‘dry’, ‘light’, ‘heavy’) was computed for each station. The resulting SEEPS index matrix was calcu-
lated as the scalar product of the SEEPS weights matrix and the contingency table of total available model/observation 
pairs for each station averaged over the number of the days of the month. The SEEPS index matrix elements represent 
the HD (modeled Heavy-observed Dry), LD (modeled Light, observed Dry), LH (modeled Light, observed Heavy), DH 
(modeled Dry, observed Heavy). 
In this study, a weighting distance factor (Rodwell et al., 2010) was also applied in order to avoid over-emphasis of 
regions with high density. The sum of these components is the total SEEPS value for each month. For our study, the 
monthly values were also averaged for each season of the whole analyzed period. A perfect forecast has a SEEPS score 
of 0.  
SEDI Symmetric Extremal Dependence Index (Ferro, 2011) is a verification index suitable for low-base (rare) events. It 
is a function of hit rate (H), and false alarm (F), is complement symmetric, and has a fixed range [-1,1]. It is maximized 
when H ->1 and F ->0 and minimized when H=0 and F=1. All contingency tables must be non-zero. It is asymptotically 
equitable, and values >0 imply a forecast that is better than random.

Observational and Forecast data: The monthly climatological values of the stations used in this analysis are presented 
in Fig.3 and were extracted from the climatological map of Greece (www.climatlas.gr). The complex topography of 
Greece, which is dominated by both sea and orography, creates variability in both precipitation amounts and frequency, 
as factors such as elevation, synoptic conditions as well as the region’s exposure to wind lead to small scale climatologi-
cal patterns (Gofa et al., 2019). A dataset of 6h accumulated precipitation values for 12 months (June 18 to May 2019) 
were used for 19 stations from various locations (continental, coastal, mountainous) (Fig.1).
With respect to forecast precipitation data, NWP data from operational at HNMS COSMO models were evaluated. Two 
one-way nested domains were utilized, the coarse domain (4km resolution) covered a wider Mediterranean area, while 
the inner domain (1km resolution) was set up over the wider geographical domain of Greece. ECMWF operational 
analysis is used as initial and lateral boundary conditions of the coarse domain. 
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Fig. 1. Map of stations that were used for the analysis (left), monthly accumulated precipitation for all used stations 
(right).

3 Results
The daily distribution of 6-hourly analysis of precipitation differs for each season as shown for the months of Febru-
ary and June (representative months for DJF and JJA season) (Fig. 2). In JJA the precipitation in the afternoon is more 
intense as it is has mainly convective nature, while it is relatively equally distributed in the day in winter period. In 
addition (not shown), the months with the highest precipitation events were June and January, while the season with no 
precipitation extremes was MAM for the examined year. 

Because of its linearity, the SEEPS score can be broken down into the individual contributions from the six off-diagonal 
elements of the 3×3 contingency table. This provides some insight into the source of error and also facilitates a compari-
son of the strengths and weaknesses in model intercomparison. In this study, the emphasis is given on ‘Heavy’ observed 
which is related to extreme precipitation events. On a seasonal basis (Fig.3), it is shown that for JJA, the largest SEEPS 
error contribution comes from predicting the ‘dry’ category, when ‘heavy’ was observed (HD component - orange in 
Figure 3). Therefore, summertime heavy precipitation events are significantly underestimated from the model. The study 
of the 6-hourly precipitation allows to identify that the maximum error is in the 12-18h interval, when convection mainly 
occurs in this season. During DJF however, the contribution of HL (‘Heavy’ observed ‘Light’ predicted) is the dominant 
component (purple), so the intense precipitation events are also underestimated but less than in JJA period. In addition, 
during winter, the daily 6h error distribution  exhibits only slightly higher values at night and early morning, a sign of 
possible underestimation of events at this period of the day.  SEEPS values for MAM are the lowest, possibly due to the 
lack of heavy precipitation events. The differences between COSMO-GR4 and COSMO-GR1 are not so significant on 
a seasonal basis; therefore COSMO-GR1 results are not shown in this paper.

Fig. 2. Daily mean 6-h precipitation values for all stations for February (left) and June (right) (hours in UTC).
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Fig. 3. Seasonal SEEPS decomposition on a 6h basis (COSMO-GR4). Colors denote index different components. 

Monthly graphs for 12-18UTC and 18-24UTC 6h precipitation are also calculated for the SEEPS attributes HD and 
HL for the whole period (Fig.4). HD (Heavy observed, Dry modeled) is higher in JJA months and drops afterwards. 
Small secondary maxima are also exhibited in January and April.  COSMO-GR1 HD error is slightly higher than that of 
COSMO-GR4 in JJA.  One possible reason is that higher resolution models locate convective precipitation in smaller 
scale and point verification approach that is used in this methodology, favors the double penalty effect for small spatial 
misses. The component HL (Heavy observed, Light modeled) is also higher in JJA but only for the 12-18h interval. 
For this component, COSMO-GR4 values are slightly higher than those of COSMO-GR1, possibly due to the lower 
predicted values than observed as a result of the smoothing related to the lower grid resolution.  A secondary significant 
maximum is shown in January (a month with intense precipitation) implying that in winter, especially during night pe-
riods (18-24h), the heavy rain events are underestimated.

Fig. 4. HD and HL components of SEEPS on a monthly basis (COSMO-GR4, COSMO-GR) for 12-18h (upper) and 
18-24h (lower)
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Fig. 5.  Seasonal SEDI index for each season for COSMO-GR4 for 06-12UTC (left) and 18-24UTC (right) intervals.

SEDI score was also calculated for thresholds based on percentiles-values with low probability to occur (extreme). For 
example, the 90% percentile value means that according to climatology there is 5% chance that precipitation higher than 
this occurs. This threshold-based approach is more suitable when stations of different climatology are taken into account 
for the extraction of average scores. The monthly percentile values for each station were extracted from the 30-year 
database that was mentioned eralier.  SEDI values for 6-12UTC and 18-24UTC intervals are plotted for each season 
for COSMO-GR4 (Fig. 5).  SEDI score values (best is 1), generally reduce with increasing percentile values especially 
for 18-24UTC precipitation.  Worse SEDI values during daytime are worse in JJA season, while score is improving in 
MAM. This result is consistent with the analysis when SEEPS index was considered for the same season. Moreover, 
SEDI  score values for DJF  nighttime period, are worse than daytime and this also confirms what was previously found 
for SEEPS score.

4 Conclusions
In this study, effort was given to include in the evaluation process of NWP precipitation forecasts, the aspect of climatol-
ogy by making diverse regions comparable using variable thresholds to define high precipitation events depending on 
the area climatology. SEEPS and SEDI scores were adjusted and applied on 6h precipitation intervals, as the focus was 
on the model’s ability to capture in a timely manner intense precipitation events. SEEPS is based on a 3×3 contingency 
table and measures the ability of a forecast to discriminate between ‘dry’, ‘light precipitation’, and ‘heavy precipitation’, 
while SEDI is a verification index suitable for low-base (rare) events.
The analysis of one-year period allowed to identify the source of forecast errors for two high resolution models (COS-
MO-GR4 and COSMO-GR1) on a seasonal and monthly basis. The methodology that was developed, reveals the relative 
contribution and source of error of each model. Furthermore, it permits a more fair evaluation of forecast performance 
during intense precipitation events, when a model domain of variable climatology is considered.  Climatologically‐de-
rived and site‐specific percentile thresholds, combined with large time‐windows, give large enough sample to make 
SEDI and SEEPS robust and informative, both suggesting that the higher resolution model is more capable (in most 
cases) to represent high intensity precipitation events.  
As a final remark, it should be mentioned that the evaluation of precipitation forecasts is a complex procedure that re-
quires application in various time and space intervals, use of point and spatial verification methodologies as well as a 
fairly large number of statistical indices to obtain insight into NWP performance. Currently, the evaluation of the opera-
tional COSMO model at HNMS has been enriched with SEEPS and SEDI metrics, providing additional tools to study 
and reveal model assets.
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Abstract: There is a great interest regarding the effects of natural aerosols on microphysical processes in clouds due to 
their importance in their development and evolution. The quantification of their impact in the atmospheric processes is 
a key factor to better understand the climate and their feedbacks on climate change. The induced uncertainty affects the 
storm impact in a variety of ways like the hydrometeor species, the storm intensity or the temporal and spatial extent of 
the affected areas. Despite the scientific interest, the better understanding of these processes highly affects applications 
in early warning systems, water management, food security and agriculture.For the needs of the study, the state of the art 
atmospheric modeling system RAMS-ICLAMS was used to investigate the effects of desert dust concentrations on mi-
crophysical processes in clouds. The model is used to simulate storm events in very high resolutions in order to resolve 
cloud processes explicitly. The model performance was evaluated showing satisfactory results. Additionally, sensitiv-
ity tests were carried out in order to quantify the direct, indirect and semi-direct impact of CCN and IN concentrations 
showing interesting effects on the cloud microphysical processes, as well as on hydrometeors. 

1 Introduction
Many suspended particles in the atmosphere act as Cloud Condensation Nuclei (CCN) and Ice Nuclei (IN) and, as a 
result, affect hydrometeor characteristics and modify precipitation production inside clouds. These particles can also 
perturb the radiation balance in clouds and the atmosphere in general, by interacting with solar and thermal radiation 
(Rosenfeld 1999, Solomos et al. 2011).
Studies indicate an increase of overall precipitation in special environments with higher CCN load and/or higher precipi-
tation rates in later stages of storms (Van den Heever et al. 2006, Yang et al. 2011). These works suggest that higher CCN 
concentrations give rise to higher super-cooled water and ice particle concentration inside clouds and stronger storm 
updrafts. Furthermore, precipitation production is suppressed in the early stages of storms, but higher rates are expected 
up to 3-6 hours later. It is however outlined that in highly polluted clouds, precipitation production is greatly reduced 
(Rosenfeld et al. 1999). Depending on the aerosol type and the amount of pollution, clouds can live longer or dissolve 
due to extensive absorption of solar radiation and heating of the cloud layer.
Mineral (desert) dust particles are involved in complex microphysical processes by altering hydrometeor, cloud and 
precipitation characteristics. Desert dust may become an efficient CCN after interacting with salt and nitrate particles, 
thus forming a water-soluble coating (Rosenfeld et al. 2000, Kallos et al. 2007). Due to its chrystalic structure, dust is 
very capable IN (De Mott et al. 2003, Levin and Cotton 2009). Furthermore, dust absorbs and scatters electromagnetic 
radiation in a wide frequency range (Levin and Cotton, 2009).

2 Data and Methodology
In this work, the Integrated Community Limited Area Modeling System (ICLAMS) was used, that specializes on dust 
microphysical interactions in the atmosphere (Solomos et al. 2011) and is a special version the Regional Atmospheric 
Modeling System (RAMS) developed by the Atmospheric Modeling & Weather Forecasting Group of University of 
Athens. RAMS-ICLAMS also includes the complex mechanisms of production, transport and removal of desert dust 
and seasalt in the atmosphere. Dust particle distribution is described by an 8-bin class system, according to their size. 
The greater area of Central Macedonia, Greece, was selected for a specific event of intense storms that took place on 3 
June 2018, under the presence of dust transport. An extensive set of sensitivity tests was conducted, in order to examine 
the response of each hydrometeor type and the produced precipitation. For all case studies, the hydrometeors under 
examination are: i) small cloud droplets (<20μm), ii) large cloud droplets, iii) rain droplets, iv) pristine ice crystals, v) 
snow crystals, vi) ice aggregates, vii) graupel particles and viii) hail particles. For each case, a 15min average and 12h of 
every hydrometeor in a defined subregion of the model grid, in the area of interest. Furthermore, the differences in total 
precipitation will be discussed, as well as differences in spatial and temporal distribution.
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2.1 Data
The model runs were initialized with 0.25°×0.25° , 6h (00-06-12-18 UTC) reanalysis data from NCEP (National Cent-
ers for Environmental Prediction), ranging from 25/05/2018 00:00 UTC to 04/06/2018 00:00 UTC. SST data with 
0.5°×0.5° resolution, were used from NOAA Environmental Modeling Center.

2.2 Methodology
A case study is performed in order to study the impact of a) the background CCN amount in the atmosphere and b) dust 
paricles as prognostic aerosol, by examing separately and simultaneously their contribution in the formation of CCN, 
as well as their interaction with radiation. As a first step, four scenarios were conducted, with values 200cm-3,400cm-3, 
800cm-3 and 1600cm-3, named CN1, CN2, CN3 and CN4, respectively. These quantities remain constant in the horizon-
tal plane but are decreased vertically. Dust particles are not partitioned as CCN in these runs. A second sensitivity test is 
performed for the same time range, considering the effects of dust (now prognostic aerosol) and a low CCN background 
(200cm-3). There are 4 scenarios: a) ingoring dust microphysical and radiation interactions (control run) [CCNoffRA-
Doff] or (DS1), b) including only microphysical nucleation processes [CCNonRADoff] or (DS2), c) including only 
interactions with radiation [CCNoffRADon] or (DS3), including both microphyscis and radiation [CCNonRADon] or 
(DS4). 

3 Results

3.1 Impact of background CCN on hydrometeors and precipitation
As shown in Table 1, the increase of CCN concentrations in the atmosphere leads to the increase of small cloud droplet 
(<20μm) mixing ratio and number density, while the average diameter decreases. The size distribution of these particles 
becomes narrower, because the water vapor supply from the environment is limited.
Rain particle characteristics are also affected by CCN concentrations. As the latter decrease, a sharp decline in rain mix-
ing ratio and number density is expected, while the mean diameter tends to increase. As a result, rainfall is suppressed 
in heavily loaded clouds. Pristine ice particles grow significantly in mixing ratio and number density, as the atmosphere 
is loaded with more CCN, because there are more cloud droplets available to freeze. Ice aggregates grow easier when 
CCN load is increased, up to a point. Higher concentrations result in lower production of aggregates. Hail particle mix-
ing ratio is expected in moderate CCN concentrations, with a significant decrease as CCN increase more. Due to the 
steadily increasing demand for super-cooled cloud droplets and smaller ice particles, hail size grows in highly loaded 
environments.

Table 1. 12h (10-22 UTC) average values of all hydrometeors, in a fixed subregion of the domain. A threshold of  
0.0001g kg-1 was considered.
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The cases CN2 and CN3 are characheristed by intense spatial deviations of total rainfall, with positive peaks surpassing 
the negative peaks. In CN4, differences are dampened (Fig. 1).

Fig. 1. 10-22UTC accumulated precipitation over the area of interest, inside of the red box, for CN1 (a), deviations from 
CN1 for CN2 (b), CN3 (c) and CN4 (d)

In CN2 scenario, total rainfall is increased by 6%, with respect to CN1, but the highest rain rate is estimated at 16:30 
UTC, for CN3 (Fig. 2). In CN3, the highest hailfall (+1100% with respect to CN1) and hailfall rate are also estimated. 

Fig. 2. Total rain mass (30 min) summed in area of interest, for every case CN1-4 (a). Total (12h) rain mass summed 
in area of interest, for every case CN1-4 (b). Total hail mass (30 min) (c). Total (12h) hail mass (d). CN1 (blue), CN2 
(red), CN3 (green), CN4 (yellow).
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3.2 Impact of dust microphysical and radiative properties on hydrometeors and precipitation
As seen in Table 2, the mixing ratio of cloud droplets is reduced and the number density is increased due to the micro-
physical processes of dust (DS2,DS4), while radiation plays a lesser role. Large cloud droplets are also greately reduced. 
Rain droplets show a significant increase in average diameter, followed by a decrease in number density, in all three 
scenarios, with respect to the control (DS1).  
Pristine ice crystals are greatly increased in number density. The relative change is 8.85% (DS2), 5.63% (DS3) and 
25.94% (DS4). Thus, microphysical and radiation properties enhance ice production, probably due to radiative cooling. 
The average diameter changes significantly. The other hydrometeors show insignificant change, excluding the increased 
hail mixing ratio in DS4.

Table 2. 12h (10-22 UTC) average values of all hydrometeors, in a fixed subregion of the domain. A threshold of  
0.0001g kg-1 was considered.

In DS4 scenario, total rainfall is increased by 2%, with respect to CN1 (maximium change), and decreased by 12% in 
DS3 (Fig. 3), due to extensive freezing of water vapor. The highest hailfall (and rate) is observed in CN2 (+110% with re-
spect to CN1) and hailfall rate. The time series of 30 min summed rainfall is in agreement between DS2 and DS4 (Fig. 3).
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Fig. 3. Total rain mass (30 min) summed in area of interest, for every case DS1-4 (a). Total (12h) rain mass summed in 
area of interest, for every case DS1-4 (b). Total hail mass (30 min) (c). Total (12h) hail mass (d). DS1 (blue), DS2 (red), 
DS3 (green), DS4 (yellow).

4 Conclusions
As it was found, the dust particles have a significant impact on the cloud microphysical processes, as well as on the 
precipitation characteristics. High amount of dust tends to suppress precipitation while smaller amounts can enhance. 
Dust is a good IN agent and helps in nucleation of supercooled water and therefore enhancing precipitation. When pre-
sent, the evolution of liqiud hydrometeors is mainly shaped by the microphysical processes. However, ice particles are 
significantly affected by radiative interactions, as high amount of dust in cloud decks help in ratiative heating and cloud 
dilution.
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Abstract: Supercell thunderstorms represent the most organized, severe and longest-lived form of isolated convective 
storms with a persistent mesocyclone. On the evening of 10 July 2019, an extremely violent supercell storm hit central 
Macedonia and particularly the coasts of Chalkidiki. At least seven people were killed, more than hundred others injured 
and significant damages to agriculture and properties were reported. The storm had a 6-hour lifetime, moved rapidly 
towards east-south-east and covered a distance of more than 500 km. It presented a maximum reflectivity of 71 dBZ and 
cloud tops of 17 km. Damaging winds of over 100 km/h were recorded and a hail swath was observed along supercell 
track. The objective of this study is to investigate the environmental conditions which affected the occurrence and sever-
ity of the storm and mainly to provide a radar documentation of this extreme event. By using the Filyro C-band radar 
data, the generation, evolution and structure characteristics of this severe supercell are analyzed, studied and presented. 
Furthermore, the variation with time of several radar parameters computed by TITAN-software, are presented and the 
reflectivity images are analyzed in order to identify the morphology of radar echoes during the lifecycle of the supercell 
storm.

1 Introduction
On July 10, 2019 a rare severe supercell thunderstorm affected Northern Greece and produced a wide swath of severe 
weather along its entire path, highlighted by damaging winds of over 100 km/h, large hail and heavy rainfall. During 
the event, in Chalkidiki peninsula seven people were killed and more than hundred injured. Streets were dotted with up-
rooted trees and overturned vehicles, a lot of tall pine trees were snapped in two, roofs collapsed and mudslides covered 
the waterfront resorts. Widespread power cut was caused in many areas and fire service received hundreds calls for help. 
Convective storms develop under different environmental conditions and evolve in a wide variety of ways. The com-
plexity of their behavior affected by the pre-storm conditions, the mesoscale and synoptic scale influences in the en-
vironment the storm grows, as well as the interactions among cells. Supercell thunderstorms, as originally defined by 
Browning (1962) represent the most organized and severe category of all types of convective storms. Supercells are 
characterized by a deep persistent rotating updraft (mesocyclone), long lifetime, motion that deviates from the mean 
winds and distinct radar signatures. Supercells that periodically produce a series of mesocyclones that undergo similar 
lifecycles (cyclic mesocyclones) are known as cyclic supercells. Several studies that investigate supercells formation, 
evolution and structure have been published (Marwitz 1972, Weisman and Klemp 1984, Schmid et al. 1997, Markowski 
2001, Bunkers et al. 2006). 
Supercells can exist anywhere in the world under appropriate pre-existing weather conditions and usually form where 
air mass boundaries intersect. Supercells sometimes occur in Northern and Central Greece (Christodoulou and Karacos-
tas 2010, Christodoulou and Sioutas 2014, Sioutas and Chatzi 2014, Christodoulou and Sioutas 2017) and are extremely 
damaging to agriculture, property and infrastructure. 
A particular mode of organized convective system that had bow shaped radar signature referred as bow echo (Fujita 
1978) and associated with severe damaging winds (downbursts). Klimowski et al. (2004) proposed four general types of 
bow echoes, the classic bow echo, the bow echo complex, the cell bow echo and the squall line bow echo. According to 
this classification, the term Bow Echo Complex (BEC) describes those mesoscale convective systems (MCSs) in which 
the bow echo is the primary, but not the only, organized convective structure; supercell thunderstorms are frequently a 
component of a BEC. Furthermore, they found that there are three primary initial modes preceding bow echo develop-
ment, the weakly organized cells, the squall lines and the supercells. Johns (1993) studied the meteorological conditions 
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associated with the development and maintenance of bow echo, while Weisman (2001) noted that bow echoes com-
monly form in the vicinity of significant surface boundaries and other mesoscale features that could significantly affect 
system evolution and severe weather production. 
In this case study, a long-lived catastrophic supercell storm is presented. The definition criterion of supercells (SCs) that 
was used, was this of Christodoulou and Sioutas (2014), which was based on radar reflectivity and specific signatures of 
echo morphology. The severe cyclic supercell was embedded in a Bow Echo Complex as part of a Mesoscale Convec-
tive System and during its lifecycle presented different evolution features. As the radar echo signatures indicated, the 
convective activity evolved from one structure to another, producing continuously severe weather phenomena. 

2 Data and Methodology 
In the present paper, by using the radar data monitored by two conventional C-band weather radars, the generation, evo-
lution and structure characteristics of the supercell storm on July 10, 2019 were analyzed. The study area is located in 
Northern Greece and it is represented by the area covered by the radars located at Filyro and Liopraso sites. These radars 
operate within the framework of the Greek National Hail Suppression Program (GNHSP) conducted by the Hellenic 
Agricultural Insurance Organization (ELGA). Each radar covers a range of 230 km, performing a complete volume scan 
approximately every 3.5 min at 12 different elevation angles. Radar thunderstorm data are recorded with the use of the 
radar recording system TITAN-software (Dixon and Wiener 1993). 
The identification of echoes was performed using radar reflectivity data, specifically reflectivity images, which are 
analyzed in order to explain the morphology of distinct radar signatures during the lifecycle of the supercell storm. Fur-
thermore, various radar storm parameters are used, such as: maximum reflectivity (Zmax), echo maximum top height 
(ET), height of 45 dBZ echo (H_45dBZ), FORK storm category index, vertically integrated liquid (VIL), VIL density 
(VILD), hail mass aloft (HMA) and vertically integrated hail mass (VIHM). Also, observations from surface and upper 
levels, including meteorological charts and soundings, as well as satellite images are examined.

3 Mesoscale and synoptic scale conditions 
At the synoptic scale, on July 10, 2019 00:00 UTC, Eastern Europe was dominated by a deep low and a long wave up-
per trough with a northeast-southwest orientation. In this cyclonic circulation, a short wave trough developed over Italy 
and gradually moved eastwards (Fig. 1a). At 18:00 it was over Ionian Sea and at 00:00 on July 11, 2019 was situated 
over Greece. An associated baroclinic zone at all levels above 850 hPa, with an impressive wind shear encountered, and 
significant amounts of relative humidity, characterized the area of interest.
At mid levels, a heat wave was affecting southern part of Europe with warm air masses of 200C over Greece. In opposi-
tion, cold air masses were well established to the north, due to a cold front that was well defined on the 850 hPa chart 
with closely spaced isotherms (Fig. 1b). As indicated on surface chart (Fig. 1c), the cold front that was over Balkan 
region shifted southwards and swept Northern Greece, producing significant dropping in temperature (cold thermal ad-
vection) and acting as a triggering mechanism for deep convection. 

Fig. 1. Synoptic analysis charts of Europe on 10 July 2019 for (a) 500 hPa: Geop. Height (color shading gpdm), Pressure 
(hPa), (b) 850 hPa: Geop. Height (gpdm), Temperature (color shading oC) and (c) SFC: Pressure (hPa). 
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Source: www.wetterzentrale.de and http://www1.wetter3.de/

At high levels of the atmosphere, the subtropical jet stream was located between these two air masses, and divided colder 
air to the north from warmer air to the south. At 18:00, Greece was at the left exit of the strong jet streak, with winds 
speeds over 80 knots, which caused strong wind shear. As the jet streak moved further to the south, the associated trough 
became more amplified. 
The Thessaloniki sounding at 10/07/2019 00:00 UTC revealed good conditions for development of severe weather. The 
air mass was humid and unstable, showed a CAPE of 1291 J Kg-1 with forecast to increase to 1666 J Kg-1. Such moderate 
CAPE values supported strong updrafts in forming convective storms. The vertical profile of the atmosphere indicated 
that wind speed had been increasing continuously with height, given a moderate low level wind shear (0-3 km) of 30 
kts, showed that bow echoes and cold pool were likely. The deep level shear (0-6 km) of 47 kts, the BRN shear that was 
71 m-2s-2, as well as the SRH (0-3 km) that was 149 m-2s-2 showed potential for significant supercells. The great values 
of the Supercell Composite Parameter (SCP=2.6) gave the same indications, while the Energy Helicity Index (EHI=2) 
indicated that tornadoes were possible. Additionally, the curved hodograph at 11/07/2019 00:00 UTC, few hours after 
the peak of the thunderstorms activity, proved the presence of a low-level wind maximum (jet) and an increased poten-
tial for supercells.
The supercell storm had grown in an environment characterized by strong vertical wind shear. Furthermore, the wind 
shear and the associated vertical distribution provides an important factor in squall line and bow echoes development 
and maintenance, which are known for the strong winds they can produce. Overall, the environmental conditions were 
conductive for the occurrence of deep convection as all the critical factors were available during the passage of the short 
wave trough. 

4 Radar observations of supercell storm evolution
On 10 July 2019, convective storms that originated over Italy, crossed the Adriatic Sea and gradually affected Albania 
and Greece. At 15:30 UTC, based on Liopraso weather radar data, storms started to develop in western Albania. The 
thunderstorm activity initially observed as a group of thunderstorm cells. At 16:00 the storm cells started to merge and 
evolved relatively quickly into a bowing line of storms with the northern storm of the line being the most intense. At 
16:40 this storm approached Greece border having a quick motion towards east-southeast.  
At about 16:54 according to Filyro weather radar data, the intense storm gave the first indications of supercellural struc-
ture. It was embedded in a bow echo that had a length of about 90-100 km. A bow echo itself is not a type of storm, but is 
a radar signature that signals that a storm hazard is likely to occur and an indicator of severe winds. This supercell storm 
showed very strong characteristics with maximum reflectivity of 68 dBZ and echo top of 13 km. The existence of the 
supercell storm in the bow echo defined this as a Bow Echo Complex (BEC). Klimowski et al. (2004) found that in the 
most common scenario BECs evolve from initially noninteracting cells, or groups of weakly organized thunderstorms. 
Also, BECs that formed from squall lines or linearly oriented storms sharing a common gust front or leading edge of 
evaporating cooled air, exhibited the longest average life span (life with echo curvature). In this case, it seems that the 
group of cells organized behind a gust front, formed a convection line before to evolve into a bow echo, moving along 
the preexisting cold front.
At 17:15, when the Bow Echo Complex was east of Florina, the characteristic “inflow notch” was well observed in the 
embedded supercell (Fig. 2a). About this time the BEC presented a more linearly radar structure and very soon, at 17:19, 
a line with two bow echoes detected on radar screen indicated that a short Line Echo Wave Pattern (LEWP) was possible 
to form. A LEWP is weather radar information in which a single line of thunderstorms present multiple bow echoes, so 
it is an extension of the concept of the bow echo, which usually indicates a powerful convective windstorm. 
From 17:26, the updraft intensified and the “Rear-Flank Downdraft” intensified too, thus a “hook echo”, which is a 
downward extension of the rear side of an elevated reflectivity region called the echo overhang, was presented on radar 
images and a discrete Weak Echo Region (WER) or “vault” (donut hole), that is the region beneath the echo overhang, 
indicative of the mesocyclone was well developed. 
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Fig. 2. Radar images on 10 July 2019 at different times (UTC) and levels during the supercell lifecycle. 

At 17:33, the supercell storm, with a well-formed “hook echo”, was west of Edessa and indicated 66 dBZ with tops up to 
13 km (Fig. 2b). As the highly reflective updraft core developed, the weak echo region that was detected from the verti-
cal reflectivity pattern was impressive. The BEC had a speed of 70 km/h and an east-south-east motion accompanied by 
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hail and damaging winds. As usually, the north side of a bow echo becomes dominant over time and gradually evolves 
into a comma-shaped storm complex. At 17:44, the bow echo presented the characteristic morphology of “comma echo” 
- stage D, according to Fujita (1978), and the strongest winds (downbursts) occurred at the apex of the bow, while in the 
rear side the recognizable feature of the Rear Inflow Notch (RIN), a channel of weak reflectivities located well behind 
the core of the bow, was obvious (Fig. 2c). A RIN is a useful feature for forecasters, especially when the radar is not 
Doppler and it can signify the location of a strong Rear Inflow Jet (RIJ). As the gust front strengthens, the RIJ develops 
in the middle altitudes. 
From 17:51, a new strong updraft intensified in the southern edge of the complex and the supercell, west of Veria, re-
developed (second cycle). Gradually, the BEC that was in decline at stage D “comma echo” evolved more clearly into 
LEWP as indicated at 18:01 (Fig. 2d). In fact, a LEWP is a form of a squall line and part of a Mesoscale Convective 
System (MCS). Although MCSs usually develop into a linear mode with a trailing stratiform region, parallel stratiform 
region MCSs or leading stratiform region MCSs also commonly occur, as outlined by Parker and Johnson (2000). In this 
case, it was deemed that radar images indicated a short LEWP as part of a parallel stratiform (PS) MCS. 
The line of storms moved rapidly towards ESE, passed through Pellas and Imathias prefectures. During its track, intense 
hail was reported on the ground and a hail swath about 33 km long and 17 km wide was observed, based on the data 
from ELGA hailpad network, which is installed in Area 1 (A1) of Central Macedonia (Fig. 3). At about 18:00, at Gal-
atades meteorological station in western A1, gust winds of almost 60 km/h, heavy precipitation and significant dropping 
in temperature were observed (Fig. 4), while the Meliki meteorological station in southern A1, just ahead of the line, 
reported gust winds of 72 km/h.
In less than half an hour the supercell became very intense indicating a highly reflective (> 64 dBZ) updraft core with 
maximum reflectivities at very high levels (up to 10 km from the MSL level) and cloud tops at 15 km (Fig. 2e), pro-
ducing large hail on the size of walnut (2.0 – 3.2 cm) in a separate area of Pieria prefecture, southeast of the previous 
hail swath (Fig. 3). The supercell was still embedded in the LEWP, covering an area with dimensions 45x80 km. This 
feature was part of the MCS that affected a larger area over Northern Greece covering a spatial extent 200x250 km (Fig. 
2f). The satellite infrared imagery for 18:00 UTC (Fig. 5) takes on the characteristic signature of the major Mesoscale 
Convective System. 

 Fig.3. Hail swath in Area 1 of GNHSP.         Fig. 4. Meteorological parameters at Galatades station. 

At about 18:23, the Rear Inflow Notch (RIN) intensified more and the Rear Inflow Jet (RIJ) developed in middle al-
titudes and became stronger (Fig. 2f). Soon, the storm activity passed over the sea and at 18:37 a new convective cell 
popped up rapidly on the south end of the line, over Thermaikos gulf. Gradually, as the strong surface winds developed, 
the LEWP evolved again (18:48) into a relatively isolated smaller bow echo structure (Fig. 2g), which characterized 
as a severe windstorm. Finally, the new storm merged with the existing Bow Echo Complex, with rapid intensification 
being observed. The dominant feature of this complex was an extremely intense supercell, which had its main core in 
the sea (third cycle). 
At 18:51, the violent supercell that was characterized as cyclic supercell, presented maximum echo tops up to 17 km 
and few minutes later, at 18:58 (Fig. 2h), it indicated an intense core of 70 dBZ at 7 km. The supercell storm reached 
the maximum reflectivity of 71 dBZ at 19:02, having a characteristic hook echo with a “bird shape” pattern (Fig. 2i). 
During its intense phase, the violent supercell with a south-east direction devastated the western coasts of Chalkidiki 
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Peninsula (Nea Irakleia, Kallikrateia, Sozopoly, Nea Plagia and Nea Potidaia), southeast of Thessaloniki city (Fig. 2g-
2j). The catastrophic supercell remained extremely powerful produced two tornadoes in the sea, hail and severe damag-
ing winds of over 100 km/h, causing seven fatalities, injuries in about hundred people and producing significant dam-
ages in properties and pine trees forests. With a speed of more than 70 km/h and impressive characteristics the supercell 
storm moved rapidly towards southeast between the two legs of Chalkidiki peninsula (Fig. 2k). 
At around 19:34, the reflectivity images showed the storm bowing and soon evolved from a classic supercell with a hook 
echo into a classic bow echo (BE). This transition accelerated the speed of the storm reaching 92 km/h at 19:56. Gradu-
ally the storm split from the whole activity and dissipated as a separate storm close to Limnos Island. 
The supercell storm, part of larger convective complex, had a 6-hour lifetime and moved rapidly, right of the mean 
wind, mainly towards east-south-east across Albania and Northern Greece. It covered a distance of more than 500 km 
with an average speed of 84 km/h. The radar recorded mesocyclone distinct features such as hook echo, bounded weak 
echo region and V-notch signatures. New updrafts formed along the leading edge of rain-cooled air (gust front) and thus 
cyclic activity was observed, which produced at least three regenerations of this supercell, and as it moved along the 
pre-existing thermal boundaries it caused severe damage in a long path. 

5 Analysis of radar parameters
During the 6-hour lifetime of the supercell storm, except of the maximum reflectivity and cloud tops, other different 
radar parameters were examined giving further significant information. The cyclic supercell storm presented high reflec-
tivities higher than 60 dBZ for almost 5 hours with the maximum of 71 dBZ observed from 19:02 to 19:09 UTC. The 
maximum ET was 17.1 km, while the height of 45 dBZ echo was at this time 15.0 km and generally in almost all of the 
lifecycle was over 10.0 km. According to hail storm classification based on FORK index (Foote et al. 2005) the storm 
is characterized in “Category IV: intense hailstorms, including supercells”. The TITAN, actually using Abshaev’s storm 
category, in period 18:09-18:41 UTC characterized the storm in “Category III: hailstorms”, and that was the period the 
BEC evolved to LEWP and indicated temporarily disorganization before the third supercell revival. 
The first peak at VIL and HMA, at 16:54, connected with the first supercellural indications, while the second one was 
presented by the time the mesocyclone developed. The time the HMA indicated values bigger than 3000 ktons (from 
18:19 and after), closely related to the time that walnut hail size was detected on the ground. During the period that 
it reached the most impressive supercell characteristics (Fig. 2i-1k) the VIL reached 279.0 kg m-2 and the HMA the 
extreme value of 12664.4 ktons, while the VIHM was also very high with value up to 348.5 kg m-2 (Fig. 6). Very high 
values of VIL indicate very strong updrafts capable of holding and transporting more water into the cold regions of the 
storm, thus favouring hail formation. Additionally, the VILD presented the extremely high value of 17.88 g m-3 and that 
was an indicator that the hail core inside the storm was very intense, hence the size of hail was expected to be larger. 
Lahiff (2005) found that severe hail events occur with a VIL value greater or equal to 35 kg m-2 and above a VILD 
threshold of 4.22 g m-3, severe hail occurs in almost every thunderstorm. Furthermore, the strong winds cause the hail-
stones to fall at inclined angles and this can increase the damage, fact that was observed in the particular case study, as 
all of the observed convective structures (Bow Echo Complex, Supercell storm and Line Echo Wave Pattern) associated 
with very strong winds.

   Fig. 5. The MSG Satellite image (IR) at 18:00 UTC,          Fig. 6. Time series of storm parameters during the 
              Source: Sat24.com                        period 16:40 - 20:10 UTC.
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6 Summary and conclusions 
In the afternoon hours of July 10, 2019, the cold front with a deepening trough entered the northwestern part of the coun-
try and moved in a southeasterly direction, thus Northern Greece was under the influence of large horizontal temperature 
and moisture gradients. The synoptic scale conditions, the great air instability and the strong wind shear, which is the 
dominant factor in storm organization, caused violent and destructive convection phenomena at the contact of two air 
masses with different thermal and humidity characteristics.
The storm activity started as weakly organized cells that merged into a bowing line of cells, which evolve into a BEC, 
including a supercell storm. Gradually in the decay stage “comma echo”, the supercell storm redeveloped a new updraft 
in the south edge before evolving into a short LEWP, that was part of an MCS. The embedded cyclic supercell storm 
presented another redevelopment while moving over the sea and before evolving again into a BEC. Finally, the cyclic 
supercell storm became the dominant feature which produced fatalities, injuries and significant damages in properties 
and agriculture. In the last stage, the catastrophic supercell storm evolves to a classic bow echo (BE) and gradually 
dissipated. The MCS contained numerous forms of convection, including supercell storm, bow echo and LEWP that 
were evolved continuously, going from one to another, during the 6-hour lifecycle. The storm-environment feedback 
mechanism of updraft-downdraft interactions, in conjunction with the strong wind shear and buoyancy contributed to 
the longevity and intensity of the observed thunderstorms.
The reflectivity signatures on radar images are very useful for convective forms confirmation. Damaging winds, large 
hail, heavy precipitation and sometimes tornadoes are favorable to occur when supercell storm is detected by the radar. 
Additionally, the recognition of the bow echo structure counts as an important signature for detecting strong winds 
(downbursts) and the forecasters must evaluate this as a severe weather indicator and key for early warning issue. 

Acknowledgments: The authors would like to thank the Hellenic Agricultural Insurance Organization (ELGA) for 
data availability. 
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Abstract: The aim of this study is to explore the characteristics of sea breeze over the coasts of Epirus, NW Greece, 
which is a region with high meteorological interest due to its complex topography. For this purpose, the mesoscale 
weather model MM5 is used to simulate the atmospheric field at a high horizontal resolution (2 km), over the study 
region for selected typical summer days, viz. for days without synoptic scale phenomena. The study of various mete-
orological parameters, including eastward and northward wind components, humidity and temperature is carried out on 
horizontal surfaces at various pressure levels as well as on vertical surfaces, perpendicular to the more or less straight 
Ionian Sea coastline. The vertical extension of the sea breeze, the inland penetration of sea breeze front, its onset and 
cessation time and its association with other meteorological parameters such as temperature, humidity etc. are clearly 
revealed.

1 Introduction
The sea breeze is a meso-scale atmospheric circulation that occurs at coastal regions all over the world. It is a thermally 
driven circulation that is caused by the daytime land-sea differential heating, creating a horizontal pressure gradient, 
which forms a circulation cell perpendicular to the coast with an onshore flow at the surface. The sea breeze is character-
ized by a remarkable diurnal variation presenting the maximum of its development and intensity in the afternoon. Typi-
cally, sea breeze circulation has a vertical extent of about 1-2 km and horizontally may reach the 50 km and even further, 
whereas the strongest winds occur right near the coast and decrease inland due to ground friction. During the night, the 
pressure gradient is reversed and a weaker circulation of the opposite direction occurs, the land breeze.
The sea breeze phenomenon has been extensively studied in many regions globally. Using both observations and nu-
merical models the structure, the dynamics and the characteristics including setting time, vertical and horizontal exten-
sion, cessation period and intensity, of sea breeze patterns have been investigated. This is due to important role that sea 
breeze systems play in forming the local ambient conditions and climate of coastal areas mostly carrying cool and wet 
marine air, affecting thus human comfort and activities. For instance, it may be important for transportation (sailing and 
aviation safety), forest fire forecasting, wind energy, turbulence generation and convective systems formation. However, 
the most important impact of sea breeze circulation and most analyzed, is its implication in air quality issues, as it may 
have a crucial role in pollutants dispersion and transport. In addition, depending on the geographical location the ideal-
ized sea breeze circulation can be modified and become complex through its interaction with the topography, local winds 
(e.g. slope winds) and the synoptic flow. Local topography affects the sea breeze flow by creating blocking or channeling 
effects, whereas complex coastline shapes can result in interactions of various sea breeze systems from different parts of 
the coast. The effects of the synoptic winds may significantly modulate the development, the evolution and the intensity 
of this circulation. These complex interactions effects offer a challenge for further investigation.
Greece has a long coastline of approximately 15000 km (including islands) making the sea breeze a common and famil-
iar phenomenon. In addition, the summer synoptic flow over Greece, an anticyclonic circulation, mainly in its western 
parts, leads to weak synoptic-scale winds, providing favorable conditions for sea breeze development. Several studies 
exist in the scientific literature analyzing  such circulations in the Greek area (e.g. Carapiperis 1977; Lalas et al., 1983; 
Prezerakos, 1985; Helmis et al., 1987; Melas, and Kambezidis, 1992; Melas et al., 1995; Melas et al., 1998). However, 
the great majority of them focuses on the greater Athens area due to its crucial role in air pollution events. A few studies 
examine the characteristics of sea breeze in Thessaloniki (North Greece) (Helmis et al., 1997) and Volos (east coast of 
central continental Greece) (Papanastasiou and Melas, 2009; Papanastasiou et al., 2010). The present study investigates, 
for first time, the circulation of the sea breeze in Epirus, a mountainous region in NW Greece, using numerical simula-
tions produced by the MM5 weather model for selected summer days.
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2 Data and Methodology
The study area is the region of Epirus, which occupies the NW part of Greece. Epirus is bordered by the Ionian Sea to the 
west and the Pindus mountain range to the east, both having an orientation from NW to SE (Fig. 1). The region extents 
over approximately 9500 km2 with an almost straight coastline which exceeds 100 km. It is a predominantly mountain-
ous territory with its lowland parts located mainly around the estuaries of the rivers that flow through the area. Its to-
pography is characterized by a complex terrain with valleys and mountainous ridges, extensions of the Pindus mountain 
range. The data used were acquired running the mesoscale meteorological model MM5. The Laboratory of Meteorology 
of Ioannina University, in the frame of RISKMED project (Bartzokas et al., 2010), has implemented, since 2007, the 
meteorological model MM5 (Dudhia, 1993; Grell, 1994) running in high horizontal resolution (2×2 km). The PSU/
NCAR (Pensylvania State University/ National Center for Atmospheric Research) mesoscale model, known as MM5, 
is a limited-area, nonhydrostatic, terrain-following sigma-coordinate model designed to simulate or predict mesoscale 
atmospheric circulation. The vertical coordinate σ of the model is terrain following, which means that the lower surface 
follows the shape of the ground while the upper surface is flat. For the present study, the wind meteorological data is 
processed in its three components (u, v, w), temperature and mixing ratio were also derived from the model outputs, at a 
time step of two hours. For the optimum selection of the study days, several observational data for the months July and 
August of the years 2018 and 2019 were examined. Specifically, 5 days of each month without any synoptic perturbation 
and being affected the least possible by the prevailing conditions were selected. In the first part of the work, the most 
representative one of the 20 selected days was considered. Then, the vertical profile of the wind along a cross section, 
approximately perpendicular to the shore, was examined. In addition, by the use of INTERPB program the extracted 
data for the 20 selected days were interpolated on the isobaric surfaces of 1000, 950, 900, 850, 800, 750, 700, 600 and 
500 hPa. The issued data were averaged and mapped by the means of the Python matplotlib package.

3 Results
In order to illustrate the sea breeze characteristics, namely the vertical development and inland penetration during its 
time evolution, the projection of the wind has been plotted and analyzed along a cross section. Fig. 2 shows the wind on 
the 12th August 2018 on the cross section. 

Fig 1. The geophysical map of NW Greece where the MM5 model performed the simulations. The scale bar indicates 
the altitude in m, the red line is the position of the vertical level (cross section).

Specifically, it is the projection of the wind averaged over a distance of 5 km to the right and to the left of the cross sec-
tion (5 grid points), while the topography is maintained. These illustrations were considered more appropriate to smooth 
the results eliminating the impact of abrupt topographic changes on wind fields and the 5 km distance was decided after 
several tests. At 12 LWT (Local Winter Time, UTC+2) the sea breeze circulation has already begun and it is well estab-
lished (Fig. 2a). At this time, it affects areas close to the shore as its inland penetration is about 25 km, while the wind is 
relatively weak (around 1.5 m/s) and vertically it is detected up to 900 hPa. It is worth noticing the wind intensification 
on the windward slopes of the mountains due to interaction with the local thermal circulations. It is well known that 
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the combination of sea breeze and mountain circulations produces a more intense circulation during both day and night 
compared to the ones developed independently (Mahrer and Pielke 1977). At 16 LWT (Fig. 2b) the sea breeze circula-
tion is fully developed while its inland advancement exceeds 50 km inland. The vertical extension of the circulation now 
reaches higher levels varying between 850 hPa near the coast and 790 hPa at 50 km inland. At 16 LWT, the sea breeze 
intensity attains its maximum, 4.5-5.0 m/s. At 18 LWT (Fig. 2c) although the cessation of the circulation has already 
started (its intensity decreased down to 2 m/s and the thickness of the circulation cell has been confined to 50 hPa), its 
signal is still detected all along the cross section.

Fig 2. Illustration of the wind simulation along the cross section at (a) 12, (b) 16 and (c) 18 Local Winter Time on 12 
August 2018. The horizontal axis represents distance in km and the vertical the isobaric levels in hPa. The red color rep-
resents the projected wind direction from the left to the right (e.g. from the sea to the land) and blue color the opposite. 
Color bar indicates the wind intensity.

Fig. 3 Illustration of mean spatial distribution for the 20 selected see breeze days of (a) wind (b) mixing ratio and (c) 
temperature over the isobaric surface of 950 hPa at (i)12, (ii)14, (iii)16 and (iv)18 Local Winter Time. The dots indicate 
the main cities of the study area (see Fig. 1). 
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Fig. 3 shows the mean spatial distribution of the wind, mixing ratio and temperature near the ground for the 20 selected, 
almost free of any synoptic forcing, summer days, focused over the area of interest. The figure presents the distribution 
of meteorological parameters for the isobaric of 950 hPa at 12, 14, 16 and 18 LWT. The choice of the 950 hPa isobaric 
surface to illustrate the spatial distribution of the considered parameters was decided because on the one hand it is close 
to the ground and on the other hand the surface influence at this level is smoother. 
At 12 LWT the sea breeze circulation is well established since, as it is mentioned above, its onset is observed between 8 
and 10 LWT (figures not shown) but it is confined at a zone close to the coast. The wind is relatively weak (~3 m/s) and 
its vector is, as expected, perpendicular to the coastline (Fig. 3a-i), following the curvature of the coast along the gulfs, 
where its intensity appears considerably stronger (e.g. Parga’s and Sagiada’s gulf). A humidity gradient has started to be 
created with the passage of the sea breeze, but at this time the field of the increased moisture is limited in the vicinity of 
the coast with relatively higher values in the NW of the study area (Fig. 3b-i). The temperature inland is about 25-26οC 
while along the coast is 2-3 οC lower (Fig. 3c-i) obviously due to the influence of the sea breeze front, which carries 
cooler and wetter air masses from the sea.
At 14 LWT the sea breeze intensity gradually increases up to 5 m/s (Fig. 3a-ii). The wind is observed to be further inten-
sified over some areas like inside the plain east of Igoumenitsa and along the Amvrakikos gulf. Higher humidity levels 
are now detected further inland (15-20 km in NW and 5-10 km in the south), implying the propagation of the sea breeze 
circulation (Figure 3b-ii). The temperature gradient intensifies since the inland temperature rises more, whereas in the 
onshore area lying 5-10 km from the coast, remains at the same levels observed at 12 LWT (Fig. 3c-ii). 
At 16 LWT the sea breeze circulation is well and fully developed with its impact in terms of wind and moisture, to 
be detected even at 50 km inland (Fig. 3a-iii). The wind is affected by the orography since mountains act as barriers 
modifying the wind direction, whereas sidewalls of valleys cause channeling flow. The wind intensity is also influenced 
being weaker over mountains and becoming stronger through channeling effects. For instance, the high wind velocities 
of about 6-7 m/s over an area west-northwest of Ioannina city are the combine effect of two sea breeze systems, which 
converge because of the orography; a NW sea breeze flow from Adriatic Sea towards southern Albania and a NW sea 
breeze flow from the Ionian Sea which turns to west because of channeling effects. However, the Ioannina plateau (480 
m) experiences the sea breeze as a NW flow due to its deflection by the Mitsikeli mountain (1810 m). It is also detected 
an increase in humidity which is observed in the whole of Epirus (Fig. 3-iii). A strengthening of the phenomenon is 
observed over the Amvrakikos gulf, with maximum intensity about 8 m/s, probably because a sea breeze circulation that 
must be developed inside the gulf, is superimposed on the sea breeze flow from the Ionian Sea. Temperatures are very 
similar to the ones at 14 LWT, but as the sea breeze develops and advances, the coastal zone with the cooler temperatures 
widens (Fig. 3c-iii).
Finally, at 18 LWT the sea breeze circulation pattern maintains all the characteristics corresponding to its maximum 
development as land heating is still important. Humidity further increases over almost the whole study area (Fig. 3b-iv). 
However, the temperature gradient has started to weaken (Fig. 3c-iii). According to the simulations performed, the ces-
sation of the sea breeze circulation is observed after 20 LWT (Figure not shown). 

4 Conclusions
The characteristics of the sea breeze circulation over the coasts of Epirus in NW Greece during the summer period, was 
investigated using simulations performed with the use of the mesoscale meteorological model MM5.
The onset of the sea breeze circulation takes place after 8 LWT and by 12 LWT it is already well established. Between 
14 and 16 LWT the circulation cell appears in its full growth, vertically extended up to 850 hPa near the coast and up 
to 790 hPa inland. At 18 LWT the sea breeze attains its maximum intensity penetrating inland for 50 kilometers or even 
more. After 18 LWT it starts weakening and its cessation time is observed before 22 LWT.
The characteristics of the sea breeze patterns in Epirus are strongly affected by the topography because of blocking or 
channeling effects, which induce penetration constraints or intensifications of the sea breeze flow, respectively. Moreo-
ver, topography may cause a convergence of different sea breeze systems of adjacent coasts with different orientation, 
strengthening thus the wind. The maximum wind speed, around 8 m/s, is observed over the Amvrakikos gulf, probably 
due to channeling effects and superposition of sea breeze systems created in the gulf to the sea breeze originated from 
the Ionian Sea. 
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Abstract: The Hellenic National Meteorological Service issues weather and sea bulletins, for the Eastern Mediterra-
nean and the Black Sea, that form part of the Global Maritime Distress and Safety System. The marine forecasters have 
the challenging task of issuing warnings when winds reach or exceed gale force. These forecasts are of great responsi-
bility mainly for safety reasons. In this study, the marine warnings are analysed and a validation against scatterometer 
measurements is presented. The period from September 2018 to March 2019 was employed because it was widely 
characterized by gale, strong gale and storm winds. During this period, when the forecasted winds exceeded 8 Beaufort 
in any of the 36 forecasting sub-regions, the forecast was validated. Considering the availability of satellite data, 500 
forecast cases were finally analysed. The results showed a considerably low percentage of incorrect warnings, while no 
significant difference in the forecast efficiency was observed between the Hellenic and the foreign seas. Furthermore, a 
demanding meteorological event, which was characterized by better performance of the forecasters’ warnings as com-
pared to the operational numerical weather wind products, is presented. It gives evidence that the human factor can give 
added value to the products of numerical forecasting.

1 Introduction and analysis of marine warnings
Weather services of countries bordering seas issue weather bulletins for shipping, forecasts plus warnings for winds 
above a predefined threshold. These bulletins contain summarized statements aiming to describe the expected condi-
tions of winds, sea state, visibility and significant weather at every location of fixed geographical areas for a forecast 
period. These bulletins are broadcast through several means at specific time intervals, thus they need to be short. They 
are still produced by marine forecasters; an automated bulletin could be used in the future when verification will show 
that it is ‘at least as accurate as the manual product’ (Sharpe 2013).

The Hellenic National Meteorological Service (HNMS) issues 24-hour forecasts for the 36 sub-regions of Eastern 
Mediterranean and Black Seas, known as METAREA-III (E), 4 times a day and warnings for anticipated winds ≥ 8 
Beaufort (Bf). Its international role in marine forecasting is important: during the last decades, Greece though HNMS 
has assumed the role of ‘Issuing Service’ for METAREA III (Fig. 1) in the framework of the Global Maritime Distress 
and Safety System (GMDSS) implemented by the International Maritime Organization. Marine bulletins are produced 
by HNMS for the Eastern Mediterranean and the Black Sea and by Meteo-France for the Western Mediterranean; their 
transmission by satellite means is HNMS responsibility. HNMS bulletins, although consisted of summarized state-
ments for each sub-region, can be quite long and they are a demanding task for marine forecasters especially in cases 
when a warning is also required. Their importance regarding safety and economical reasons plus the limited available 
time for their compilation poses additional difficulties to the forecasters’ job. The main difference between forecasts 
and warnings is that warnings refer only to the wind conditions and provide time information in concrete UTC hours 
and not in a descriptive way of sub-periods. The wind component of the forecasts that is included in warnings is of the 
higher priority especially for the Hellenic Seas where, according to legislation in force, no passenger vessel plies when 
wind exceeds 8 Bf. On average, HNMS issues 500 warnings per year and about 220 of them concern the winter period.
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Fig. 1. The METAREA-III for which HNMS is responsible within the GMDSS framework.
 For its eastern part (in darker blue) HNMS issues marine forecasts and warnings for 36 sub-regions. 

Verification is a basic component of meteorological research and forecasting, that has become user-oriented, its interest 
in extreme events is increasing and has been further developed making use of new sources of data such as the satel-
lite ones (Casati et al. 2008). The World Meteorological Organization (WMO) declares that ‘National Meteorological 
Services must know how well they are doing (WMO 2000). Various numerical models products and rarely hand written 
forecasts are routinely evaluated usually for long periods regardless the intensity of the forecasted parameters. Testing 
models skill and checking forecasts performance focusing on demanding cases –where forecasters indicate that mod-
els are more likely to deviate– is scarce. Nevertheless, the verification regarding challenging cases, including extreme 
events, is of high interest for forecasters. 
Sea observations that can be used for verification purposes were extremely limited until remote sensing has provided 
high accuracy data. Satellite wind scatterometry provides information for the wind field over the sea, that is employed 
in verification techniques as well as for nowcasting and assimilation into numerical weather models (Vogelzang et al. 
2011 and references therein). 
The following parts of this study refer to a forecaster-oriented verification of the warnings issued by HNMS for winds 
exceeding 8 Bf during a 7-month challenging period. The performance of the operationally used numerical weather 
wind products from the European Centre for Medium-Range Weather Forecasts Integrated Forecasting System (EC-
MWF IFS) and the COSMO Consortium (Con-sortium for Small-scale Modeling, www.cosmo-model.org) regarding a 
demanding meteorological event that induced high force winds is also presented. Both verifications were made against 
scatterometer wind data. It is worth noticing that although numerical models are quite routinely verified, this is not usual 
for ‘hand written’ shipping forecasts; a relevant verification system has been proposed for verifying the wind component 
of marine bulletins against nowcast model analysis fields  and pointed out that the marine forecasts accuracy decreased 
with increasing Bf wind force (Sharpe 2013). 
The verification presented here resulted from the thesis conducted by the first two authors in the framework of the 
HNMS School of Meteorology; it is currently examined for possible improvements related to forecasters needs and for 
being automated. 

2 Data and Methodology

2.1 Data
The warnings issued by the HNMS Forecasting Center for METAREA-III (E) and the ECMWF IFS (high resolution 9 
km) plus the non-hydrostatic limited area COSMO (at 4 km resolution) wind numerical products were used. The verifi-
cation was performed against remote sensing Advanced Scatterometer (ASCAT) wind measurements onboard METOP-
A and B (for the whole period) and C (beginning from Feb 19) satellites. They are available at 12.5 km resolution and 
their accuracy is about 1 m/s or better (Vogelzang et al. 2011). It is well known that the verification results strongly 
depend on the observational data used each time (Casati et al. 2008). Satellite scatterometer winds are considered the 
most suitable for numerical products verification due to their extended spatial and temporal availability (Chelton and 
Freilich 2005). In addition, land (coastal) based observations are usually non representative for sea conditions, while 
over METAREA-III (E) buoys are very few and ship observations are also limited. Consequently, the use of satellite data 
results in an objective verification. However, especially for the marine forecast verification, they present a disadvantage 



| 769 Numerical modeling / Weather analysis

that induces errors: forecasts refer to time intervals while wind scatterometer measurements to the specific time of ob-
servation (for the area of interest, one observation in the morning and one in the evening). 

2.2 Methodology
The warnings’ verification was made for the period September 2018 - March 2019 when high force winds were often 
observed over METAREA-III (E) and focused on strong gale and storm wind cases. The larger part of the work needed, 
and is common in operational verification procedures, involved data management issues, such as data extraction from 
archives and pairing forecasts with observations (Casati et al. 2008). During the study period, 463 gale and storm warn-
ings were issued by the National Forecasting Center (Sep:33, Oct:45, Noe:44, Dec:82, Jan:93, Feb:80, Mar:86). For 
each of the 36 sub-regions of forecast and only for winds above 8 Bf, the date and time of the issued warning, its dura-
tion as well as the forecasted wind force were catalogued. The availability of scatterometer wind measurements was also 
checked: the relevant data were listed and included the date-time of the remote sensing observation and the maximum 
level of the Bf scale wind that was recorded for each sub-region. The coincidence of date, time and sub-region resulted 
in the 500 ‘forecast cases’ that were used for verification. For each forecast case, the wind was expressed by a decimal 
number, when 2 Beaufort scale levels were involved, for processing purposes (i.e. forecasted wind force of 9 to 10 Bf 
was finally registered as 9.5), while the latest issued warning was used. 
The verification method was a simple one: the satellite wind observations were subtracted from their relevant forecasted 
values and this difference was used for characterizing the quality of the forecast, employing 3 classes (successful, less 
successful and unsuccessful) according to Table 1; this procedure is schematically shown in Fig. 2. It is noted that the 
low difference of -0.5 Bf, i.e. when higher winds were not forecasted was characterized as unsuccessful, since this can 
pose threat for safety when very high winds are considered. The quite wide range of the forecasts characterized as less 
successful aims in counterbalancing the instantaneous nature of the satellite data in relation to the time interval of a 
forecast; in such a way, the verification is not unfair to the forecasters. The number of cases in each class as a percent-
age of the total cases was computed, for the whole study area and separately for the Hellenic and the non-Hellenic Seas. 

Table 1. Wind difference and forecast quality.

Fig. 2. The validation of a warning forecast case.

Although wind speed is rather a continuous variable, it can be verified using approaches for continuous and categorical 
forecasts. The conducted verification treated wind as a categorical variable since forecasts refer to values meeting or ex-
ceeding a certain threshold (WMO 2000). The simple accuracy measure of the successful forecasts percentage used here 
resembles the proportion correct (PC) proposed by WMO; however, it took in mind only the hits and the false alarms 
and not the misses and the correct rejections. Nevertheless, it is noted that the numerous times when winds above 8 Bf 
were not forecasted and did not occur are not supposed to be counted when verification is performed for extreme events 
(WMO 2000). As far as the misses are concerned, the procedure that this verification followed, through checking scatter-
ometer wind data for periods of high winds over the study area, it rather excludes them (such cases were also registered).
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A verification of the numerical wind products operationally used at HNMS was also made; it referred to a demanding 
event, 13 (09 UTC) – 15 (06 UTC) December 2019, that induced high winds to a wide area of the Eastern Mediterra-
nean Sea including part of the Hellenic Seas. The performance of the ECMWF products for the wind at 10 m and 1000 
hPa as well as the COSMO wind at 10 m were checked. The same verification method was followed; it referred to the 
numerical products of the latest model run each time available to the forecasters (from analysis +09h) and to their 3-hour 
forecast step close to the satellite observation that indicated winds differing less from the measurements provided by the 
scatterometers. Due to the limited time period studied, the ‘forecast cases’ were quite few (44).
An analogous analysis was conducted for testing the performance of the forecasts and the numerical products regarding 
the sea state (wave height) with the use of satellite altimeter data; its results are not presented here.

3 Results
The verification of the warning forecast cases resulted in a considerable high percentage of successful forecasts; the 
amount of unsuccessful ones was low and referred equally to both over and underestimations. This means that the False 
Alarm Ratio (FAR), i.e. the proportion of warnings that turned out to be false (WMO 2000) is even lower. It is worth 
noticing that due to Greek legislation that ban passenger vessels from plying according to wind and not wave conditions, 
in cases of high waves the forecasters issue warnings overstating the wind force for safety reasons. Some of the less 
successful forecasts could be due to this fact. No remarkable difference in the forecast quality was found between the 
Hellenic and the non-Hellenic Seas (the percentages of successful and unsuccessful forecasts differed less than 2%), fact 
showing that the Greek forecasters pay attention throughout their designated wide marine forecast area.
The verification of the numerical wind products referred to the meteorological event that can be depicted by the EC-
MWF surface analysis of 14 December 2019 00UTC that is shown in Fig.3. The results showed a considerable per-
centage of unsuccessful forecasts (with COSMO 10 m wind performing better, closely followed by the wind at 1000 
hPa of ECMWF) that had underestimated the satellite observed winds. This fact is quite expected by the forecasters in 
cases of strong frontal depressions, where the accurate prediction of their center, the respective effective identification 
of the frontal activities and their spatial and temporal evolution affect the results. Moreover, the ageostrophic departure 
should be also considered for both cyclonic and anticyclonic synoptic cases (Holton 2004), taking into account that the 
geostrophic approximation is implemented in ECMWF/IFS and COSMO runs with ECMWF initial conditions. In the 
rare cases that model performance is checked for specific events like the one presented here, the larger errors immerge 
from storm intensity underestimation due to several reasons such as model resolution and physical parameterizations; 
it has been also noticed that model biases increase for stronger winds. Furthermore, winds at higher levels have been 
found to describe better the true state while an approach of increasing 5-10% the 10 m model wind has been proposed 
(Schulz et al. 2007).

Fig. 3. A snapshot of the event where the numerical model’s performance was checked as seen through the ECMWF 
surface analysis for 14 December 2019 00 UTC.
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On the other hand, the issued warnings presented a higher percentage of successful forecasts. The latter gives evidence 
for the added value that can be given by the human factor to the numerical forecasting products. An operational 24/7 
forecaster can follow the evolution of an event through near real time data, compare the model forecast products with 
the respective analyses for the same time step, decide upon possible numerical model deviations and adjust its forecasts. 
However, no general conclusions for the overall quality of the examined numerical products performance can be drawn 
based on the verification carried out here, given that it only referred to a specific case. 

4 Conclusions
The verification of forecast and numerical weather products focused on demanding cases are essential in providing fore-
casters plus modelers with valuable information that can improve their performance. Greek marine forecasters present 
a high skill in describing the expected conditions in challenging cases of intense winds that can pose a threat to safety 
of life and property at sea; this skill presents no differences between the Hellenic and non-Hellenic Seas, proving that 
HNMS worth the role of METAREA-III issuing service. Moreover, it becomes evident that there are cases that forecast-
ers can handle better than numerical models providing evidence for the human added value.
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Abstract: During the past two decades, heat waves (HWs) have been recognized as one of the most disastrous natural 
phenomena, with profound devastating impacts on the environment and humans. Many parts across the globe are wit-
nessing for the first time prolonged periods of unusually hot weather, facing unprecedented health and environmental 
risks. Yet, climate change is expected to boost the probability of occurrence of such extreme events in the future.  As a 
result, scientific community has a keen interest in studying long-term trends and statistics of HWs characteristics. De-
spite the strong interest in the topic, literature is still lacking a universal metric for HWs. A plethora of HWs definition 
has been adopted by researchers so far, based on varying temperature or duration thresholds even at local level. Popula-
tion acclimatization and reference to health impacts have also been used in the assessment and evaluation of HWs. The 
study attempts to summarize a number of HWs definitions broadly used in the literature and explore the impact of the 
adoption of different metrics on the long-term statistics of HWs properties, such as their frequency, duration or timing. 
The analysis revealed distinct differences in the seasonal occurrence of HWs from the adoption of different definitions.
 
1 Introduction
One of the most direct manifestations of climate change is the increased occurrence of extreme weather events like 
floods, droughts or extraordinary warmth. Extremely hot weather (or heat waves) in particular, are becoming more fre-
quent and intense globally, with devastating impacts on the environment and human health (Perkins et al. 2012). Urban 
citizens are more vulnerable to HWs due to the positive feedbacks between HWs and the Urban Heat Islands that make 
cities hotter than the surrounding non-urban sites (Founda and Santamouris 2017). Yet, eastern Mediterranean capitals 
like Athens, have been assigned as ‘hot spots’ with regard to heat stress and increased thermal risk among 571 European 
cities (Guerreiro et al. 2018). 
In their effort to study HWs, researchers have adopted various indices, definitions and metrics, while National Meteoro-
logical Services worldwide use different criteria to issue hot weather alarms, inherent to local climate and population 
acclimatization to heat (Perkins 2015, Fenner et al. 2019). The present study applies five HW definitions based on air 
temperature (T) to the urban area of Athens, and examines the sensitivity of the long-term statistics of basic HWs proper-
ties, like their frequency, duration or seasonality to different HWs definitions.   

2 Data and Methodology

2.1 Data
The historical climatic records of the National Observatory of Athens (NOA) have been used in the analysis, enabling 
the study and comparison of HWs metrics and statistics based on different HW definitions in the long-term.  The histori-
cal station of NOA is located on the Hill of Nymphs (107 m a.s.l.) in the centre of Athens, close to Acropolis. The time 
series of daily maximum (Tmax), daily minimum (Tmin) and daily mean (Tmean) air temperature spanning a 120-years long 
period (1900-2019) were used.  

2.2 Methodology
The following five HW definitions based on existing literature have been examined in the study. The definitions differ 
with respect to the least duration of excess heat to assign a HW, the used climatic variable and the selected thresholds 
(fixed or dynamic) to designate ‘excessive heat’, while also accounting for ‘acclimatization’ issues and adaptability of 
humans to abnormal warm conditions. 

HW1: a period of  ≥2 two  consecutive days with Tmean ≥ 95th percentile of  the Tmean distribution for 1 May through 30 
September (Anderson and Bell 2011) over the reference period 1971-2000.

HW2: a period of  ≥ 3  consecutive days with Tmax ≥ 350C (Tan et al. 2010)
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HW3: a period of  ≥ 3  consecutive days with Tmax ≥ 95th percentile of summer Tmax distribution  based on the 1971-2000 
reference period (Founda et al. 2019)

HW4: a period of  ≥3  consecutive days with Tmax ≥ 95th percentile of the summer Tmax distribution for a five-day win-
dow centered on the respective calendar day, based on the 1971-2000 reference period (WMO 2015)

HW5: this approach adopts the Excess Heat Factor (EHF), an index that combines excessive heat based on local cli-
mate but also recent experience of heat, thus taking account of acclimatization issues (Nairn et al. 2009). In this respect, 
a significance index, EHIsig, and an acclimatization index, EHIaccl  are combined to identify a HW, as follows: 

Based on the above definitions, the following HWs metrics were estimated for the study period (1900-2019):
 
• HW number (HWN): Number  of HW events per year
• HW frequency (HWF): Sum of days participating in the events per year
• HW maximum duration (HWDMX): Duration of the longest HW per year
• HW mean duration (HWDMN): Mean duration of HWs in each year
• HW season (HWS): Season of HWs, defined as the time interval (in days) between the first and last HW occurrence 

within the year. 

3 Results

3.1 Long-term variability and trends of HWs metrics

Fig. 1.  Annual number of HWs (HWN) for four HW indices (HW1, HW2, HW4, HW5) along with linear trends, over 
the period 1900-2019. The pattern of HW3 (not shown) is very similar to the pattern of HW4. 
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Table 1. Linear trends in different HWs metrics for the 5 HW definitions over the period 1900-20191.

The application of HW1, HW2 and HW5 definitions identified many more (up to five times) HW episodes over the 
study period compared to the episodes identified by HW3 and HW4 definitions (Fig. 1). The latter resulted in quite poor 
HWN until the 1990s, when HWs exhibit a remarkably increased frequency. This pattern is also observed for the other 
HW definitions (Fig. 1).
Trends in HWN and HWF over the 120-years period are all positive and statistically significant (p <0.01) regardless of 
how a HW is defined, with higher rates corresponding to HW5 which adopts the excess heat factor (EHF) and lower 
rates to HW3 and HW4 (Table 1 & Fig. 1). Positive trends are also observed in both, the maximum and mean duration 
of HWs (HWDMX and HWDMN), statistically significant for HW1, HW2 and HW5 (Table 1). The comparison of 
HWF (days participating in HWs) between the two sub-periods (1900-1959 and 1960-2019) showed a relative increase 
of 80% (HW1), 110% (HW2), 120% (HW3), 170% (HW4) and 100% (HW5) during the second sub-period compared 
to the first one. 

3.2 Seasonality of HWs 

Fig. 2.  Distribution of the HW events between summer months (1900-2019, left panel) and the percentage of HWN in 
June, for the two sub-periods, 1900-1959 and 1960-2019 (right panel) for all HW definitions. 

Changes in the seasonality of HWs is also very important, allowing a better preparedness of authorities against ther-
mal risk. Figure 2 presents the percent distribution of HWN between summer months (June to August) for each HW 
definition. HW events during September were identified by HW1 and HW5 only and at low percentages (1.5 and 2.7% 
respectively). 
 



| 775 Numerical modeling / Weather analysis

Fig.  3.  Box plots of the length (in days) of HWs season (HWS) based on different definitions for the two sub-periods, 
1900-1959 (blue) and 1960-2019 (pink).  (Box plots show median, mean, maximum and minimum values and 25th and 
75th percentiles).

Early HWs in June share a percentage of approximately 10% of the total HWN, while July is the month with the highest 
percentage of HWN, regardless of how HWs are defined (Fig.2, left panel). A strikingly different pattern is observed in 
HW4, with June and July sharing similar percentages (approximately 25%) of HWN and a markedly increased frequen-
cy of HWs in August (50%). This is possibly due the ‘dynamic’ nature of this definition, considering a varying threshold 
of the 95th Tmax percentile based on a 5-day window centered on each calendar day.  
The pattern of the seasonal distribution of HWs is not steady throughout the 120-years period, though. As it is shown in 
Figure 2 (right panel), HWN in June almost doubled during the more recent sub-period (with the exception of HW4), im-
plying a tendency towards earlier onset of HWs period. This results to an expansion of the HWs season (HWS), namely, 
the period between the first and last HW within the year. This is further highlighted in Figure 3, illustrating the length 
(days) of HWs season for the two sub-periods and for the different HW definitions. Although HWS is highly variable, 
it is clear that the length of HWS has increased during the more recent sub-period by several days. This is more evident 
in HWS corresponding to HW2 and HW5, recording an average increase of 3-4 weeks during the second sub-period 
compared to the first one. 

4 Conclusions
In the absence of a universal definition of heat waves, a variety of indices exists in literature, assuming different tem-
perature thresholds to express ‘excess heat’ and/or different duration thresholds to express ‘prolonged excess heat’. The 
study adopted five HW indices used in literature and applied  them to the 120-years long temperature records in Athens, 
attempting to evaluate and compare HWs statistics based on different definitions in the long-term. The analysis revealed 
similarities but also deviations between the selected HW definitions. The number of identified HW episodes during 
the study period varied notably from the use of different definitions, nevertheless, all methods resulted in statistically 
significant (p <0.01) positive trends in the number and frequency (sum of participating days) of HWs, as well as posi-
tive trends in their maximum and mean duration from 1900-2019. The sub-period 1960-2019 is characterized by up to 
170% increase in HWs frequency compared to the sub-period 1900-1959. Moreover, the analysis revealed  changes in 
the ‘timing’ of HWs, with progressive earlier onset of the HWs period and increased percentage of early summer HWs 
occurring in June during the most recent sub-period.      
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Abstract:  Named under a messenger Goddess of Greek mythology, IRIS is a rapid-response fire spread forecast-
ing system that was primarily designed and developed for supporting the operational fire suppression activities of the 
Hellenic Fire Corps. It employs a coupled atmosphere-fire modelling system for considering the two-way interactions 
between fire and weather, and a prototype ultra-high-resolution fuel models’ geospatial dataset, specifically compiled for 
Greece. The implementation of IRIS has been carried out for the first time operationally in Greece during the 2019 fire 
season, in close collaboration with the Hellenic Fire Corps, providing specialized ultra-high-resolution fire spread fore-
casts for 17, in total, wildfire events. This study presents the overall architecture and procedures of IRIS, with emphasis 
given on the system’s evaluation during the 2019 fire season. The latter was conducted for 8 of the 17 wildfires for which 
IRIS was activated, based on the availability of satellite remote sensing data. Results are quite promising, indicating a 
satisfactory agreement between the observed and predicted fire spread.   

1 Introduction
An average 45,000 wildfires take place in the Mediterranean every year (San-Miguel-Ayanz et al. 2018), producing 
about 85% of the total burnt area (BA) in Europe (San-Miguel-Ayanz et al. 2010). A significant proportion of these 
wildfires are linked with increased risk of direct damages and losses to both humans and properties. For instance, 103 
people lost their lives during the summer of 2018, as a result of the deadliest wildfire in the modern history of Greece 
(Lagouvardos et al. 2019). 

To reduce the socio-economic effects of wildfires, stakeholders, land managers, and operational fire suppression agen-
cies rely on information related to wildfire spread and behavior (Andrews et al. 2007). Such information is considered 
to be of particular importance for wildfire management, especially in the context of evaluating the most effective tactical 
wildfire suppression strategies during the incident support phase (Arca et al. 2019). It is therefore understandable why 
numerical models that are able to simulate the perimeter growth and behavior of wildfires are considered to be a valu-
able tool. 

This paper presents the operational implementation of a rapid response fire spread forecasting system, named IRIS un-
der a messenger goddess in Greek mythology. IRIS was developed to provide operational support to the Hellenic Fire 
Corps (HFC) and is currently, to the authors’ best knowledge, the first forecasting system of its kind that is operationally 
implemented in the European Union (EU). The forecasting system was designed and built under the framework of the 
DISARM (Drought and fIre obServatory and eArly waRning system) project (Kotroni et al. 2020). It is based on the 
coupled fire-atmosphere WRF-Fire model (Muñoz-Esparza et al. 2018), which has been properly adapted to operate for 
the pyric environment of Greece (Giannaros et al. 2019). During the 2019 fire season, IRIS was deployed operationally 
and provided real-time, on-demand wildfire spread predictions for a total of 17 incidents. Satellite remote sensing data 
were employed for quantifying the accuracy of the provided spread predictions and evaluating IRIS’ overall perfor-
mance. Our objective is to demonstrate that coupled fire-atmosphere modeling systems, such as IRIS, have large po-
tential to efficiently support tactical wildfire suppression by means of providing added-value spread forecast guidance. 

2 Data and Methodology

2.1 Study area, selected events and data
IRIS was designed and developed to provide operational support to the wildfire suppression activities of the HFC in 
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Greece. During the 2019 fire season (May 1 – October 31), the system was operationally deployed by the HFC on 17 
occasions in total. Out of the total 17 wildfires, 11 took place in mainland Greece and 6 burned across islands of the Ion-
ian, Myrtoan, and Aegean Sea. August was the busiest month for IRIS (11 activations), followed by July (3 activations) 
and September (3 activations).

Table 1 presents key information about the 8 most significant events of the 2019 fire season, for which IRIS was acti-
vated and provided spread predictions, and for which satellite remote sensing data were available for assessing accuracy. 
The cumulative BA of the selected events (5,757 ha) accounted for approximately 56% of the 2019 fire season total BA 
in Greece (~10,338 ha). The largest event was the Kontodespoti wildfire (WF07), which burned more than 2,500 ha 
in about 39 h, followed by the Lithakia (WF16), Prodromos (WF08), and Elafonissos (WF04) wildfires, which burned 
more than 500 ha. On the other hand, the two smallest incidents were those that took place in Mesokampos (WF11) and 
Kastri (WF01), burning less than 100 ha. The remaining two events, in Hymettus (WF06) and Loutraki (WF15), were 
important mostly due to their proximity to populated residential areas. All incidents, except WF04 and WF07, lasted for 
less than 24 h. The reported events’ durations do not include the time spent for mop-up operations, thus considering only 
the time of active wildfire spread. This information was either provided by HFC officers or retrieved from news reports.

Table 1. Summary of the 8 most significant wildfires of the 2019 fire season in Greece, for which IRIS was activated by 
the HFC and provided spread predictions. The “Date & Time (UTC)” column reports the actual time of wildfire ignition 
according to the official records of the HFC. The “IRIS activation (UTC)” column reports the time of system activation 
by HFC Officers (Sect. 2.2).    

Wildfire perimeter data retrieved from the European Forest Fire Information System (EFFIS) were used for evaluating 
IRIS’ predictions. In particular, these data have a horizontal resolution of about 250 x 250 m2 and are based on mea-
surements taken from the MODIS (Moderate Resolution Imaging Spectroradiometer) instrument onboard the Terra and 
Aqua satellites. 

2.2 Overview of IRIS
The flow chart of IRIS, as it was operationally deployed during the 2019 fire season in Greece, is shown in Fig. 1. HFC 
officers have exclusive access to the on-demand implementation of the system through a password-protected web appli-
cation, which allows for navigating through the map of Greece and requesting the deployment of IRIS by simply click-
ing on the map (thus, providing the coordinates and time of a wildfire ignition). Following the registration of a wildfire 
on the web application, a daemon running on NOA’s (National Observatory of Athens) computational infrastructure trig-
gers the implementation of WRF-Fire, launching a shell script that takes the ignition coordinates and time as arguments. 

ID  Region 
Date & 
Time 
(UTC) 

IRIS 
activation 
(UTC) 

Location 
(oN, oE) 

Duration 
(hh:mm) 

BA 
(ha) 

WF01  Kastri 
08/07/2019 
11:37 

08/07/2019 
12:40 

38.94925, 
22.20243  09:23  98 

WF04  Elafonissos 
10/08/2019
02:40 

10/08/2019
06:56 

36.48591,
22.97353 

38:20  535 

WF06  Hymettus 
12/08/2019
00:19 

12/08/2019
01:20 

37.97047,
23.83132  06:41  180 

WF07  Kontodespoti 
13/08/2019 
00:10 

13/08/2019 
01:25 

38.62776, 
23.65245 

38:50  2,889 

WF08  Prodromos 
13/08/2019
02:35 

13/08/2019
03:40 

38.24905,
22.91353 

12:25  735 

WF11  Mesokampos  24/08/2019 
14:09 

24/08/2019 
14:48 

37.70667, 
26.96484  14:51  59 

WF15  Loutraki 
14/09/2019
12:36 

14/09/2019
13:27 

37.98038,
22.98734 

20:24  352 

WF16  Lithakia  15/09/2019 
08:00 

15/09/2019 
08:32 

37.70666, 
20.82235 

22:30  919 
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The latter is employed for automatically setting up the simulation domains and initializing the coupled fire-atmosphere 
modeling system. WRF-Fire is currently implemented on 5 Intel Xeon Gold 6148 computing nodes, interconnected 
with FDR InfiniBand. Each node has two 20-core CPUs, resulting in total computing power of 200 cores. Forecasts are 
communicated to the HFC through email, in Google Earth KMZ and ESRI Shapefile formats. The 24 h wildfire spread 
prediction is provided in about 1 h following the activation of IRIS, while the first 6 h of the forecast are provided in 
approximately 15–20 min. It is worth noticing that the entire execution chain of IRIS is fully automated, requiring no 
human intervention at any point.

Fig. 1. Flowchart of IRIS.

The 2019 version of IRIS is based on the WRF-Fire coupled fire-atmosphere modeling system version 4.0.2 (Muñoz-
Esparza et al. 2018), a quasi-physical wildfire simulator that resolves the physics of the fire and fire-atmosphere interac-
tions but does not consider the chemistry of combustion. For the computation of the rate of spread (ROS), the properties 
of the burning fuels, and meteorological and terrain (slope) data are used. The coupling between the fire and the atmos-
phere takes place through the sensible and latent heat fluxes released by the wildfire. 

Within IRIS, WRF-Fire is configured to run on 3 two-way nested modeling domains with horizontal grid spacings of 
25 km (DO1; mesh size of 120 × 120), 5 km (DO2; mesh size of 121 × 121), and 1 km (DO3; mesh size of 151 × 151). 
All domains are telescopically nested with the location of the wildfire ignition found at their center. The simulation of 
the wildfire spread is carried out on an ultra-high-resolution modeling domain, embedded as a sub-grid in DO3. A grid 
refinement ratio of 10:1 is adopted, resulting in a fire domain with a horizontal grid spacing of 100 m (mesh size of 1501 
× 1501). For the representation of fuels, a 100 m resolution prototype fuel map of Greece, constructed by Giannaros et 
al. (2019), was employed. For the initialization of WRF-Fire, the 0.25° × 0.25° spatial resolution and 3 h temporal reso-
lution operational surface and upper-air analysis and forecast data of the Global Forecasting System (GFS), provided 
by the National Center for Environmental Predictions (NCEP), were used. Depending on the ignition time, the latest 
available GFS forecast cycle was employed. More details on the model setup can be found in Giannaros et al. (2020). 

2.3 Evaluation methods
The accuracy assessment of IRIS’s wildfire spread predictions was carried out with the methods detailed in Giannaros et 
al. (2020). Briefly, three statistical measures of accuracy were computed, namely: the Cohen’s Kappa Coefficient (KC) 
(Congalton 1991), the Sorensen Coefficient (SC) (Sorensen 1948), and the Overestimation Index (OI) (Salis et al. 2016).

3 Results
During the 2019 fire season, IRIS showed consistent performance in terms of reproducing wildfire spread. As sum-
marized in Table 2, the model was able to predict the spatial extent of BAs better than random chance (p ≤ 0.10) in all 
examined events. KC and SC were computed to exceed the threshold value of 0.40, which indicates at least moder-
ate agreement between the actual and predicted wildfire perimeters. The model performed best in the case of WF01, 
whereas the worst performance was seen in the case of WF15. Not surprisingly, BAs were overestimated (OI > 0) in all 
simulated wildfires. This can be attributed, at least to some extent, to the fact that tactical wildfire suppression activi-
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ties are not taken into account. The overall satisfactory performance IRIS is further supported by the visual comparison 
between actual and predicted wildfire perimeters, available in Giannaros et al. (2020). 

Table 2. Statistical evaluation of IRIS’ wildfire spread forecasts during the 2019 fire season in Greece. Values of KC 
followed by * denote statistical significance (Z-test) at p ≤ 0.10. BAA stands for burnt area agreement, BAO for burnt 
area overestimation, and BAU for burnt area underestimation. 

Focusing on the largest event of the 2019 fire season, the Kontodespoti (WF07) wildfire, Fig. 2 presents a visual compar-
ison between the approximate location of the wildfire’s fronts and the corresponding IRIS prediction at 19:00 UTC on 13 
August. IRIS was able to predict most of the southward and eastward propagation of the wildfire, while the overpredic-
tion of the BA to the south could be attributed to neglecting wildfire suppression activities. The southward movement of 
the wildfire forced authorities and the HFC to set up emergency wildfire break zones in order to prevent further propaga-
tion of the wildfire towards the city of Psachna. On the other hand, it could also be seen that IRIS failed to capture the 
extent of wildfire spread to the northwest of the ignition location. Part of this underestimation could be attributed to the 
~1 h time lag between the actual ignition time and the system’s activation time (Table 1). Other possible explanations 
could be associated with the uncertainty in defining the ignition location, the representation of fuels, the simulation of 
meteorological conditions, and the negligence of fire spotting. In particular, it must be noted that ignition coordinates 
are currently provided through the location of the firefighting crew that arrives first on-site. On certain occasions, this 
could lead to important differences between the real ignition location and the one provided during the activation of IRIS.
 

Fig. 2. Visual comparison between the approximate location of the wildfire’s fronts (red flames) and IRIS’s prediction 
at 19:00 UTC on 13 August. The black dot (WF07) denotes the provided ignition location. White contours denote the 
actual final wildfire perimeter. 
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4 Conclusions
Our results clearly highlight that IRIS is able to provide forecast guidance that is meaningful and useful to wildfire 
incident managers. In particular, the conducted accuracy assessment of the system’s predictions revealed an overall 
satisfactory performance. Actual and predicted wildfire perimeters were found to be characterized by moderate agree-
ment. Focusing on the largest event of the 2019 fire season, we also showed that IRIS was able to predict well enough 
the propagation of the wildfire. 
In conclusion, the operational implementation of IRIS during the 2019 fire season in Greece and its subsequent perfor-
mance evaluation revealed that coupled fire-atmosphere modeling systems do have great potential to support wildfire 
incident management. Our statement is not only supported by the results of this study, but also by the fact that IRIS’s 
activations almost doubled in 2020. IRIS was activated 17 times by the HFC in 2019, and 31 times during the 2020 fire 
season. As far as we can be aware, IRIS is currently the sole coupled fire-atmosphere modeling system implemented 
operationally within the EU, and certainly one of the very few such operational systems implemented worldwide.  
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Abstract: The European Space Agency, launched on 22nd August 2018 the Aeolus satellite carrying ALADIN, the 
first-ever Doppler Wind Lidar placed in space. ALADIN, via the HSRL technique, acquires wind profiles up to 30 km 
all over the globe thus advancing the current poor observational capabilities. The main goal of our work is to assess the 
potential improvements in dust forecasts performed with the WRF-Chem regional model, which is initialized with two 
sets of IFS outputs differing only in the consideration of Aeolus wind profiles in the respective assimilation scheme. Our 
experiments have been conducted for May 2020, when several dust outbreaks occurred in the boarder Mediterranean 
basin and they have been recorded by active and passive remote sensing ground-based instrumentations, operated during 
the EARLINET Covid-19 campaign. According to our preliminary results, there are modification signals on dust fields 
and wind patterns, indicating that the assimilation of Aeolus wind profiles has impact on the performance of the regional 
model. Nevertheless, in order to justify that this impact leads to better predictive skills, several adjustments are needed 
before investigating the underlying mechanisms regulating dust emission and transport processes. 
            
1 Introduction
Wind acts as the driving force of dust mobilization and suspension from erodible soils located in deserts, dry lake beds 
and ephemeral channels. Due to the enhanced turbulence within the planetary boundary layer (PBL), mineral particles 
are entrained in the free troposphere and subsequently are subjected to transport. The spatiotemporal features of the dust 
plumes are driven at a large degree by the prevailing atmospheric circulation patterns. 
Among the deserts of the planet, Sahara hosts some of the strongest sources worldwide producing the major portion 
of the global dust burden (Ginoux et al. 2012). Through the utilization of satellite observations, across North Africa, it 
has been realized a reliable depiction of dust aerosol loads’ intensity, both in space and time. Taking advantage of their 
observational capabilities, it has been enabled the identification of the activation sources as well as the transport paths 
over continental and maritime downwind regions. One of these receptor areas, is the Mediterranean basin, affected 
throughout the year by dust loads, primarily originating in the Sahara Desert and secondarily in the Middle East, under 
the prevalence of favorable synoptic patterns (Gkikas et al. 2015).
Complex mechanisms govern the emission, transport and deposition of mineral particles within the Earth system. Con-
sidering the importance of dust-related impacts on climate, anthropogenic activities and terrestrial/marine ecosystems, 
it is therefore highlighted the imperative need to improve our knowledge regarding the underlying processes of the dust 
life cycle. Numerical simulations are undoubtedly the optimum tool for addressing these questions of high scientific 
concern by deploying global and regional atmospheric-dust models. Even though their contribution to dust research has 
been vital, their assessment against reference measurements has revealed their inherent deficiencies. Some of them are 
related to the representation of the emission processes, the lack/misrepresentation of forces which can affect the resi-
dence time of dust particles within the atmosphere and the misrepresentation of meteorological variables (e.g., winds) 
defining the atmospheric state.
The launch of Aeolus, the fifth Earth Explorer mission of the European Space Agency (ESA), on 22nd August 2018 was 
a major step forward for atmospheric sciences. The key scientific mission of Aeolus is to improve numerical weather 
forecasts and to facilitate our understanding about atmospheric dynamics and their associated impacts on climate. Aeo-
lus, carrying ALADIN (Atmospheric LAser Doppler Instrument), the first-ever Doppler Wind Lidar (DWL) placed on 
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a satellite platform, acquires wind profiles, along the Line-Of-Sight (LOS) and up to 30km, all over the globe thus up-
grading substantially the existing poor observational capabilities over oceanic regions and remote continental areas. The 
main principle of the wind retrieval by ALADIN is relying on the wavelength shift of the emitted UV laser beam at 355 
nm, either by molecules or particles (aerosol, cloud), due to the Doppler effect. Large research and operational centers 
(i.e., ECMWF, NOAA), have initiated the assimilation of Aeolus wind HLOS (Horizontal-Line-of-Sight) L2B profiles 
in global and regional atmospheric models and they have documented an improvement of short- to medium-range fore-
casts of wind, temperature and humidity fields, primarily in the southern hemisphere and secondarily in the tropics, as 
well as better predictive skills in forecasting hurricanes’ tracks in the northern Atlantic Ocean.
Our study, fully aligned to Aeolus’ key scientific objectives, deals with the investigation of the potential improvements 
in the representation of dust fields by the WRF regional model (research mode), operating at the National Observatory of 
Athens (NOA), attributed to the assimilation of Aeolus wind profiles. To realize, the WRF is initialized with high resolu-
tion simulation outputs from the Integrated Forecast System (IFS) in which the Aeolus HLOS wind profiles have been 
ingested in the assimilation scheme. The same procedure is repeated by utilizing IFS outputs without assimilating Aeo-
lus wind fields. The dust products from both experiments are evaluated against a variety of passive and active remote 
sensing aerosol retrievals whereas an in-depth investigation on the factors modifying the simulated dust loads is ongo-
ing. The period of interest covers May 2020 when consecutive dust outbreaks affected the broader Mediterranean basin 
as it has been justified by ground-based observations acquired during the EARLINET Covid-19 experimental campaign. 
Finally, the performed research activities are part of the NEWTON (ImproviNg dust monitoring and forEcasting through 
Aeolus WInd daTa assimilatiON) ESA project.  

2 WRF-Chem model and observational datasets 
In the current study, regional dust simulations have been conducted with the WRF-Chem model (v4.2.1) adopting the 
LeGrand emission and transport scheme (LeGrand et al., 2019) for mineral particles, segregated in five size bins, with 
diameters up to 20 μm. The simulation domain covers North Africa, most part of the European continent and the north-μm. The simulation domain covers North Africa, most part of the European continent and the north-m. The simulation domain covers North Africa, most part of the European continent and the north-
western section of the Arabian Peninsula. The horizontal resolution is set to 50 km and 70 sigma-hybrid pressure levels 
up to 50 hPa are used in vertical. The high-resolution IFS outputs are used for the initial and lateral boundary conditions 
and the forecast outputs are provided on an hourly step over the period 10/5-20/5/2020, following a 10-day spin-up run. 
Numerous ground-based remote sensing observations have been processed for the evaluation of the dust fields produced 
by the WRF-assim (initialized with IFS in which Aeolus wind profiles have been assimilated) and WRF-noassim (ini-
tialized with IFS in which Aeolus wind profiles they have not been assimilated) configurations. The aforementioned 
datasets have been acquired in the framework of the EARLINET Covid-19 campaign that took place in May 2020 
including vertically resolved multiwavelength aerosol retrievals and sun-direct/retrieved aerosol observations, acquired 
at AERONET sites, representative for the whole atmospheric column. In addition, dust relevant products derived from 
the reanalysis datasets (MERRA-2, CAMS) are analyzed for intercomparison purposes. Finally, the in-house developed 
LIVAS and MIDAS satellite databases providing high-resolution dust information in vertical and horizontal terms, re-
spectively, are also taken into account in our analysis.  

3 Results

3.1 Mediterranean dust outbreaks during the EARLINET Covid-19 campaign 
As a first step of our analysis, we have relied on aerosol observations and reanalysis products for the identification of 
dust-rich sub-periods within the timeframe of the EARLINET Covid-19 campaign. For brevity reasons, only a short 
description is given here by presenting the timeseries of AOD550nm, based on MERRA-2, in conjunction with the aerosol-
type percentage contributions (Figure 1) and an example of a CALIPSO cross-section along the Eastern Mediterranean 
on May 16th, 2020 - 00:46 UTC, depicting the vertical structure of the dust plume (Figure 2). The black curve in Figure 
1 corresponds to the columnar AOD at 550nm, in the surrounding area of Antikythera island, over the period spanning 
from 10/5 to 20/5/2020. It is evident the occurrence of several peaks (reaching up to 0.6) indicating consecutive episodi-
cal aerosol conditions in the southern parts of Greece. Throughout the period, it is clear the dominant contribution of 
mineral particles, represented by the khaki color in the background of Figure 1, to the total aerosol load. The relevant 
percentages are mainly higher than 50% and they can reach up to 90% when the AOD is maximized.  
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Figure 37: Timeseries of the MERRA-2 aerosol optical depth at 550nm (AOD550; black curve), on an hourly basis, in 
the surrounding area (+/- 1 degrees) of the Antikythera island (SW Greece), over the period 10/5/2020 - 20/5/2020. The 
shaded areas represent the percentage contribution of dust (DU), sea-salt (SS), black carbon (BC), organic carbon (OC) 
and sulphate aerosols to the total aerosol load (i.e., AOD550).

One of the dust outbreaks that affected the Eastern Mediterranean has been captured by the CALIOP instrument, mount-
ed on the CALIPSO satellite, on May 16th, 2020 approximately at 00:46 UTC. Thanks to its depolarizing measurement 
capabilities at 532 nm, it is feasible the highly accurate detection of non-spherical mineral particles suspended in the 
atmosphere. Based on the CALIPSO aerosol sub-type classification scheme (Figure 2-i), the presence of dust aerosols 
is justified as it is revealed by the occupation of yellow colors along the entire scene. Dust aerosols, at low intensities, 
are recorded up to 7 km above sea level whereas the altitudes where the maximum levels of the backscatter coefficient 
(Figure 2-ii) are encountered, gradually decrease from southwest to northeast (i.e., from left to right in the curtain plots), 
along the CALIPSO ground track. After applying a series of quality checks on the CALIOP profiles (Marinou et al. 
2017) and adopting a more representative lidar ratio (Amiridis et al. 2013), the pure dust extinction profile has been de-
rived (Figure 2-iii) for a segment of the probed scene (black rectangle in the curtain plots) when CALIPSO flies nearby 
the Antikythera island (~60 km southeastwards). A multilayered structure of the dust loads is observed with the core 
mass residing between 1.5 and 4 km, yielding maximum extinction coefficients at 532 nm equal to 0.25 km-1.           

Figure 38: CALIOP-CALIPSO (i) aerosol subtype classification and (ii) backscatter coefficient at 532 nm (in km-1sr-1) 
along an overpass over the Eastern Mediterranean on the 16th of May 2020, at 00:46 UTC. The black rectangle denotes 
the part of the probed atmospheric scene (~60 km eastwards of the Antikythera island) which has been considered for 
the derivation of the pure dust mean extinction coefficient (in km-1) profile (iii).

3.2 Impact of Aeolus wind data assimilation on the WRF dust fields and wind patterns 
As it has been already mentioned in Section 2, the WRF regional dust/meteorological simulations have been performed 
based on two model configurations (WRF-assim, WRF-noassim) aiming to identify modifications on the predicted dust 
fields and wind patterns, attributed to the assimilation of Aeolus wind profiles. Here, we present an example (16/5/2020; 
03:00 UTC) of the wind patterns at 700 hPa (Fig. 3 i-a) and DOD (dust optical depth) at 550nm (Fig. 3 ii-a) produced by 
the WRF-assim experiment while on the right column are illustrated the differences with respect to the WRF-noassim 
run. At 700 hPa (Fig. 3 i-a), a zone of intense winds, with a southwest-northeast orientation, is well developed between 
the cyclonic system centered in the Iberian Peninsula-Morocco and the anticyclone centered in the southwestern Greece. 
This atmospheric circulation reveals many similarities with those of Cluster 4 presented by Gkikas et al (2015), induc-
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ing prolonged dust episodes (up to 5 days), more frequently in May. Near the surface (not shown here), southwesterly 
and northeasterly winds trigger dust mobilization in Algeria and Libya, respectively, whereas the convergence of dust 
abundant air masses in the central Mediterranean is clearly evident on the DOD map (Figure 3 ii-a). By contrasting the 
two simulated DOD fields (i.e., WRF-assim minus WRF-noassim), negative differences are found in the Gulf of Sidra 
in contrast to positive ones recorded in the western and northern flanks of the anticyclone. Through a visual inspection, 
there is not a direct correspondence with the wind perturbations (Figure 3 i-b) characterized by slight increasing differ-
ences in the aforementioned regions. Therefore, a further investigation it is needed for the interpretation of the observed 
variations of dust and wind patterns enlightening the mechanisms governing the direct and indirect interconnections. 
An assessment, currently at a preliminary stage, of the potential improvements on the representation of dust fields by 
WRF, attributed to the assimilation of Aeolus HLOS wind profiles, has been also made. In Figure 4, are illustrated the 
timeseries of AOD550nm (red circles) and Ångström exponent (α440-870nm; black circles), derived by the AERONET station 
operating at Antikythera, the DOD550nm (blue circles) produced by MERRA-2 and the WRF mid-visible columnar dust 
optical depth based on the assim (green circles) and noassim (orange circles) runs. Sun-photometric observations justify 
the predominance of coarse particles throughout the study period, with few exceptions, since α440-870nm values reside at 
low levels (< 0.4; right y-axis in Figure 4). AERONET AOD and MERRA-2 DOD are in a very good agreement, both 
in terms of magnitude and co-variation. Apparently, WRF captures satisfactorily the temporal variability of dust loads 
but fails to reproduce adequately their intensity, regardless which set of IFS initial/boundary conditions is used in the 
regional model. This fact forces us to re-configure the model by optimizing the emission tuning factor as well as by 
making sensitivities on the grid spacing, which are expected to have impact on wind speeds and subsequently on the dust 
emitted amounts, currently not seen in our coarse resolution experiments. 

Figure 39: WRF simulated wind patterns at 700 hPa (i-a) and dust AOD at 550 nm (ii-a) based on the assim experiment 
on 16th May 2020 at 03:00 UTC. Differences between assim and noassim WRF runs for wind speeds at 700 hPa (i-b) 
and dust AOD at 550 nm (ii-b). 

4 Conclusions
The current study deals with the investigation of the potential improvements on the representation of dust fields, within 
the framework of the EARLINET Covid-19 campaign, by means of regional modelling, via the initialization of the 
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WRF-Chem with numerical outputs of IFS produced with/without the ingestion of Aeolus HLOS wind profiles in the 
assimilation scheme. As a demonstration of the performed activities during the initial phase of the NEWTON ESA-
project, only some indicative results have been presented here. Currently, an optimization of the model configuration 
is ongoing, which will allow the derivation of robust scientific outcomes. At a further step, our work will serve as the 
baseline towards improving the WRF-Chem forecasting skills in terms of reproducing the evolution of Saharan dust 
plumes along the Tropical Atlantic Ocean. NETWON envisions to highlight the benefits and the necessity of Aeolus data 
on dust research, paving the way for future operational satellite missions.

Figure 40: Timeseries, over the period 10/5-20/5/2020, of AOD550nm (red circles) and Ångström exponent (α440-870nm; 
black circles), derived by the AERONET station operating at Antikythera, the DOD550nm (blue circles) produced by 
MERRA-2 and the WRF mid-visible columnar dust optical depth based on the assim (green circles) and noassim (or-
ange circles) runs. 
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Abstract: Heat stress refers to a range of conditions where the body is under stress from overheating. Exposure to 
extreme heat combined with other meteorological conditions can result in occupational illnesses and injuries, thus its 
prevention is of high importance. As early as the 1950s, an index was used to control serious outbreaks of heat illness in 
training camps of the United States Army and Marine Corps. This index is the Wet Bulb Globe Temperature (WBGT), 
that has been the most popular indicator used to reflect the environmental conditions that can be potentially threaten the 
safety of workers. Through a collaboration with the Ministry of Labor, the Hellenic National Meteorological Service 
(HNMS) installed equipment provided by University of Thessaly, with the aim of monitoring WBGT fluctuations dur-
ing the warm period of the year at four military airports. These measurements were analyzed and correlated with typical 
meteorological parameters. As with all indices that integrate elements of the thermal environment, interpretation of the 
observed levels of WBGT requires careful evaluation of the activity to be undertaken and other factors before linking 
them with adverse effects, in the context of a competent risk assessment. At the same time, high resolution temperature, 
wind and solar radiation forecasts from the COSMO-GR1 NWP model were used as input to a software package that 
was adapted to provide WBGT prognostic fields using the Liljgren methodology. Observations from the test period were 
used to evaluate the accuracy of the WBGT forecasts as well as to assess whether WBGT sensors should be included as 
part of the basic equipment of meteorological stations in order to better ensure safe working environments during the 
summer.

1 Introduction
The thermal stress of outdoor workers, especially during the summer months, can seriously damage health and also 
negatively impact productivity. Dry-bulb air temperature alone is inadequate as a metric for human heat stress. Healthy 
and well-adapted humans are able to maintain a normal body temperature through evaporative cooling (i.e. sweating), 
even when the ambient air temperature exceeds their body temperatures. High humidity reduces the efficiency of evapo-
rative cooling and, when combined with elevated air temperature, can undermine this cooling mechanism and pose a 
serious threat to human health. Although heat and humidity are just two among a large array of factors (e.g. physical 
activity, health condition, clothing, water) contributing to heat stress in humans outdoors, they are factors over which 
many individuals have little direct control (Liljgren et al., 2008). The assessment of the thermal environment of the 
outdoor workplace is of primary importance (in particular for the activities carried out at military bases and airports) in 
order to preventively take the appropriate protective measures, both technical and organizational, to deal with the heat. 
The Greek Ministry of Labor decided to study the thermal stress of the employees during the summer months with the 
aim of formulating preventive measures. In this context, it collaborated with the HNMS in order to carry out relevant 
measurements with existing or specialized instruments of the thermal stress conditions in the military work environment 
and assess the possibility of providing reliable forecasts of these conditions in the future. During this study, a widely 
used indicator, Wet Bulb Globe Temperature (WBGT) has been adopted. WBGT is used because it is a well established 
heat index for workplace applications with recommended rest/work cycles at different metabolic rates clearly specified 
in an international standard (ISΟ, 1989). WBGT was first developed in the 1950s to help control heat illness during 
training at military camps. If the WBGT index reached a certain value, training was halted for a specific amount of time. 
Today, WBGT is monitored to understand heat stress in a variety of locations, such as offices/work environments, cit-
ies, homes, etc. to determine how to proceed in hot environments. WBGT is also used to study climate change in many 
regions of the world (Lemke & Kjellstrom, 2012).
An experimental campaign in a military working environment provided measurements of outdoor heat stress while a 
methodology for estimating such an indicator using common meteorological parameters as well as its prognostic values 
from forecast models is assessed. Regarding the forecast of the WBGT index, the aim of the study is to develop a WBGT 
algorithm from existing software libraries, to combine it with NWP (Numerical Weather Prediction) output and evaluate 
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the reliability of these forecasts using the observed values. Moreover, in this study, the necessity of adding additional 
instrumentation to account for the WBGT bioclimatic index has to be weighted, based on the deviation of its calcula-
tion directly from meteorological measurements. The measurements serve also as a basis for the evaluation of forecast 
WBGT values   from an operational numerical weather forecast model, as this effort could help standardize in the future 
the heat condition forecasts from meteorological services.

2 Data and Methodology

2.1 WBGT bioclimatic index
Outdoor WBGT is an estimate of heat stress in direct sunlight and accounts for temperature, humidity, wind speed, sun 
angle, and solar radiation in an environment. WBGT estimates the thermal stress that a person receives, which is a func-
tion of the parameters of the environment and the heat produced inside the body by metabolic activity. The WBGT index 
(unit: °C) is calculated using equation (1) for the outdoors in conditions of direct short-wave radiation:

WBGT= 0.7 Tnwb + 0.2 Tg + 0.1 Ta  (1)

where Tnwb is the “natural wet bulb temperature”, which is evaluated by a liquid thermometer exposed to thermal radia-
tion and wind, Tg (globe temperature) is the temperature measured inside a black sphere (thermometer in the shade), 
while Ta is the air temperature. The liquid bulb thermometer simulates the effect of evaporative cooling of the body 
through sweating which is closely related to the humidity of the air. The thermometer in the sphere simulates the absorp-
tion of heat by radiation (from the sun or other heat sources in the workplace). The temperatures recorded by these two 
thermometers are also modified by the air temperature (Ta) and the air movement (wind speed) around them.
At a meteorological station, the temperature and humidity of the air are measured using standard meteorological instru-
ments that are shaded. The values   for the globe temperature and the natural temperature of the liquid bulb cannot be de-
termined accurately in such a setting, therefore WBGT index approaches are used. A number of authors have calculated 
WBGT from standard meteorological data but the Liljegren (WBGT-Lil) and the simplified methodologies of the Aus-
tralian Meteorological Office (WBGT-Sim) were chosen as the most suitable for this study. Liljegren (2008) developed a 
model independent of location that is derived from mass and energy balance equations where Tg includes both the direct 
and diffuse components of sunlight, thus the method is applicable in both sunny and cloudy conditions. The formula is 
not simple, but software is available for calculating WBGT outdoors (discussed in Section 2.2). In cases where there are 
only air temperature and relative humidity measurements, the following simplified equation (2) can also be used:
WBGT-Sim = 0.567 × Ta + 0.216 × RH/100 × 6.10517.27 × Ta/ (237.7 + Ta) + 3.38 (2)
This equation was originally created for indoor or outdoor shading (without direct shortwave radiation). However, it has 
been widely used for outdoor calculations (in conditions of direct short wavelength radiation). In addition, the accuracy 
of the WBGT is limited by measurement errors related to the omission of the spherical temperature, standardized instru-
ments and satisfactory calibration procedures. Due to the above limitations, the WBGT can only provide a general guide 
to the possibility of heat stress. (Budd, 2008). 
For the WBGT index, in accordance with studies on the effect of environmental conditions that accompany its values, 
color limits have been established. The color codes facilitate an easier, better understanding of the potential risk as well 
as actions to be taken to ensure safe working conditions. In Fig. 1, the most commonly used color scale in international 
level is provided as well as the specified list of actions that should be undertaken for each of the colors of this bioclimatic 
indicator. 

Fig. 1. WBGT color code scale (left) and respective preventive actions for workers (right).
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2.2 Experimental campaign
Specialized WBGT instruments are not included in the standard equipment of meteorological stations due to the high 
purchase and maintenance costs, therefore measurements are not available for long periods of time which are necessary 
in order to perform an appropriate analysis of them. For this study, measurements were made in the framework of the 
collaboration of HNMS with the Ministry of Labor while the equipment was provided by the research group FAMELab 
(Functional Architecture of Mammals in their Environment) of the University of Thessaly. Specifically, WBGT instru-
ments were placed near the meteorological stations of the airports in Larissa, Nea Anchialos, Elefsina and Tanagra (Fig. 
2). The experimental campaign took place during the hot period of the year, i.e. from the end of May through early 
September 2019. The data was collected from all airports and analyzed, but only the data for Larissa airport (LGLR) 
are presented here. The measurements retrieved during the experiment were used for comparison with WBGT values 
calculated from the application of the simplified empirical formula (equation 2). 

2.2 WBGT algorithm for predictions
Predicted meteorological fields from the COSMO-GR1 NWP atmospheric model were used to calculate WBGT values. 
The COSMO Model is a limited-area hydrostatic atmospheric model developed and maintained by the COSMO Con-
sortium (COn-sortium for Small-scale Modeling, www.cosmo-model.org). The horizontal resolution of the model that 
was used is 0.01° (~ 1 km). The grid covers the area of Greece and contains 80 vertical levels. Initial conditions from the 
ECMWF (European Center of Medium Range Forecast) were incorporated while the dimensions of the tables retrieved 
for each parameter were 800x1000 points. 

Fig. 2. Experimental campaign sites (left) and a sample map of a daily high resolution WBGT forecast (right).

The predicted values   of several parameters (wind speed, 2m temperature, 2m dew point, “incoming” solar radiation) 
were used. The hourly values   of these parameters were forecasted for a horizon of 48 hours each day throughout the 
entire duration of the experimental campaign. These values   were used as input data to the WBGT algorithm that was 
developed for this study, which is based on R libraries that were developed by Ana Casanueva of the Swiss Meteorologi-
cal Service (www.heat-shield.eu).

3 Analysis of Data 
Following the conclusion of the experimental campaign and the corresponding forecasts of the WBGT index, all obser-
vations and forecasts were grouped and analyzed for the points of interest. This paper presents the analysis performed 
for Larissa Airport (LGLR), but similar results were obtained for the three other airports. The analysis was performed 
mainly using scatter plots, time series and statistical quantities to quantify the deviations in predicting the index.
A scatter plot of the observed WBGT and Temperature (Temp) values for the entire experimental period is shown in 
Fig.3. The correlation coefficient (R2) is 0.88 and there is an increase in the observed WBGT by 0.71°C for every 1°C 
increase in Temp. This is expected due the interdependency of these parameters, but the plot shows that the increase of 
WBGT with Temp is not completely linear. In the time series diagram also shown in Fig. 3, observed WBGT and Temp 
values are plotted together with a discomfort index HI (a commonly used index based only on the available measure-
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ments of temperature and humidity) for a warm hour of day (noon). All three indicators, while are strongly interdepen-
dent, exhibit different behavior in their range as the minimum and maximum values are not as sharp in all lines. Dur-
ing the period from the beginning of July to the middle of August, there is a maximum value of Temp and discomfort 
index around 43°C. On the contrary, WBGT exhibited its maximum in June when there was a prolonged period of high 
temperatureσ and also increased solar radiation and in some days increased humidity and did not closely follow the tem-σ and also increased solar radiation and in some days increased humidity and did not closely follow the tem- and also increased solar radiation and in some days increased humidity and did not closely follow the tem-
perature fluctuations. Note that values   above 31 for the WBGT index are above the red threshold, at which, according to 
the literature, it is necessary to take measures to protect the health of employees.

Fig. 3. Scatter plot of WBGT vs. Temp (left) and time series at 12UTC of Temp, HI and WBGT observations.

In Fig.4, the scatter plot shows WBGT forecasts correlated with the actual observations (for all forecast hours). The 
correlation coefficient is satisfactory for both methodologies (WBGT-Lil and WBGT-Sim) (0.97 and 0.99 respectively), 
but it is obvious that the use of the elaborated Liljgren approach and software that was developed leads to improved 
forecasts of WBGT since the instrument monitors the effect of radiation and wind speed, which is closer to what the 
Liljgren approach is representing.  On the other hand, the time series (Fig.4, middle), which contains only 12UTC val-
ues, demonstrates that the WBGT-Sim forecast tends to overestimate observed values at lower ranges. On the contrary, 
WBGT-Lil forecasts primarily underestimate observed values,  which is especially apparent at the observed maxima 

Fig. 4. Scatter plot of WBGT forecasts vs. observed values (left) and time series at 12UTC of WBGT-Lil, WBGT-Sim 
forecasts and WBGT observations (middle) and WBGT Bias (right).

In the last part of the analysis, a statistical evaluation was performed where the observations were compared with the 
forecast values in order to quantify the discrepancies. The Bias index (forecast - observed) and the Root Mean Square 
Error (RMSE) were used in the statistical analysis. Only the LGLR values   for 12:00UTC (warmer part of the day) were 
used for this analysis. 
The BIAS diagram in Fig.4 (right) shows the difference between the forecasted and observed WBGT values   for the 
summer months (June, July and August). The mean BIAS is +1.87 for the WBGT-Sim forecasts, which indicates an 
overestimation, while the mean BIAS for WBGT-Lil is -1.15, indicating an underestimation when the methodology 
developed is used. On the other hand, the average value of RMSE is 3.74 and 2.42 for the WBGT-Sim and WBGT-Lil 
forecasts respectively. This demonstrates that the use of the more sophisticated formula enables more reliable prediction 
of the index. Moreover, the magnitude of error is satisfactory and similar to what is inherited from temperature errors 
in the NWP forecasts. 

4 Conclusions
Heat stress, especially during the summer months, can seriously threaten the health of the workforce as well as reduce 
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productivity. Therefore, assessment of the thermal environment of the workplace is of considerable importance, so that 
the appropriate and protective measures, both technical and organizational, can be taken as a precaution to mitigate the 
risk associated with thermal stress. The Ministry of Labor, in collaboration with the HNMS, undertook a study to for-
mulate measures to prevent the thermal stress of the workforce during the summer months. Relevant measurements of 
a bioclimatic index were carried out in collaboration with the HNMS as well as an assessment of the ability to forecast 
this index.
The WBGT by Liljegren index was selected, which best accounts for the external conditions influencing thermal dis-
comfort. At the same time, code was developed to forecast the WBGT index using meteorological parameters from the 
COSMO-GR1 NWP model. Only the results for LGLR Airport were presented, but similar results were observed at 
other airports. Observations of the WBGT index showed high correlation with temperature with a tendency to increase 
after prolonged periods of high heat possibly linked with higher values of solar radiation and humidity rather than after 
sudden increases in temperature. In terms of forecasts, the comparison between the WBGT index of Liljegren and that 
derived from the simplified relationship (takes into account only temperature and humidity) showed that both the devia-
tion and the forecast error are lower for the Liljgren based formula. Furthermore, the error is in the same range as that 
seen in temperature forecasts, consequently it can be considered a promising and reliable framework for the HNMS to 
issue forecasts of WBGT. 
This study resulted in a better understanding of bioclimatic indicators and in particular the WBGT index. The permanent 
installation of appropriate equipment in meteorological stations will help improve understanding of the relationship be-
tween observations and estimates of heat stress that is needed for the application of protective measures for employees 
and will also serve as a tool to constantly evaluate the reliability of the HNMS’s forecasts. 
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Abstract: Supercell thunderstorms are among the most destructive weather phenomena worldwide, which, under cer-
tain conditions, can be deadly. A supercell can be defined as a thunderstorm characterized by the presence of a mesocy-
clone. Supercells are usually found isolated from other thunderstorms or embedded in a squall line. Typically, supercells 
are found in the warm sector of a low-pressure system. A single supercell storm can cause a very serious economic 
destruction from flooding to severe property damage, or loss of lives. At this study, the case of a supercell is examined, 
which entered Greece from the north west part of Florina, went through west and central Macedonia and ended in South 
Halkidiki and the peninsula of Kassandra lasting more than three hours. Specifically, during the last evening hours of 
Wednesday, July 10, 2019, storms of specific severity, accompanied by fierce winds and in some cases by hail of large 
dimensions, hit the study area. The most severe phenomena were recorded in the prefecture of Halkidiki, where seven 
people were killed, 120 people were injured and large devastation occurred. This supercell was tracked and monitored 
by the weather radar of 3D S.A., Greece. Indicatively, the maximum recorded radar reflectivity was 71 dbz and the 
maximum storm height was 16.6 km. 

1 Introduction
Thunderstorm is called a towering cumulus cloud with strong updrafts and downdrafts, accompanied by lightning and 
thunder. A thunderstorm is driven by convection, in which moist warm air rises aloft within a cooler environment. The 
thunderstorm is variously referred to as a “convective storm”, “convective cell”, or “convection”, since it is created by a 
violent upsurge of warm, buoyant, convective air currents from the lower atmosphere to altitudes as great as around 15 
kilometers above mean sea level (MSL). The intense, buoyantly forced rising motions in the thunderstorm, generated by 
the temperature difference between the warm cloud and the relatively cold surrounding environment, namely convective 
instability, produce thick cloud and heavy precipitation. Adopting the definition of “mesoscale” (Orlanski 1975), indi-
vidual thunderstorms are typically meso-γ-scale in horizontal dimension (2-20 km), whereas an organized mesoscale 
convective system (MCS) is typically meso-β-scale (20-200 km) or larger in width.
In this paper, the case of a supercell storm is analyzed, which entered Greece from its north west part, went through 
west and central Macedonia and ended in South Halkidiki and the peninsula of Kassandra lasting more than three hours. 
Specifically, on July 10, 2019, storms of extreme severity, accompanied by fierce winds and in some cases by hail 
of large dimensions, hit the study area. The most severe impacts were recorded in the prefecture of Halkidiki, where 
seven people were killed, 120 people were injured and extensive devastation occurred. This supercell was tracked and 
monitored by the weather radar of 3D S.A., Greece. Indicatively, the maximum recorded radar reflectivity was 71 dbz 
and the maximum storm height was 16.6 km. The paper is organized as follows: In section 2, storm classification and 
monitoring are considered, which involve classification of storms and storm tracking methods. In section 3, the case of 
supercell tracking of 10 July 2019 in Macedonia Greece is analyzed, which includes data base description (synoptic me-data base description (synoptic me-
teorological condition and weather radar data) and presentation of the supercell features mainly based on weather radar.

2 Storm Classification and monitoring

2.1 Classification of storms
There are many valid ways to classify storms. For instance, according to a meteorological approach, atmospheric phe-
nomena are often differentiated based on their scale, i.e. microscale, mesoscale and synoptic scale. Similarly, a natural 
hazards approach, also called a geophysical process, typically focuses either on specific phenomena, such as hurricanes, 
floods, or blizzards, or on decision processes of various aspects, such as warning and response, risk assessment, or miti-
gation. Ideally, a combination of these approaches can be adopted (Krauss and Dalezios, 2017). Convective storms can 
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be classified as isolated storms or MCSs. Indeed, large-scale storms are differentiated by their physical characteristics 
into tropical cyclones, extratropical cyclones and MCSs. The thunderstorm is the basic element or “building block” of 
the MCS. MCSs include squall lines and mesoscale convective complexes (MCC). It is also known that many types 
of rainstorms and hailstorms exist. Specific types of isolated storms include single-cell storms, multicell storms, and 
supercell storms. 
Single-cell storms represent small rain showers and thunderstorms typically covering an area of a few kilometers or less 
and having a lifetime of less than an hour. Multi-cell storms consist of several convective cells or single-cell storms at 
different stages in their lifetime, within the same complex and possibly including supercells. Thus, the multi-cell system 
may have a lifetime much longer than that of any individual cell. The areal extent of the system may be much larger than 
that of a single cell and thus may cover a larger portion of the drainage area for a small watershed. Supercell storms oc-
cur under conditions of strong environmental wind shear in both direction and speed, and strong instability. In this case, 
a very large single rotating cell may develop with a single main updraft 5 km or more in diameter with updraft speeds 
in excess of 50 m s-1. The change in wind direction and speed with height helps to separate the cloud updraft from the 
downdraft, which leads to longer cell lifetimes of the order of several hours. Supercells are large and intense and process 
vast amounts of air and moisture. Supercells often occur in conditions with strong winds aloft and so may move rapidly. 
Frontal boundaries, gust fronts or topography may also alter storm movement. The great strength of the updraft in su-
percells may cause most of the moisture to be transported to high altitudes and out into the storm anvil (Chisholm and 
Renick, 1972). However, if the low-level inflow air is rich in moisture, very large volumes of rainfall may be produced. 
Known as quasi-steady-state storms, they are the most severe type of thunderstorms. Supercell storms, unlike multi-cell 
storms, generally feature a single, large, rotating updraft zone. They have extremely high damage potential, as they can 
cause not only strong wind gusts and heavy precipitation, but also large hailstones and tornados.

2.2 Storm tracking methods
Α largely unsolved problem in MCSs forecasting involves anticipating the timing and location of convective initiation. 
Experimental forecasters can produce operational daily forecasts of deep convection (Dalezios and Papamanolis, 1991). 
However, since storms often form within a range of 10-20 km of mesoscale boundaries, which may themselves be 
meso-γ-scale or narrower in width, variability in the boundary layer is probably critical for the storm initiation process 
along with formation, structure and movement. There are radar-based storm tracking and forecasting methods, which 
include extrapolation methods, knowledge-based nowcasting methods, numerical models, neural network models and 
further approaches, such as probability forecasts and modified turning band (MTB) models (Krauss and Dalezios, 2017). 
Specifically, extrapolation methods include steady-state assumption methods, which involve cross-correlation and fea-
ture tracking methods, as well as echo size and intensity trending methods. Nowcasting and forecasting of radar echo 
motion requires determination of their velocity and direction of displacement. Many radar-based methods use tracking 
algorithms based on pattern recognition, either determining the echo motion through cross correlation (Austin and Bel-
lon, 1974) or tracking specific features of the radar echo (Browning et al., 1982). Problems with tracking algorithms 
are mainly caused by small-scale and short-term variations of the radar echo pattern, e.g. orographic impacts and radar 
technical limitations. Α further approach for advecting radar echoes is by using winds from the steering level, which can 
be provided by outputs of Doppler radar measurements (Andersson, 1991). 
Cross-correlation method. Cross correlation method is used to determine the overall motion of radar echoes. Similar 
patterns of radar echoes are detected by comparing tracking areas in consecutive scans. The best fit between the tracking 
areas is found by optimizing the correlation cοeffιcient. The distance between the tracking area and the time lag of the 
scans determine the displacement vector. Figure 1 shows how the cross-correlation method works through an idealized 
sequence of radar-detected precipitation patterns at times (t1 – Δt), t1 and (t1 + Δt) (Austin and Bellon, 1974). The vector 
AB represents the forecasted motion of the center of gravity between (t1 – Δt) and t1. Specifically, the direction of the 
vector AB is found by selecting the highest cross-correlation among all the computed cross-correlations between the 
center of gravity A and all the adjacent pixels and the distance AB is found based on the pattern’s speed. The vector BC 
represents the correction obtained using the cross-correlation technique leading to AC as the measured displacement 
vector. Note that the forecasted shape of the pattern remains the same, which is being adjusted with each measurement. 
CR is the forecast translation vector, which in this case is equal to AC. Similarly, RO is the difference between the fore-
cast vector CR and the actual motion CO. There have been various extensions to the basic idea. Specifically, the 2-D 
continuity equation was applied to eliminate divergent components of the derived displacement vector field, such as 
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erroneous vectors caused by clutter, shielding, rapid changes in the radar pattern (Li et al., 1995). Moreover, a geometric 
algorithm was added to provide a possibility to detect merging and splitting cells (Dixon and Wiener, 1993). Also, an 
approach was implemented combining cross correlation and feature identification (du Vachat et al., 1993).

Figure 41. Schematic view of the cross-correlation method for storm tracking (Austin and Bellon, 1974).

TITAN (Thunderstorm Identification, Tracking, Analysis and Nowcasting) software: TITAN combines the advantages 
of both, cross correlation and mass centroid approaches (Mecklenburg, 2000; Dixon and Wiener, 1993). The mass cen-
troid method was applied to identify storms considered as ‘’three- dimensional entities”. Το track them in time, they 
used a combinatorial optimization based part1y οn the cross correlation approach. Additional geometric algorithms 
provide the possibility to detect merging and splitting cells. The forecast was carried out using a weighted linear fit from 
the storms’ history for both position and size.
 
3 Supercell tracking: the case of 10 July 2019 in Macedonia Greece
In this section, a brief analysis is presented of the supercell storm features that affected Macedonia Greece with devastat-
ing damages. This storm has been classified as supercell, since it covers all the characteristics of a supercell storm. At 
first, the data base used in this paper is presented, namely synoptic meteorological condition and weather radar specifica-
tions. This is followed by a brief analysis of the supercell tracking features based mainly on weather radar recordings.

3.1 Data base: Synoptic Meteorological conditions and weather radar specifications
The data base used in this paper includes the synoptic meteorological conditions of 10 July 2019 and the specifications 
of the C-band Doppler weather radar at Filiro Thessaloniki (FIL). Specifically, Figure 2 (left) presents the surface mete-
orological analysis chart of 12.00Z, 10 July 2019, where a low pressure center (1005 hPa) is delineated just north-west 
of Greece, along with a front, which are ahead of a trough over Italy on the 500 hPa analysis chart of 12.00Z, 10 July 
2019 (Figure 2-right). Similarly, Figure 3 (left) delineates the tephigram of 00.00Z, 10 July 2019, at Thessaloniki (Air-
port), which shows a large positive energy area indicating strong atmospheric instability. Figure 3 (right) presents some 
specifications of the Filiro radar.

Figure 42. (left) Surface meteorological analysis chart of 12.00Z, 10 July 2019 (by UK Met Office); (right) analysis 
chart of 500 hPa of 12.00Z, 10 July 2019 (by UK Met Office).
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Figure 43. (left) Tephigram of 00.00Z at Thessaloniki (Airport), 10 July 2019 (University of Wyoming);
(right) C-band Doppler weather radar specifications at Filiro Thessaloniki (FIL).

3.2 Tracking features of the supercell storm of 10 July 2019
Tracking of the supercell storm is presented through Figures 4 and 5 and Table 1. Specifically, Figure 4 tracks the maxi-
mum reflectivity of each weather radar scan (every 3 minutes) throughout the supercell storm activity over Macedonia 
Greece, which entered north-west Greece at 16.34Z and left the region of Halkidiki-Macedonia at 19.55Z, 10 July 2019, 
as shown in Figure 4. Table 1 presents several weather radar parameters and features in selected tracking steps of the 
supercell storm of 10 July 2019. From Table 1 and Figure 4 it 

Figure 44. Weather radar-based supercell storm tracking of maximum reflectivity-10 July 2019. 

Table 14. Weather radar features and parameters of tracking the supercell storm of 10 July 2019.
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Figure 45. (left) PPI (Plan Position Indicator) of weather radar echoes of 19.06Z, 10 July 2019; (right) RHI (Range 
Height Indicator) of weather radar echoes of 19.06Z, 10 July 2019.
Is recorded that the supercell storm moved from north-west to south-east. The maximum recorded cell top       was 16.6 
km with 67.5 dbz at 18:51:49Z. Moreover, the maximum recorded reflectivity was 71.0 dbz at a     height of 7.3 km with 
cell top at 15.9 km and projected area of 11,529 km2 at 19:06:16Z (Table 1). Figure 5 (left) presents the PPI (Plan Posi-
tion Indicator) of weather radar echoes at 19.06Z, 10 July 2019, which is the time that maximum reflectivity occurred; 
and Figure 5 (right) shows the RHI (Range Height Indicator) of weather radar echoes again at the time of maximum 
reflectivity, 19.06Z, 10 July 2019.

4 Summary
In this study, tracking of a supercell storm is considered, based on weather radar features, which entered Greece from the 
north west part of Florina, went through west and central Macedonia and ended in South Halkidiki and the peninsula of 
Kassandra lasting more than three hours. This supercell storm was of exceptional severity, accompanied by fierce winds 
and in some cases by hail of large dimensions reaching a record high reflectivity of 71.0 dbz.
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Abstract: In recent years, advances in computational resources and numerical techniques paved the way for higher 
resolution weather forecasts by General Circulation Models (GCMs). However, their forecast skill can be limited in 
specific regions of the world by inadequate depiction of physical properties such as the equatorial convection. In the 
framework of AfriCultuReS project, the meteorological forecast and the Weather Extremes Early Warning services 
provide operationally deterministic and probabilistic weather forecasts from NCEP Global Forecast System (GFS) and 
NCEP Global Ensemble Forecast System (GEFS, 21 members), respectively, up to 180th forecast hour, over the African 
continent. In this study, the forecast skill of the GFS system (forecast cycle 12Z) is investigated, in terms of 2 m air tem-
perature, 2 m relative humidity and precipitation. The verification is performed by utilizing available surface (METARs, 
SYNOPS) and satellite products (e.g. GPM products), by calculating several statistical scores. This work was supported 
by the European Union’s Horizon2020 research and innovation programme “AfriCultuReS -Enhancing Food Security 
in African Agricultural Systems with the Support of Remote Sensing” under grant agreement No 774652. 

1 Introduction
The AfriCultuReS (AfrCRS) project (Enhancing Food Security in African Agricultural Systems with the Support of 
Remote Sensing, Horizon 2020, grant no. 774652, http://africultures.eu/) aims to develop an integrated agricultural 
monitoring and early warning system for Africa to support decision-making in the field of food security. It utilizes Earth 
Observation (EO)-based products, meteorological and climate data to deliver a service portofolio with seven service 
categories (Alexandridis et al. 2021). 
The Weather Forecast Service (AfriCRS-S7-P01) consists of daily continental and local weather forecasts from NCEP 
Global Forecast System (GFS), over Africa and pilot countries (Tunisia, Niger, Ghana, Ethiopia, Rwanda, Kenya, Mo-
zambique, South Africa). The Weather Extremes Early Warning Service (AfriCRS-S7-P02) aims to inform end-users 
about temperature and precipitation extremes by utilizing the NCEP Global Ensemble Forecasting System (GFES) 
(Toth and Kalnay 1997). The provision of the deterministic and probabilistic weather forecasts is up to 180th forecast 
hour (7.5 days), at 3-hourly and/or daily intervals. The forecasts are disseminated through the AfrCultuReS GeoServer 
(https://africultures-frontend.draxis.gr).
This study investigates the performance of the NCEP/GFS model in the framework of the AfriCultuReS Weather Fore-
cast Service (AfriCRS-S7-P01), in each pilot country. 

2 Data and Methodology

2.1 Data
For the purposes of this study, the 12 UTC prognostic cycle of the NCEP/GFS was utilized. The forecasts span up to 
180th forecast hour, with spatial and temporal resolution of 0.25ox0.25o (lat-lon) and 3-hourly intervals, respectively. The 
verification of the deterministic forecasts was performed against available surface observations consisting of a) SYNOP 
reports, disseminated by the European Centre for Medium-Range Weather Forecasts (ECMWF) and b) METARs, re-
trieved from the University of Wyoming. Moreover, an EO precipitation dataset (IMERGV06) (Huffman et al. 2019) 
was obtained through the NASA’s EARTHDATA portal (https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGDF_06/
summary, last accessed 31/01/2021).

2.2 Methodology
A number of continuous and categorical statistical metrics were calculated for 2 m air temperature, 2 m relative humid-
ity and 24hr accumulated precipitation in each AfriCRS pilot country, with the Model Evaluation Tools (MET, v8.2.1). 
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Table 1 summarizes the aforementioned statistical metrics, while Table 2 presents the contingency table used for the 
calculation of the categorical metrics.
From each 12UTC GFS prognostic model cycle lying in the period 01/05/2018 to 31/12/2019, the 12th to 180th forecast 
hours in 3-hourly intervals (D1 to D7 forecast days) were retrieved and the nearest model grid point to observations 
was compared for the continuous variables (2 m air temperature and relative humidity), throughout the analyzed period. 
For precipitation (categorical variable), a neighborhood based verification was performed for the 24 hours simulated 
accumulated precipitation in each pilot country along with the production of continuous statistics. Satellite observations 
(IMERGV06, 0.1o x 0.1o lat-lon) were retrieved, regridded to the GFS grid (0.25ο x 0.25o lat-lon), masked over each 
pilot country and compared with the 24 hours simulated accumulated precipitation for different thresholds (mm) and 
distances (25, 75, 125, 175, 225, 275 km), on each forecast lead day (T+36h – T+180h). The aforementioned distances 
represent the half of the side square which encompasses each neighborhood region, thus the actual size of the specified 
region was 2distances x 2distances. The latter means that for each threshold, a hit is obtained when the observations and 
the 50% of the forecast points surrounding the observations are greater than the corresponding threshold. 

Table 1. Definition of statistical metrics used in the verification process.

1fi and oi correspond to the predicted and observed values of each meteorological parameter,  and  are the sample vari-
ances of the predicted and observed values, respectively and rfo is the correlation coefficient between forecasts and ob-
servations

Table 2. Contingency table with definitions of hit rate and false-alarm rate. The H, M, FA, CR stand for the total number 
of hits, misses false alarms and correct rejections at each precipitation threshold.
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3 Results
The performed verification of NCEP/GFS for air temperature at 2 m reveals that the model overestimates the latter 
in Tunisia (0.66 K), Niger (1.61 K), Mozambique (0.06 K) and South Africa (0.29 K) and underestimates it in Ghana 
(-0.42 K), Rwanda (-0.66 K), Ethiopia (-0.37 K) and Kenya (-0.87 K) (Fig. 1, left column). In all pilot countries, the 
model values presents moderate to high temporal correlation coefficients with observations (Fig. 2) and comparable er-
ror spreads (Fig. 1, left column). Throughout the forecast lead time (not shown), the MAE ranges from 1.19 K (Kenya) 
to 3.2 K (Rwanda), while the RMSE values lie from 1.59 K (Kenya) to 4.0 K (South Africa). These MAE and RMSE 
values are in line with other studies that address the performance of NCEP/GFS 2 m air temperature in other parts of the 
world (Novak et al. 2014; Yin et al. 2019). 
Moreover, a diurnal variation of the errors through forecast lead time is observed (not shown), with most notable the 
shifting from underestimation to overestimation or vice-versa between the cold and warm hours of the day. Zheng et 
al. (2012) found that GFS presented a large and cold bias in land surface temperatures over arid areas during day time, 
which affected also the temperature at 2 m above ground level (AGL). Here, the model presents a cold bias during the 
day in Tunisia (arid regions at southern parts), Ethiopia (arid regions mostly at east), Mozambique (semi-arid to dry 
sub-humid conditions) and South Africa (arid regions at west) and a warm bias on daytime in Rwanda. In Ghana and 
Kenya, the GFS air temperature at 2 m AGL is cold biased only. Although hyper-arid or arid conditions are met in Niger, 
the model presents a warm bias in 2 m air temperature. The latter can be attributed to the distribution of the available 
observations in Niger, which are located mostly at the southern parts of the country (not shown).
Regarding the statistical verification of the relative humidity at 2 m AGL, the NCEP/GFS underestimates it in Tunisia 
(-7.0 %), Niger (-14.3 %), Ghana (-4.5 %), Ethiopia (-6.9 %), Mozambique (-5.0 %), Kenya (-1.5 %) and South Africa 
(-4.3 %), while overestimates it at Rwanda (5.7%) (Fig. 1, right column). As in air temperature, in all pilot countries, 
the model values presents moderate to high temporal correlation coefficients with observations (Fig. 2), while the error 
spread ranges from 10.18 % (Kenya) to 15.06 % (South Africa) (Fig. 1, right column). Throughout the forecast lead time 
(not shown), the MAE lies between 5.24 % (Kenya) to 22 % (Niger) and the RMSE ranges from 7.32 % (Kenya) to 25.7 
% (Ghana). In addition, the diurnal variation of the errors is also presented for this variable (not shown), albeit there is 
no overestimation of relative humidity through forecast lead time (expect in Rwanda).

Fig. 1. NCEP/GFS Mean Error (ME), Mean Absolute Error (MAE), Root Mean Squared Error (RMSE) and Standard 
Deviation of the Error (ESTDEV) of air temperature (K, left) and b) relative humidity (%, right) at 2 m AGL, in each 
AfrCRS pilot country.
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Fig. 2. Normalized Taylor diagram of performance statistics comparing the forecasted 2 m air temperature and relative 
humidity against the observations, in each AfrCRS pilot country.

Fig. 3 compares the daily simulated precipitation averaged over the entire analyzed period against the observed, for each 
forecast lead day, in each AfrCRS pilot country. According to Fig. 3, different variability between simulated and observed 
precipitation exists in each forecast lead day and country under examination. The model presents lower variability in 
mean daily precipitation than the observations at all forecast lead days in Tunisia and higher variability at the rest pilot 
countries (expect for Niger at forecast lead day 1). The highest model variability is obtained for Ghana, a region in West 
Africa that is prone to low predictive skill (Maranan, Fink, and Knippertz 2018). In Tunisia, Niger, Ethiopia, Kenya and 
South Africa, the mean daily predicted precipitation is highly correlated (> 0.9) with observations in each forecast lead 
day. Ghana and Rwanda present moderate correlations (0.5 to 0.7), while in Mozambique the mean daily simulated pre-
cipitation is strongly (0.7 to 0.9) correlated with the observed values.
In each model cycle and forecast window (T+12 – T+180), the model predicts higher daily precipitation amounts than 
the observed ones (Fig. 4a) over Ghana (BIAS: 1.08), Ethiopia (BIAS: 1.4), Rwanda (BIAS: 1.78), Kenya (BIAS: 1.18), 
Mozambique (BIAS: 1.14) and South Africa (BIAS: 1.28). Over Tunisia and Niger the average BIAS is equal to 0.82 and 
0.99 respectively. The largest RMSE (Fig. 4b) is obtained for Ghana (8.11 mm, averaged over the entire country). In Mo-
zambique, the higher RMSE values are located in north-eastern and central regions and are attributed to the presence of 
orographic barriers there (Fig. 4.b). The latter produce orographic precipitation, as the wet air masses from the east reach 
the upwind side of these barriers (Fig. 4b). In Kenya, the larger RMSEs are located over the mountainous area at west.

Fig. 3. Normalized Taylor diagram of performance statistics comparing the mean daily forecasted precipitation and ob-
served (IMERGV06), for each forecast lead day in each AfrCRS pilot country, for the period 01/05/2018 – 31/12/2019. 
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The lower absolute bias among AfrCRS pilot countries for each forecast day is represented by a filled background. The 
bias metric is defined as 100*[(mean_forecast – mean_observed)/mean_observed].

For precipitation events greater than 0.1 mm at 1st forecast lead day, the model is able to capture their occurrence satis-
factory in almost all pilot countries, with high POD and low FAR values, respectively (not shown). Low detection skill 
is presented on the northern parts of Niger (Sahara desert) and to the west South Africa. This is attributed to the nature 
of precipitation events in these regions rather than its model performance. There is an increase of the POD values as the 
neighborhood size increases in all pilot countries, mostly at the 0.1 mm threshold. The opposite behaviour (decrease) is 
observed for FAR values, indicating that the model can capture adequately precipitation events at daily temporal scale 
but misses their spatial distribution (location).

4 Conclusions
This study examined the performance of the NCEP/GFS in the framework of the AfriCultuReS Weather Forecast Ser-
vice (AfrCRS-S07-P01). Results showed that the model presented different forecast skill and behaviour in each pilot 
country for each variable under examination. The availability of robust ground-based measurements is crucial for any 
verification procedure. In the data-limited Africa, the sparse network of available surface observations inherits addition-
al uncertainty on the verification of the model performance, which also acts synergetic to the observations uncertainty.

Fig. 4. NCEP/GFS daily precipitation a) Bias and b) RMSE (mm), averaged over forecast lead day 1 to 7, in each 
AfrCRS pilot country, for the period 01/05/2018 – 31/12/2019.
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Abstract: Rainfall intensity is one of the most significant factors that contribute to flood generation. In the present 
research, long-term precipitation time series recorded by rain gauges located at Taxiarchis, Arnaia and Agios Prodromos 
regions in Chalkidiki (North Greece), were analyzed, in order to examine the correlation potential between the factors 
of rainfall intensity and altitude. Generally, Chalkidiki region suffers from very frequent and intense flood phenomena, 
causing 54 serious flood events from 1966 to 2019, while it is characterized by abrupt changes of altitude within small 
distances, forming a morphology of steep slopes and intense relief. The orography influences the annual precipitation of 
the study area, with the highest percentage of the precipitation amount to concentrate in Cholomontas mountain range. 
Statistical analysis of the 24h max rainfalls was implemented using data from four rain gauges, to determine the correla-
tion degree between extreme rainfalls and altitude. The results showed that 24h max rainfalls are significantly correlated 
with the altitude, especially when the compared rain gauges are installed having high altitude difference. The results 
could be utilized by policy makers and hydrologists in the implementation of the IDF curves and the construction of 
flood hydrographs, in order to plan and design more accurately the flood prevent works in catchments and streams within 
the specific as well as similar study areas.

1 Introduction
Flash floods are natural phenomena that are an integral part of the hydrological cycle. They are the result of extreme 
rainfall events, which interact with other factors such as the relief, land uses, geomorphology, and human interference 
(Kastridis and Stathis 2020, Kastridis 2020). The small steep catchments of the Mediterranean mountainous areas and 
climate are especially vulnerable and flash floods events are generated within a few hours (Kieffer Weisse and Bois 
2001). In Greece, the flood phenomena are responsible for hundreds of deaths (Diakakis and Deligiannakis 2015) and 
financial losses (Papagiannaki et al. 2012). Spatial and temporal characterization of rainfall is necessary for a more suit-
able representation of hydrological processes, in order to enhance watershed management, agriculture, erosion and wa-
ter management studies (Sanchez‐Moreno et al. 2013). In mountainous areas the rainfall distribution is not adequately 
documented, because of the intense relief which leads to complex precipitation patterns and the lack of information 
in these regions (Prudhomme and Reed 1998). It is widely known that the topography of an area significantly affects 
the spatial patterns of precipitation, modifying the local wind patterns and the condensation of air humidity (Bonacina 
1945). It is generally accepted that altitude is the topographic variable that is usually used to describe the variations in 
precipitation enhancement through orographic uplift (Sevruk 1997). The orographic effect of precipitation enhance-
ment and generally the influence of elevation on precipitation, has been widely studied in the past in different regions 
with varied levels of success (Kieffer Weisse and Bois 2001, Rotunno and Ferretti 2001, Badas et al. 2006, Gouvas et 
al. 2009, Ebtehaj and Foufoula-Georgiou 2010, Chen et al. 2013, Napoli et al. 2019). On the other hand, to our knowl-
edge, there are few scientific studies that examine the orographic effect and the relation of extreme rainfall events and 
altitude (Kieffer Weisse and Bois 2001, Avanzi et al. 2015, Gentilucci M et al. 2019). A specific pattern expressing the 
enhancement of precipitation with the increase of altitude does not exist for Greece (Gouvas et al. 2009). Therefore, it is 
necessary to increase the knowledge regarding the relation between extreme rainfall events and altitude at a local level, 
in order to improve the planning and design of flood prevent works that ameliorate the flood risk.
In the current study, the relation between the extreme rainfall events and the altitude in the region of Chalkidiki Prefec-
ture (north Greece), is being analyzed (Fig. 1). According to the literature, Chalkidiki is one of the most flood vulnerable 
regions of Greece, where 54 flood events from 1979 to 2015 have been recorded (Kastridis and Stathis 2017). Addition-
ally, 10 more flood events have been recorded from 2015 to 2019 with varying intensity, increasing the total number 
of flood events. Flash flood phenomena in Chalkidiki region have been documented in the past years, analyzing and 
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evaluating the primary causes that generate these catastrophic events (Papamichail et al. 2001, Stathis and Sapountzis 
2003, Stefanidis et al. 2007, Sapountzis and Stathis 2014, Kastridis and Kamperidou 2015, Kastridis and Stathis 2020). 
A common aspect of many cases was that the initial force that triggered the flash flood, was the extreme rainfall and 
secondly, the inappropriate dimensioning of flood prevent works. 
Aim of present study is the statistical analysis of the 24h maximum rainfall data from four rain gauges located in differ-
ent altitudes in Chalkidiki region, to determine the influence degree of the orography on the rainfall intensity within the 
research area. Main objectives of the research are: (1) to record the 24h max rainfall from the available time series, (2) 
to examine the possible trends in the time series (3) to investigate the correlation between the 24h max rainfall with the 
rain gauge altitude, (4) to test statistically the correlation between the 24h max rainfall and altitude. 

2 Data and Methodology
The study area is located in north Greece and more specifically in central Macedonia and Chalkidiki Prefecture (fig. 1). 
Chalkidiki is a peninsula that encircled from the Mediterranean Sea from three sides, west is the Thermaikos gulf, south 
is the Aegean Sea and at the east is the Strymonikos and Ierissos gulfs. According to the available data, the climate of 
the area could be characterized as a typical Mediterranean, with relative mild winters and very dry and warm summers 
(Kastridis and Stathis 2020). Most of the precipitation is distributed on Cholomontas (1160 m), Stratoniko (932 m) and 
Kakavos (916 m) mountain ranges, while there is a significant differentiation in precipitation and temperature between 
the lowland and mountainous areas, where the mean annual rainfall ranges from 430 to 800 mm. Approximately, 31% 
of the research area is characterized by very intense relief (slope over 45%), causing the orographic uplift of warm and 
humid air masses coming from the Aegean Sea, that result in frequent extreme rainfalls.

2.1 Data
The data of this study were derived from 6 rain gauges, but only four of them have long term period observations 
(over 10 years) that are useful for the statistical analysis of the 24h maximum precipitation. The data of the four rain 
gauges that were used for the statistical analysis are located in Forest Service of Taxiarchis University Forest and in 
Arnea, Polygyros and Agios Prodromos settlements. The altitude of Taxiarchis, Arnea, Polygyros and Agios Prodromos 
rain gauges is 860, 565, 580 and 450 m respectively, while in Table 1 important statistic parameters of the annual 24h 
maximum rainfalls are provided. The data were obtained from Taxiarchis Forest Service, the National Observatory of 
Athens (Polygyros rain gauge, Lagouvardos et al. 2017) and the 1st Department of Works Construction and Control of 
Thessaloniki (Arnaia and Agios Prodromos rain gauges). 

Table 1. Statistic parameters of the four rain gauges (Arnaia, Taxiarchis, Polygyros, Agios Prodromos)

2.2 Methodology
Four time series were selected (Arnaia, Taxiarchis, Polygyros, A. Prodromos) to be the sample that would participate 
in the statistical analysis, in order to examine the possible relation between the 24h max rainfall and altitude. The time 
series were first subjected to homogeneity tests (99% confidence interval), to detect if there are any discontinuities that 
might be ought to instrument failure, instrument replacement, recording changes, rain gauge displacement etc. The mean 
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monthly values of the 24h max rainfall were calculated aiming to detect the months that present the most extreme rain-
fall events and the differences among the rain gauges altitude. Simple five-year moving average was used to smooth out 
short-term fluctuations and highlight longer-term trends or cycles that may exist within the time series records. Simple 
linear regression and exponential regression were applied to the data, to correlate 24h max rainfall and rain gauge alti-
tude. To test if there are statistically significant differences between the 24h max rainfall data from the four rain gauges, 
one-way ANalysis of Variance (one-way ANOVA) was applied to the four time series. Οne-way ANOVA is a very useful 
tool that can contribute to the comparison of the means of two or more samples, using the F distribution and determine 
whether there are any statistically significant differences among the samples.

3 Results
According to the homogeneity tests, the complete time series may be regarded as stationary, suggesting that the follow-
ing statistical analysis could be performed to the complete time series data. The homogeneity of the time series strength-
ens the confidence that the results of the statistical analysis are reliable.
The mean monthly values of the 24h max rainfall were calculated and are presented in figure 1A. As it is evident, the 
influence of altitude on the 24h max rainfall is more intense during the months that most of the extreme rainfall events 
were recorded. Specifically, in May, October, November and December, Taxiarchis presented the higher mean monthly 
values of the 24h max rainfall, followed by Arnaia, Polygyros and Agios Prodromos. As regards the months of lower 
24h max rainfall values, there is also a relation with the altitude, but is not significant, especially between Taxiarchis 
and Arnaia rain gauges, which differ 300 m in altitude. Polygyros rain gauge showed higher fluctuation of the 24h max 
rainfall values, a fact that may be attributed to the short length of the time series records.

Fig. 1. Mean monthly values of 24h max rainfall (A). Simple five-year moving average of the annual 24h max rainfalls (B).

In figure 1B, the calculation of the simple five-year moving average is depicted, using the annual 24h max rainfalls of 
the four rain gauges. It is evident that Taxiarchis and Arnaia rain gauges present higher values of 24h max rainfall in 
comparison to Agios Prodromos and Polygyros rain gauges, which are located in lower altitude. On the other hand, 
Arnaia showed higher values than Taxiarchis during the periods 1973-1984, 2012-2019 and similar values during the 
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period 1983-2014, despite the fact that Arnaia is located in lower altitude, suggesting that the orographic effect may not 
be significantly high on mountainous area of Chalkidiki.   
Simple linear regression and exponential regression were used to correlate the 24h max rainfall and the rain gauges alti-
tude (figure 2A and 2B).  The low R2 value of the linear regression, may be attributed to the high topographic variability 
of Cholomontas mountain and especially to the high 24h max rainfall values of Arnaia rain gauge, despite the fact that 
is located in lower altitude compared to Taxiarchis. The use of exponential regression did not improve the R2. In figure 
2, it is evident that there is a correlation between 24h max rainfall and altitude in the study area and further research is 
necessary to be conducted to explain the spatial variability of extreme rainfall events in the study area. 

  Fig. 2. Simple linear regression (A) and exponential regression (B) of the mean annual 24h max rainfall.

According to the statistical analysis of the one-way ANOVA, applying the Tukey’s Honestly Significant Difference test 
(HSD), was found that there is a statistically significant difference between Arnaia-A. Prodromos, as well as between 
Taxiarchis-A. Prodromos, as regards the mean values of 24h max rainfall. This statistically significant difference between 
Arnaia, Taxiarchis and A. Prodromos rain gauges indicates that orography effect influences the extreme rainfall events. 
On the other hand, no statistically significant differences were found among Arnaia-Taxiarchis, Arnaia-Polygyros and 
Taxiarchis-Polygyros, which means that there are more factors that affect the extreme rainfall events in the study area. 
 
Table 2. One-way ANOVA statistical analysis of the annual 24h max rainfalls.

1Arnaia:1, Taxiarchis:2, Agios Prodromos:3, Polygyros:4.

4 Conclusions
According to the results, a statistically significant correlation between the 24h max rainfalls and the altitude is detected, 
especially when the compared rain gauges are characterized by considerable altitude differences. The orographic effect 
is more intense during the months (May, October, November, December) that Chalkidiki mountainous area receives 
significant amounts of precipitation and extreme rainfall events. However, the orographic effect may not be the main fac-
tor that influences the 24h max rainfalls, especially during the summer months when brief, local thermal rainfall events 
dominate in the study area. The calculation of flood hydrographs seems to be a quite complicated and difficult process 
in mountainous watersheds, where spatial distribution of the extreme rainfall events is influenced by the intense relief. 
Policy makers and hydrologists should undoubtedly take into account the orography effect during the calculation of the 
IDF curves and the construction of flood hydrographs, in order to plan and design more accurately the flood prevent 
works and other infrastructures in watersheds and contributing more efficiently to the flood risk management.
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Abstract: The Mediterranean tropical-like cyclones (Medicanes) are exceptional meteorological phenomena observed 
over the Mediterranean Sea. The occurrence of Medicanes is rather rare but during their development phase, storms are 
being observed reaching the strength of a hurricane (Category 1) while main societal hazards include destructive winds, 
heavy precipitation, and flash floods. In late September 2018, one characteristic case of Medicane appeared over the 
southern Ionian Sea and gradually extended mainly over the Greek peninsula, causing extreme weather conditions and 
damages in the sea transportation sector as well as in inland infrastructures, especially in the coastal regions. In this 
study, multispectral Meteosat imagery was used to detect and monitor the evolution of the convective cloud character-
istics (e.g. lifecycle duration, cloud top temperatures, areal extent). The first results of our analysis regarding the main 
characteristics of these cloud patterns reveal - among others - that during such events many well-organized mesoscale 
convective systems are developing reaching the tropopause, are long-lived (lifecycles larger than 4 hours) and are mov-
ing with relatively high speed (mean speed larger than 40 km/h).  

1 Introduction
Mediterranean cyclones with tropical-like characteristics such as spiral cloud coverage and a central cloud-free “eye” 
are referred to as Medicanes. They are formed typically under the effects of a cold and isolated depression at the medium 
and high levels of the troposphere (Miglietta, 2019; Koseki et al. 2021). Medicanes are the result of a synergy between 
synoptic-scale processes, which provide the necessary environment for their development, and mesoscale processes 
such as deep convection and latent heat fluxes from the sea, which are crucial for their maintenance (Emanuel 2005; 
Tous et al., 2013). Despite their rarity (Cavicchia et al., 2014; Miglietta, 2019), within the last several years Medicanes 
have drawn the attention of the scientific community, particularly because of their potential to be associated with high-
impact weather (e.g. Emanuel 2005; Fita 2007). During the occurrence of Medicanes, severe damage on coastal areas 
caused by extreme weather, such as strong winds and flooding, are always reported.
Significant is the role of the meteorological satellites in the observation of Medicanes. The modern operational satellites 
provide a satisfactory temporal and spatial resolution that is extremely useful for the detection of such cyclonic systems 
as Medicanes and their route tracking. 
The main scope of this study is to detect and monitor the evolution of the main mesoscale convective cloud patterns and 
their characteristics (e.g. lifecycle duration, cloud top temperatures, and the areal extent) during the lifecycle of a Medi-
cane that occurred the last three days of September 2018, with the exclusive use of the multispectral Meteosat imagery.

2 Data and Methodology
During 25th and 26th September 2018, humid air masses started gradually to concentrate in the greater area of Ionian 
Sea. During 26th of September, unstable atmospheric conditions were started to develop in the Ionian Sea. The unstable 
atmosphere became more evident in the first hours of the 27th of September 2018 with the form of a barometric low-
pressure system (Fig.1). A persistent and significant south-southwestern airflow associated with a weak low-pressure 
system above the Ionian Sea during an early autumn period of exceptionally high sea surface temperatures (e.g. Ka-
limeris and Kolios, 2019) and enhanced mass and heat flows between the sea and the overlying troposphere, consisted 
excellent initial conditions for the subsequent formation of the examined Medicane. The satellite images in Fig.1 show 
characteristic timeframes of its evolution that lasted from 27th September to 30th of September until its final dissipation, 
in the first hours of the 1st of October. 
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Fig. 1. Surface weather maps (source: “Met Office”) and the relative Meteosat satellite images of the channel 10.8μm.
 
2.1 Data
There are five channels of the satellite instrument SEVIRI (Spinning Enhanced Visible and Infrared Imager) onboard on 
Meteosat satellite platform whose images are used in this study (Table 1).

Table 1. Spectral characteristics of the Meteosat channels are used for the system.

2.2 Methodology
The cloud convection was studied using the satellite algorithm developed by Kolios and Feidas (2011). In this study, 
the more recent version of this algorithm was used (Kolios, 2018) where spectral and spatial criteria as well as texture 
parameters based on five infrared spectral regions (Table 1), were used. The algorithm detects the convective cloud pat-
terns and tracks their spatiotemporal evolution using multicriterial methods based on the Meteosat channels of Table 1 
and the cloud characteristics. Using this satellite-based algorithm for the detection and the tracking of the convective 
cloud cells, the development of 88 Mesoscale Convective Systems (MCS) was detected during the period from 26th to 
30th September 2018. The criteria of keeping a cloud track as a critical one (MCS), were the areal extent to reach more 
than 1000 km2 during a three-hourly lifecycle, at least (e.g. Morel and Senesi, 2002).

3 Results
Fig. 2a presents the detected MCS track routes during the examined period (26th to 30th September 2018) while Fig. 
2b shows the spatial distribution of the coldest 10% Brightness Temperature values in the channel of 10.8μm of all the 
MCS cloud patterns. In Fig. 3a, the accumulated rainfall during the examined period from the GPM satellite can be 
seen as deduced by the IMERG (Integrated Multi-satellite Retrievals) product with a spatial resolution of 0.1 degrees. 
Furthermore, the mean wind speed estimation of the MERRA (Modern Era Retrospective-Analysis for Research and 
Applications) model for the whole examined period, is shown in Fig. 3b.
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Fig. 2. (a) MCS track routes (b) Spatial distribution of the coldest 10% MCS cloud top Brightness Temperatures in the 
channel of 10.8 μm. 

In Fig. 2a, the MCSs in the southern and eastern parts of the study domain, have track routes with a clear northeastern 
direction while in the western parts of the study domain it can be seen a different direction. The majority of the MCSs 
have more complex routes with a main tendency toward the west. These routes are consistent with the intense cyclonic 
condition of the barometric low (Fig. 1) which started to form in the Ionian Sea and gradually moved toward the Aegean 
Sea. In the eastern parts of this swirling cyclonic system, a southern airflow prevails while pushes the developed MCSs 
to western - southwestern directions. In Fig. 2b, it can be seen that the lowest cloud top temperatures are well related 
with the main passage of the Medicane which formed in the Southern Ionian Sea and gradually enhancing moved toward 
the Aegean Sea where started to dissipate late on 30th of September. It is noted that along this passage the heaviest rain 
episodes and the highest wind speed values were recorded (Fig. 3b).
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Fig. 3. (a) Accumulated rainfall (mm) of the IMERG satellite product (b) MERRA model mean wind speed (m/s) esti-
mation for the whole examined period. 

Fig. 4, shows box-plots regarding four basic MCS parameters. It can be seen that the main distribution of the areal ex-
tent of the detected MCSs varies between 3000 km2 to 12000 km2 during their lifecycles but there 25% of cases where 
the areal extent was largely above this area (Fig. 3b). Regarding the coldest temperatures of the MCS cloud tops, the 
coldest 10% of BT values in the channel of 10.8 μm during their lifecycles, was calculated (Fig. 4a). Fig. 4, shows that 
75% of these temperatures were lower than 221 K (-52 °C). Moreover, the rate of the temperature change of the coldest 
10% brightness temperature values in the channel of 10.8 μm varies mainly between -2.5 K/hour and 2.5 K/hour which 
depicts the abrupt changes that occur inside the well-organized structure of these convective systems. Finally, the total 
distance traveled is clearly larger than the typical distance an MCS usually covers during its lifecycle in the greater area 
of the Mediterranean (e.g Morel and Senesi, 2002; Kolios and Feidas 2010). 

Fig. 4. (a) Coldest 10% Brightness Temperature of the MCS in the channel of 10.8 μm. (b) Areal extent distribution of 
the MCS cloud tops for every timestep in their lifecycle. (c) Rate of change regarding the coldest 10% BT during the 
lifecycle of the examined MCS. (d) Total distance traveled by the MCS.
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In Fig. 5 the majority of the examined MCSs have a lifecycle duration between 5 to 9 hours with a mean value of 7 
hours (long-lasting MCSs). Additionally, the percentage of the cloud top areal extent with positive values regarding 
the temperature difference between the channels 6.2 μm and 10.8 μm (“Warm Water Vapor”) was examined to detect 
overshooting tops. 

Fig. 5. (a) MCS lifecycle duration, (b) Percentage of the cloud top areal extent with positive values regarding the tem-
perature difference between the channels 6.2 μm and 10.8 μm (“Warm Water Vapor”).

More specifically, this parameter is indicative of the cloud top presence in the lower limits of the stratosphere (Schmetz 
et al. 1997), depicting the intensity of the updrafts that generate convection and lead the vertical extent of these systems 
very high in the atmosphere.

4 Conclusions
This study analyzes basic characteristics of the MCSs that formed during a Medicane development above the Ionian 
Sea between 26th and 30th September 2018. The MCSs that were detected during this period were long-lasting (7 hours 
mean lifecycle duration), traveled long distances (250 km on the average) and reached high altitudes in the troposphere 
in the limits of the tropopause, actually overshooting up to the lower stratosphere (very low values as depicted in Fig. 
4a and Fig. 4c). The MCSs seemed to have a very well-organized structure as it represented by their large areal extent 
(mean areal extent of 10700 km2) in combination with their large lifecycle duration. These findings are also consistent 
with the rainfall and wind speed estimations from the GPM satellite and the MERRA model, respectively. The charac-
teristics of the MCS during this Medicane episode, highlight the severity of the phenomenon which is accompanied by 
many large and persistent MCSs that are capable to produce dangerous heavy rain episodes, lightning, strong down-
bursts, and hailstorms. 
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Abstract:  Wind energy power plants increase significantly nowadays in Greece, producing an important part of 
the increasing electricity demands. Nevertheless, wind power plants are vulnerable, among others, to abrupt weather 
changes caused especially by thunderstorms followed by lightning activity and the accompanying severe wind gusts 
and rapid wind direction changes. Power outages, problems in the utility’s distribution system and extensive damage 
to wind turbines are some of the results that such phenomena may cause. Therefore, the knowledge of the relationship 
between the storm systems and the produced wind field is essential in order to establish a wind power plant during the 
construction and operation phase as well. In this study, the relationship of severe wind gusts in regard to lightning activ-
ity in the vicinity of a wind farm, in a hilly region of western Greece is examined. Wind speed and direction data come 
from wind turbines and cover the period 1-1-2012 until 31-12-2014, while the corresponding lightning data from the 
ZEUS European network. Results show that wind gusts are well correlated to lightning flashes. Furthermore, correlation 
maximizes during winter when well organized weather systems affect the area and minimum in summer as a result of 
local storms due to thermal instability.

1 Introduction
Thunderstorms are phenomena related to cumulonimbus clouds and are developed due to the atmospheric instability 
taking place on a local or regional scale. Although thunderstorms have a relatively short duration – as an isolated event 
– encompass a tremendous power that could cause especially dangerous impacts to human life, as a result of intense 
and extreme weather phenomena such as the lightning strikes, severe winds, heavy precipitation and hail as well. Those 
kinds of weather are possible to provoke extended damages or even life loss additionally inducing significant socio-
economic problems in a major part of population (Litta et al. 2013).
For the energy production industry, severe weather is considered the one that may cause extended disruptions to the en-
ergy distribution system and, in the worst case, significant damages to the energy production and transportation (Zepka 
et al. 2008). Such impacts may be caused by lighting discharge and severe wind as well, phenomena closely related to 
thunderstorms. Nevertheless, the knowledge about the special characteristics, climatology and frequency of appearance 
of such convective gusty winds and their separation from the turbulent gusts, especially in cases of a mix weather type, 
is constrained. 
In this study we examine the events of extreme wind gusts activity in the vicinity of a wind power plant, located at a 
hilly region of Western Greece, in comparison with the presence of cumulonimbus clouds with lighting activity. A pre-
liminary analysis shows that severe wind gusts are observed most frequently during the cold season of the year, when 
well-organized low-pressure systems overpass the power plant. On the contrary, during warm season, and especially 
during summer months, the frequency of observing such wind gusts is much lower and is related directly to thunder-
storms developed locally, mainly due to thermal instability.

2 Data and Methodology

2.1 Data
The study focuses on a wind power plant at a hilly area close to the town of Nafpaktos, Western Greece, at an altitude 
between 1,000m and 1,500m. The wind speed and direction are measured at the nacelle of a wind turbine, at a height of 
67m a.g.l.. Data cover a three years period, from 1/1/2012 until 31/12/2014 and consist of mean wind speed and direc-
tion of the last 10 minutes and the maximum observed wind gust for the same time period. These wind data have been 
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aggregated to mean hourly values; the absolute maximum wind gust during the averaging period is also calculated. 
Concerning the determination of wind gusts, there are quite a few approaches (e.g. ΝΟΑΑ 1998, Lombardo et al. 2009, 
Harris and Kahl 2017, Letson et al. 2018); the most used is that of the World Meteorological Organization (WMO), 
defining as wind gust the maximum observed wind speed that lasts at for at least 3seconds during a 10-min sampling 
interval (WMO 2011 & 2014).  However, in this study we considered as a recorded wind gust the maximum observed 
wind speed equal or higher than 10m.s-1(20kts) from the average wind speed of the sampling interval. The reason for not 
adhering to the WMO definition is that our data are collected at an altitude of about 1,350m,wherethe differences be-
tween mean wind speed and wind gusts, for any sampling interval, frequently exceed 5.1m.s-1 by far. On the other hand, 
the proposed limit of 10m.s-1 is observed in fewer cases and mainly when a weather change occurs or is going to occur.
The lighting data for the same time period are provided from the European Network of Lightning Strike Detection 
ZEUS. This is a large distance network of 6 receivers placed around Europe that has a very good coverage in the area 
of Central and East Mediterranean (Kotroni and Lagouvardos 2008). Concerning the method for characterizing a ZEUS 
signal as lightning, there are several studies (e.g. Diendorfer 2008, Piper and Kunz 2017) providing specific criteria. In 
this study the observed flashes with a spatial difference smaller or equal to 20km and a temporal difference of 1sec are 
considered as one flash (Drüe et al. 2007). So, if a lightning flash fulfills these requirements, the hour of detection is 
flagged as a flash data independently of the total number of flashes detected during the same period.

2.2 Methodology
The study covers an area between38°15’ - 38°37’ Νand 21°33’ - 22°01’Ε, covering a grid box with dimensions 20×20km2. 
For the three years’ time period both the cold (Dec-Feb) and warm (Jun-Aug) seasons of the year as well as the transi-
tional periods (Mar-May) and (Sep-Nov) are studied. This allows the study of cases which are the results of synoptic, 
well organized pressure systems of medium or large scale, as well as of cases resulting from local factors. 
The study focuses on the relationship between wind gusts observed at the wind power plant site and the lighting flashes 
detected inside the specified grid box at the same time. If one or more wind gust events are recorded at the site of in-
terest, the data are filtered out to the absolute hourly maximum wind speed and hourly mean wind speed respectively. 
Simultaneously an extensive quality control is applied in order to clarify if those wind gusts are due to thunderstorms 
or to other reasons, e.g. wind speed fluctuations due local factors such as the morphology, or even due to malfunction 
of the recording instrument.

3Results
The analysis of synoptic charts and thermodynamic diagrams revealed that the general meteorological conditions in 
the area of interest during 2012-2014 were characterized by a sequence of hot and cold periods accompanied by the 
respective weather phenomena. During winter months the development and passage of low-pressure systems results to 
an important number of lightning flashes. That type of weather leaded to a high number of events of severe wind gusts 
which sometimes lasted for more than two days, as a result of a long-lasting frontal activity accompanying those sys-
tems. These severe gusts were either related directly to the occurrence of a lighting flash or to the wind profile induced 
by those pressure systems as the result of the air convection and pressure gradient.

Table 1. Total number of lightning flashes and wind gusts more than 10ms-1in a period of one hour.

The total number of the observed lighting flashes as well as wind gusts is presented in Table 1; 32% of the total wind gust 
events are neither related to the occurrence of lightning flashes (direct or indirect) nor to any synoptic system. This fact 
is considered to be the result of the complex topography of the surrounding area which combined with specific isobaric 
situations might produce severe wind gusts (e.g. high pressures from the North combined with low pressures from the 
south – a case that induces a strong north-northeast airstream, or a strong southern air flow in the low and middle atmo-
sphere, ahead of a slow moving weather system).



818 | Numerical modeling / Weather analysis

Fig. 1. Distribution of total wind gusts, wind gusts related to lightning flashes, total lightning flashes and wind gusts no 
related to lightning flashes.

Concerning the lightning flashes detected, 12% (33 flashes) of them did not produce any gusts or even a slight fluctua-
tion of the wind in the examined area, but the remaining 88% of them leaded to strong wind gusts. From the total of 
937 wind gust, 68% are related to the lighting flashes. Nevertheless only the 37% is related direct to the flashes (cases 
when the observation of a wind gust coincides with the detection  lightning flash) while the remaining 63% is the result 
of the general activity of the severe weather affecting the surrounding area and producing strong wind gusts sometime 
before or after an occurring flash. In Fig.1 the daily, monthly and seasonal distribution of the total wind gusts as well 
as the detected lighting flashes for the examined period are presented. The proportion of wind gusts related directly or 
indirectly to lightning flashes and the others which are not the result of lightning occurrence are also shown in this graph.
Wind gusts and lighting flashes record one maximum during the afternoon and a second of smaller magnitude during 
midnight. It can also be seen that there is an intense activity during winter while during the warm period of the year 
this activity decreases significantly. This is clearly shown in the seasonal distribution, where the recorded wind gusts 
reach 49% of the cases and lightning flashes reach 41% of them. The main reason of this distribution is the result of 
an intensive frontal activity during the cold period of the year in the area of interest, which has its maximum between 
December and February. That leads to the development of, sometimes, severe weather which is frequently followed by 
the presence of thunderstorms with intense lighting activity as well as to the generation of a strong wind profile (Houze 
2014), especially at the altitude of the wind power plant, conditions that can last for a long period (longer than two days). 
Figure 2 shows the distribution of wind gust accompanied by lightning flashes as a function of the weather types. The 
different meteorological conditions affecting the surrounding area consist of weather types due to synoptic (e.g. orga-
nized cyclones, passing trough) and atmospheric instability conditions (mainly thermal). As it is shown in the figure the 
wind gusts due to synoptic conditions cover a major part of their total. Those synoptic conditions are more common in 
Greece during the cold period, i.e. between November and April.

Fig. 2. Causes of wind gusts related to lightning flashes: a. synoptic scale conditions (red) and b. instability conditions 
(green).
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On the other hand, when the study area is affected by atmospheric instability phenomena mainly due to thermal activity, 
the weather conditions are characterized by isolated cumulonimbus clouds developing over or close to the mountains 
and hills during the warm hours of the day, resulting to local type showers and thunderstorms which sometimes followed 
by lightning flashes, causing intense fluctuations of the wind speed and direction. Those changes in wind patterns lead 
to the development of wind gusts, but conversely of the synoptic conditions, those gusts are of smaller duration and 
constrained temporary and spatially during the occurred thunderstorm and when this is dissipated those wind gusts stop.

4 Conclusions
The recorded severe wind gusts as well as the detected lightning flashes in the study area for the period 1/1/2012 ~ 
31/12/2014 present a strong relationship (r=0.74), both on a seasonal and on a daily basis. Both parameters present a 
maximum during the winter months. On a daily basis, a maximum is observed during the afternoon hours and a second 
one during midnight. More than 65% of the overall recorded wind gusts are related directly or indirectly to the presence 
of cumulonimbus clouds followed by lightning activity. On the other hand, the bigger part of the lightning flashes (al-
most 90%) detected in the study grid box are followed by wind gusts, while a small percentage of them does not change 
the wind.
Nevertheless, apart from the relationship between wind gusts and lightning flashes there is a proportion of the total 
amount of the recorded gusts (30%-35%) caused by other factors such as strong air stream due to the morphology, or 
turbulence in cases of strong upper winds when an atmospheric disturbance approaches without the development of 
significant weather phenomena or even during the  passing of a trough over the surrounding area affecting the study area 
only by its edge but without any weather change. However, it may be concluded that the presence of certain meteoro-
logical conditions which are able to produce severe weather like thunderstorms with lightning activity in this area results 
strong to severe gusty winds. Consequently, those conditions might have a negative impact to the operation of the wind 
power plant because of a number of problems such as a delay or cancellation of maintenance works, damages of the 
wind turbines or of other equipment, or even a complete shutdown in order to protect the wind turbines.
In any case, high resolution data are required for the better and more precise assessment of cases of severe wind gusts, 
because of the variations in density and frequency of lightning flash events in areas smaller than the size of the proposed 
grid box. In this outline, the examination of different areas would have been determined in any precision and cover dif-
ferent conditions [e.g. coastal areas affected by maritime air masses or mountainous regions in accordance to their wind 
and temperature profiles, (Rudolf et al. 2009)]. Especially in Greece with a complex topography and with an important 
number of potential wind power plant sites, the existence of such an analysis would contribute significantly to their 
optimum operation.
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Abstract: Weather-related phenomena such as floods, mass movement, windstorms, and hailstorms, cause extensive 
damages in Greece, while their frequency and intensity are expected to increase given the adverse climate change pro-
jections for the area. At the local scale, the interaction between meteorological conditions, geophysical and demographic 
features can affect the magnitude of damage and the consequent insured financial losses. Although the impact of weath-
er-related events on insurance companies is significant, insurance practices have not yet been adjusted to account for and 
effectively address local weather-related risks. Towards this direction, the YANTAS project aims to meet a significant 
need of the Greek insurance market, specifically the part covered by the INTERAMERICAN insurance company, which 
is related to the assessment of weather-related risks and vulnerability at the local level. For this purpose, a science-based 
interactive tool is being developed and tailored to the requirements of INTERAMERICAN for mapping and analyzing 
insured losses in relation to weather hazards, as well as to vulnerabilities associated with geophysical and demographic 
conditions and human activities, at Postal Code level. This work is devoted to the presentation of the methodology ap-
plied for the development of indices of weather hazard, vulnerability, and risk of losses, followed by preliminary results. 
YANTAS is co-financed by the EU and national funds.

1 Introduction
Weather-related phenomena such as floods, mass movement, windstorms, and hailstorms, cause significant socio-eco-
nomic impacts all over the world. According to the reinsurance company Munich Re (2020), in the last four decades 
the economic losses in Europe due to severe weather phenomena, with or without insurance coverage, have shown an 
upward trend. Among natural disasters, meteorological and hydrological damaging events dominate both overall and 
insured losses. All scientific analyses predict a high probability of a significant increase in both the frequency and in-
tensity of severe weather events in the eastern Mediterranean region due to climate change (IPCC, 2012). Greece often 
experiences weather-related natural hazards with quite serious adverse effects, particularly due to its geomorphology, its 
socio-economic characteristics, its inadequate infrastructure, and the mismanagement of the country’s natural wealth. 
According to the High-Impact Weather Events (HIWE) database (Papagiannaki et al., 2013) developed by the METEO 
Unit at the Institute for Environmental Research and Sustainable Development (IERSD) of the National Observatory of 
Athens (NOA), in the last 20 years, about 500 events have occurred. Floods and flash-floods are the most common type 
of weather-related natural hazard, largely connected to the increased runoff due to man-made interventions in the rivers’ 
catchments and urban developments, the extensive destruction of forest vegetation, and the lack of technical work to 
address the problem.
Although the impact of weather-related events on insurance companies is significant, insurance practices have not yet 
been adjusted to account for and effectively address weather-related risks at the local level. However, the robust devel-
opment of the insurance industry is in the interest not only of insurance companies but also of the society, as insurance 
enhances economic activity, creates data, and provides incentives for prevention. Towards this direction, the YANTAS 
(System for assessment and mapping of vulnerability and catastrophic risk due to severe weather conditions in Greece) 
project aims to meet a significant need of the Greek insurance market, specifically the part covered by INTERAMERI-
CAN insurance company, which is related to the assessment of weather-related risks and vulnerability at the local level. 
For this purpose, a science-based interactive tool is being developed and tailored to the requirements of INTERAMERI-
CAN for mapping and analyzing insured losses in relation to weather hazards, as well as to vulnerabilities associated 
with geophysical and demographic conditions and human activities, at the Postal Code (PC) level. In this work, we 
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present the methodology applied for the development of indices of : (a) rainfall hazard, (b) vulnerability to rainfall and 
associated flooding, and (c) risk of losses, at Postal Code (PC) level. Moreover preliminary results for the specific branch 
of insured capital related to properties are presented.

2 Data and methods
At the local scale, the combination of meteorological conditions with geophysical and demographic features affects the 
magnitude of damage on properties and the consequent insured financial losses. Insurance data consist of a particularly 
useful approximation of the size of the damage and provide information about the cause and type of the induced impact. 
Therefore, when available, they are used for risk assessment, by analyzing their association with the hazard and the 
vulnerability (Cortes et al., 2018, Prahl et al., 2015). 
In this work, property insured losses associated with rainfall events in Greece were estimated from detailed data on 
insurance claims, which were provided by the INTERAMERICAN insurance company. The data set comprises the 
compensated amount for each claim, followed by temporal, spatial, and impact-related details, for the period 2012-2019. 
Event losses were classified into 3 classes (low, medium, high) based on the mean, i.e., the expected value, and the value 
of the 99.5th percentile, above which lies the range of the worst-case scenario for the insurance company in order to be 
consistent with the Solvency II regulation (European Commission, 2007, 2009b) that specifies that an insurer should be 
able to withstand a 1 in 200 years loss (confidence level of 99.5% over a one-year period) and still have sufficient capital 
for risk to be fairly transferred to a third party. The selection of 3 classes for the indicators was made to enhance the us-
ability of the interactive tool that will be produced within the YANTAS project.
For the development of indices for the rainfall hazard, rainfall data for each event and PC were derived from the the 
surface network of the 450 meteorological stations operated by the METEO Unit of IERSD/NOA (Lagouvardos et al., 
2017). The identification of meteorological events and the calculation of relevant meteorological parameters were based 
on algorithms that identify the most representative meteorological stations of each area (namely within each PC), apply 
thresholds over which the phenomena can cause damage (Papagiannaki et al., 2015, 2017), and calculate the maximum 
accumulated rainfall for various time intervals (10, 30 and 60 min, and 2, 3, 12 and 24 h).
For the development of indices for the vulnerability to floods, geophysical, and demographic features, as well as ex-
posure parameters such as the mean flow accumulations and the occurrence of damaging rainfall events, at the PC 
level have been used. The vulnerability parameters were selected after a thorough literature review of relevant studies 
(Tragaki et al., 2018; Lung et al., 2013; Khanduri & Morrow, 2003), while a statistical correlation analysis was also 
performed for possible multicollinearity. All the parameters were classified into 5 classes in a GIS environment with the 
Natural Jenks method. For the calculation of the final indicators, a comparative analysis of 2 methods was performed, 
the Principal Component Analysis (PCA) and the Analytical Hierarchy Process (AHP). 
The risk assessment was done qualitatively at PC level, by developing a risk index as a function of loss occurrence due to 
rainfall, the expected loss, and the geophysical and socio-demographic vulnerability, as well as quantitatively at country 
level, based on logistic regression statistics that estimate probabilities for the occurrence of loss exceeding specified loss 
levels. 

3 Preliminary results

3.1 Insured losses due to rainfall events
In the period 2012-2019, 2054 rainfall events with insured losses for the company have occured. Those events were 
spatially reported at PC level. Among the various rainfall measures, the maximum 24-h accumulated rainfall was found 
to have the strongest and statistically significant correlation both with the magnitude of the insured loss (Spearman’s 
rho=.21, p<.001) and with the number of claims (Spearman’s rho=.18, p<.001) independent of the PC. Figure 1 shows 
the classification of the 24-h rainfall and of the insured loss, as well as the cross-tab frequency distribution of the events 
based on the 2 indicators produced, which show the same statistical correlation as (Spearman’s rho=.21, p<.001) that 
between the continuous parameters. Based on aggregate data at the PC level, the results showed a strong and statistically 
significant correlation between insured loss and the number of rainfall events (Spearman’s rho=.62, p<.001). Figure 2 
shows the geospatial distribution of the number of rainfall events and the associated losses for the period 2012-2019.
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Fig. 1. Classification of events in 3 classes for max 24-h rainfall (RI1, RI2, RI3) and loss (LI1, LI2, LI3), and cross-tab 
frequency distribution (%) of events.

3.2 Geophysical and social vulnerability
Table 1 shows the descriptive statistics of the parameters included for the assessment of geophysical and socio-demo-
graphic vulnerability to rainfall at PC level. For usability purposes, within the framework of the YANTAS project, the 
final indices were re-classified into 3 vulnerability classes. Figure 3 illustrates the vulnerability map based on the index 
produced with the PCA method.
The correlation between vulnerability and the number of events was found to be significant, albeit weak (Spearman’s 
rho = .14, p <.001), indicating that vulnerability related to the natural environment and human geography may affect the 
more frequent occurrence of rainfall-related damage. No correlation was found between vulnerability and losses at PC 
level, which is more likely to be related to the insurance portfolio profile and its interannual changes.

Fig. 2. Number of rainfall events (left) and insured property losses (right) in the period 2012-2019.
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Table 1. Descriptive statistics of the vulnerability parameters

3.3 Risk assessment
Figure 4a shows a qualitative loss risk index at PC level, which was based on the function:

risk = (frequency of occurrence) x (potential loss magnitude) x (vulnerability)

Specifically, the qualitative index attempts to categorize the already affected areas into 3 classes according to the po-
tential loss magnitude, based on the available dataset covering the period 2012-2019. Thus, it can not be considered an 
indicator of future risk, the assessment of which presupposes a larger volume of data at such a high spatial resolution. 
In the context of the YANTAS project, the analysis of the company’s exposure to financial risks related to the spatial 
distribution of weather risks in Greece will be further analyzed, to ensure the sustainable development of the company 
and its adaptation to current conditions, as these are shaped by the effects of the current climate and socio-demographic 
conditions. 

Figure 4b shows the probability of occurrence (in a scale 0-1) of a high-loss event (loss risk index 3 which corresponds 
to loss exceeding the 90th percentile), as predicted based on the max 24-h rainfall regardless of the area of occurrence of 
the events, obtained through logistic regression. This example shows the capability to model the probability of occur-
rence of high-loss events based on detailed data of losses provided by an insurance company and a rainfall observations 
provided by a dense network of meteorological stations. 

Fig. 3. Overall geophysical-sociodemographic vulnerability to flood hazard.

b
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(a)                                                                                                    (b)
Fig. 4. (a) Loss risk index (1:low, 2: moderate, 3: high) at the PC scale; (b) Probability of occurrence (0-1) of high-loss 
(above 90th percentile) as a function of max 24-h rainfall.

4 Conclusions
In the frame of YANTAS project a science-based interactive tool is being developed and tailored to the requirements 
of INTERAMERICAN for mapping and analyzing insured losses in relation to weather hazards, as well as to vulner-
abilities associated with geophysical and demographic conditions and human activities, at Postal Code level. YANTAS 
project has 2 facets: (a) research by assessing and analyzinge the impacts of weather-related natural hazards on a quanti-
tative basis; (b) capacity building in the insurance industry, towards the implementation of effective insurance practices 
accounting for local weather conditions. It is important to emphasize that YANTAS system is expected to lead to in-
creased information and awareness concerning the risk by weather phenomena and the vulnerability of specific regions.
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Abstract: At the end of September 2018, a deep depression that developed in the Gulf of Sidra, moved north-northeast 
and caused severe weather events in Greece. The depression exhibited some special features at the mature stage, such 
as spiral bands of deep clouds around the “eye”, very strong cyclonic winds and thunderstorms, which are typically in 
the case of Mediterranean tropical-like cyclones or as simple they are called Medicanes (Mediterranean Hurricanes). 
Medicanes are warm-core cyclones that derive their energy mainly from the warm sea of Mediterranean and the release 
of latent heat in cumulus convection. In operational forecasting, the weather-forecast offices are called upon to identify 
in time the diagnostic features of a weather system and to select appropriate numerical weather prognostic products 
in order to issue early warnings. This work studies the capability to early diagnose and forecast the track and weather 
phenomena of the depression from the operational forecaster’ point of view by using satellite products provided by 
EUMETSAT (MSG images, H-SAF precipitation, ASCAT wind), numerical weather forecast products provided by 
ECMWF (HRES, EPS) and METAR/SYNOP data, from 27-9-2018, which is the day the depression developed, until 
1-10-2018/00UTC, when the most intense phenomena have occurred.

1 Introduction
Primary role of the operational forecaster - meteorologist is to study the predictability of future weather conditions in 
advance, in order to decide on the intensity level of the expected weather phenomena and issue early warnings. Although 
a wide variety of products (EUMETSAT, ECMWF) are distributed in weather forecast offices, deep scientific knowledge 
and experience are required in order to add value to these products (Ziakopoulos 2010).
The depression that developed on September 27, 2018 in the Gulf of Sidra, is one of those cases where the time con-
straints and uncertainty of the data played an important role in the operational forecasting. The weather system exhibited 
some features that are typical in cases of Mediterranean tropical-like cyclones, or as they are simply called, Medicanes 
(Mediterranean Hurricanes). Medicanes are rather rare systems that developed in the autumn and winter seasons over 
the Mediterranean Sea and are associated with very strong winds, heavy rains and thunderstorms, but they do not reach 
the same intensities with tropical cyclones (Tous and Romero 2011). However, the interest in early diagnosis of a Medi-
cane and prediction of the associated weather phenomena is high due to their social and economic implications.

2 Data and Methodology
In the present work, the capability to diagnose the weather system from the operational forecaster’ point of view is 
studied, from 27-9-2018, which is the day that the depression developed in the Gulf of Sidra, until 28-9-2018/12UTC, 
when its center is located in the southwest of Greece. For this purpose MSG images, H-SAF precipitation and ASCAT 
wind products provided by EUMETSAT in real time are used as well as ECMWF/IFS analysis, available to the weather 
forecaster every 12 hours (00UTC and 12UTC).
 Moreover, the ability of early forecast of the track of depression (MSL pressure) and the associated weather phenomena 
(precipitation, wind) is examined, from 29-9-2018/00UTC, when the center of the depression is in the southern Ionian, 
until 1-10-2018/00UTC, when it is located in the northeastern Aegean and the most intense phenomena have already 
occurred. To do so high resolution-HRES deterministic products and Ensemble Prediction System-EPS probabilistic 
products (ensemble spread and “spaghetti” plots) are studied for  three consecutive runs (26-9-2018/12UTC, 27-9-
2018/00UTC and 27-9-2018/12UTC) of the ECMWF/IFS-Integrated Forecasting System (ECMWF 2020a). Finally, 
selected temperature and wind forecast products are evaluated in comparison with METAR/SYNOP data of the HNMS 
meteorological stations.
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3 Results

3.1 Synoptic environment and diagnostic analysis
The first three weeks of September 2018 in Greece were generally characterized by almost clear skies, warm weather 
and few local rains of small duration over mainland areas. However, on September 25 a severe cold surge initially 
caused a sharp  decrease in temperature and a significant strengthening of the northern winds. On September 27, 2018, a 
cold core low in the upper troposphere occured (-19°C at 500hPa level) above the baroclinic environment of the central 
Mediterranean (+6°C in Italy, +18°C in north Africa) and an intense stratospheric dry intrusion (Hoskins et al. 1985) 
leads  to the development of a deep depression in the Gulf of Sidra (Petterssen and Smebye 1971). During autumn this 
region of the Mediterranean is favorable for strong surface cyclogenesis (Kouroutzoglou et al. 2011).
From 28-9-2018/00UTC to 28-9-2018/12UTC the upper tropospheric low is cut-off from the general atmospheric cir-
culation over the warm sea of the central Mediterranean (Sea Surface Temperature-SST > 26°C, SST anomaly > 1.5°C, 
Fig.1a). A well-shaped occlusion is formed in the center of the low and further pressure drop is observed (Schultz and 
Vaughan 2011), while thunderstorms occur in the area of the occlusion and the cold front. This synoptic environment in 
autumn is favorable for the formation of a Medicane (Emanuel 2005, Moscatello et al. 2008, Tous and Romero 2011, 
Cavicchia et al. 2013, Ricchi et al. 2017).
On 28-9-2018/12UTC, satellite imagery depicts the spiral bands of deep clouds around the “eye” (Fig.1b) and ECMWF 
analysis shows the lowest MSL pressure (991hPa) on the center (not shown). Large amounts of precipitation and very 
strong surface winds are also observed in the satellite products H-SAF precipitation and ASCAT wind, respectively 
(Fig.1f,g).
The ECMWF analysis for 28-9-2018/12UTC shows isolated warm air at basic isobaric levels in the low center (Fig.1c,d, 
not all shown), which likely refers to the formation of warm core system. The system has also a barotropic structure 
and the winds weaken with height (Fig.1e), which means that the contribution of the sensible and latent heat fluxes of 
water vapor condensation is important in the evolution of depression (Reale and Atlas 2001). Finally, downward vertical 
velocities predominate in the area of the core as opposed to the upward vertical velocities in the region around the core 
(Fig.1e).

Fig. 1. 27-9-2018/12UTC: a) SST anomaly (shade; °C). 28-9-2018/12UTC: b) IR satellite image, c) 500hPa and d) 
850hPa geopotential height (contour interval; 6 dam) and temperature (shade; °C), e) vertical cross section of horizontal 
wind (wind flags in KT) and vertical velocity (shade; Pa/s), red L denotes the center of depression. 29-9-2018/00UTC: 
f) H-SAF 12h-precipitation (shade; mm). 29-9-2018/08:52UTC: g) ASCAT horizontal wind (shade; KT).

From the above it is clear that on 28-9-2018/12UTC, while the depression is located in the southwest of Greece, it has 
exhibited some tropical features at the occlusion stage,  that are  highlighted in well-documented cases of Medicanes 
(Ziakopoulos and Marinaki 1996, Lagouvardos et al. 1999, Pytharoulis et al. 2000, Moscatello et al. 2008, Davolio et al. 
2009). However, according to the international literature (Pytharoulis et al. 2018, Ragone et al. 2018), in order to classify 
a depression as a Medicane, it is necessary to apply objective criteria afterwards.
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3.2 Predictability of weather phenomena
The reliability of the latest HRES deterministic model run is very high when consecutive runs have consistency on the 
forecasts and at the same time the spread of the ensemble members is small. However, in cases where the consecutive 
HRES runs have not consistency with each other, a small spread of the ensemble members is necessary so that a good 
deal of confidence may be placed in the latest HRES run (ECMWF 2020b). In this study, the ensemble spread for MSL 
pressure is considered “small”, when it is less than 4hPa as the ECMWF Forecast User Guide does not recommend spe-
cific limits and often refers to the forecaster’s experience in selecting the appropriate products.
From the study of 26-9-2018/12UTC and 27-9-2018/00UTC runs, it is noticed that the HRES forecasts for MSL pres-
sure (Fig.2a,b) do not agree with each other. Also, the ensemble spread in extensive areas of Greece is large (>4hPa), 
while from the “Spaghetti” plots (Fig.2d,e) it is concluded that MSL pressure is likely to be less than 997hPa. Therefore, 
the HRES deterministic model has little reliability in predicting the track and MSL pressure of the low.
Similarly, the HRES forecast resulting from the 27-9-2018/12UTC run (Fig.2c) does not agree with the previous two 
runs. In contrast, the ensemble spread has now decreased significantly (<4hPa) as well as the probability of MSL pressure 
being less than 997hPa (Fig.2f). In this case, the latest HRES run (27-9-2018/12UTC) is considered reliable (Fig.2g).

Fig. 2. a,b,c) HRES MSL pressure (contour interval; 5hPa), Ensemble Spread (shade; hPa) and d,e,f) “Spaghetti” 
plot 997hPa, from HRES and EPS runs 26-9-2018/12UTC, 27-9-2018/00UTC and 27-9-2018/12UTC, valid 30-9-
2018/00UTC. g) Red curve: approximate observed track (satellite analysis) and MSL pressure of depression (ECMWF/
IFS analysis), Yellow curve: forecasted track and MSL pressure of depression from HRES run 27-9-2018/12UTC, valid 
29-9-2018/00UTC to 1-10-2018/00UTC, 12-hour intervals.

Fig. 3. a) Forecasted 12h-precipitation (shade; hPa) of ECMWF/HRES run 27-9-2018/12UTC and observed 12h-pre-
cipitation at selected HNMS meteorological stations (SYNOPs), b) Forecasted 1000hPa wind speed (shade; KT and 
Beaufort scale) and observed maximum wind gust at selected HNMS meteorological stations (METARs), on 29-9-2018 
and 30-9-2018.
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Evaluating the precipitation and wind products for 29-9-2018 and 30-9-2018 (Fig.3) resulting from the 27-9-2018/12UTC 
run of ECMWF/IFS model, it is found that their prognostic guidance is satisfactory, especially on 29-9-2018 and the 
morning hours of the next day (30-9-2018). According to Meteoalarm (2020) there is a red awareness level for precipi-
tation and an orange awareness level for wind intensity, verified by the observations of HNMS meteorological stations.

4 Conclusions
In the context of operational weather forecasting, the main conclusions on the diagnosis of the depression and forecast 
of the track and associated weather phenomena are as follows:
1. On 27-9-2018 a deep depression developed in the Gulf of Sidra, an area which during autumn is offered for strong 

surface cyclogenesis. The synoptic environment of the central Mediterranean on 28-9-2018 was also favorable for 
the formation of a Medicane.

2. On 28-9-2018/12UTC the depression, while located in the southwest of Greece, had exhibited   typical Medicane 
features at the occlusion stage depicted in satellite products (EUMETSAT) and in ECMWF/IFS analysis. However, 
in order to classify a depression as a Medicane, it was necessary to apply objective criteria afterwards in accordance 
with the international literature.

3. From the combined use of HRES deterministic products and EPS probabilistic products of the ECMWF/IFS model, 
it could be concluded that 27-9-2018/12UTC run was the first time-appropriate run to provide reliable forecast 
products. However the need for early warnings to Civil Protection and the general public usually does not allow the 
selection of the closest model run to the weather events, that would possibly be more reliable.

4. Evaluating the precipitation and wind products for 29-9-2018 and 30-9-2018 resulting from the selected 27-9-
2018/12UTC run of ECMWF/IFS, it was found that their prognostic guidance was satisfactory, especially on 29-
9-2018 and the morning hours of the next day (30-9-2018). According to Meteoalarm there was a red awareness 
level for precipitation and an orange awareness level for wind intensity, verified by the observations of HNMS 
meteorological stations.
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Abstract: An algorithm has been developed that calculates the Forecast Icing Potential (FIP) as a percentage of in-
flight icing formation. The algorithm uses the prognostic fields of air temperature and relative humidity at different flight 
levels, the 2m temperature, the total precipitation, including snowfall and the freezing level. These data are analyzed 
and the presence of a single or multiple clouds is identified, while the areas of rain, freezing rain, snow and ice pellets 
are determined. FIP is then calculated based on a fuzzy logic method. This prognostic module was applied offline to 
the output of the COSMO-GR Numerical Weather Prediction model for a selected case characterized by the passage 
of an intense low-pressure synoptic system over Greece. The results indicated that FIP coverage is at least 70% below 
15,000ft where the depression and the associated frontal zones are located. The horizontal extent and intensity of FIP 
decreases above 25,000ft, while at heights of 30,000ft and more FIP is negligible. Radar data were used to evaluate the 
validity of the applied methodology.

1 Introduction
In-flight icing has been recognized as a major adverse condition for aviation safety, as it may affect the structure of the 
aircraft, its induction system as well as the operation of the sensors lying on the aircraft’s outer surface. In particular, 
structural icing alters the aerodynamic characteristics of the aircraft while it also changes the lift, thrust and drag forces 
as well as the weight of the aircraft, influencing its static stability and thus increasing the stall speed (Kalinka et al. 
2017).
The meteorological parameters associated with icing on an aircraft’s exposed surfaces are temperature below 0°C and 
a high content of supercooled water droplets, either within clouds or precipitating water. However, icing rarely occurs 
at temperatures below -40°C as supercooled droplets can be found in clouds up to about -38°C (Köhler and Görsdorf 
2014).The supercooled water droplets (SWD) are formed either within subfreezing warm clouds through collision and 
coalescence or in the freezing rain formation process. Studies have shown that, in the first case, the cloud top tempera-
ture (CTT) is below 0°C but greater than -12°C and the diameter of SWD is usually large, greater than 100μm with the 
liquid water content (LWC) being greater than 0.5g/m3 (McDonough et al. 2008).In the second case, as snow falls and 
melts creating liquid droplets in the warm air of a frontal zone, the presence of the cold subfreezing air beneath leads 
to supercooling and freezing rain formation. The collision-coalescence process is also important in the formation of 
SWD in deep convection, which apart from other aviation hazards is associated with significant icing formation with 
rather low temperatures and rapidly produced SWD due to the strong updrafts and high supersaturation. In general, the 
size of SWD reported in clouds with continuous icing conditions is 40μmin diameter rand 50μm for intermittent icing 
(McDonough et al. 2008).
Pilot reports (PIREPs) have shown that the maximum probability of icing formation is at altitudes of approximately 
10,000ft with more than 50% of the cases lying between 5,000 and 13,000ft (Schultz and Politovich1992).In total, 
reports of the National Transportation Safety Board (NTSB) and Aviation Safety Reporting System (ASRS) databases 
recorded 1,202 icing related accidents and incidents in the USA over the period 1978 to 2010 (Kalinka et al. 2017). A 
large percentage of those events was attributed to different types of precipitation with snow and freezing precipitation 
being the most significant (32.8%) (Green 2006). Therefore, forecasting the areas of icing potential and severity is an 
important mission for meteorologists, and the focus of this paper. 

2 Icing algorithm
Different studies have developed icing algorithms based on the forecasts of Numerical Weather Prediction (NWP) mod-
els. Most of the studies have focused on cases in the USA with NOAA being one of the first Meteorological Services 
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to implement an icing algorithm operationally. The algorithm developed for the present work is based on the NOAA 
algorithm (McDonough et al. 2004, McDonough et al. 2008).
In particular, the icing algorithm calculates the Forecast Icing Potential (FIP), i.e. the capacity of the atmosphere to de-
velop icing at a given flight level in the atmosphere. It uses as input parameters derived from COSMO-GR (COnsortium 
for Small-scale MOdeling), a very high resolution NWP model, which consists of prognostic fields of air temperature 
(T) and relative humidity (RH) at different flight levels from 1,000 to 40,000ft, the 2m temperature, the total precipita-
tion, convective and long-range snowfall and the freezing level. FIP is calculated using a fuzzy logic method based on 
a decision tree of different meteorological conditions. This method enables the definition of FIP in different possible 
icing conditions starting from cloud presence and precipitation occurrence and then using different mixed meteorologi-
cal situations.

2.1 Cloud presence
The icing algorithm begins with analyzing the modeled RH and T values in order to diagnose the presence of clouds 
in the atmosphere. This is based on the examination of each model column, starting from the upper flight levels and 
descending in search of the highest level at which RH is forecasted to be greater or equal to 70%. This level is attributed 
the highest cloud top and its temperature corresponds to the CTT value. According to McDonough (2004), the value of 
70% allows for possible model moisture errors and hence for cold clouds to develop without a model forecast of water 
saturation. The cloud base and the corresponding cloud base temperature (CBT) are found by working upwards at each 
model column until the first level with RH ≥ 80% is found. The threshold of 80% also allows for possible model mois-
ture errors while it is expected that RH is greater at lower levels. In the case that RH is less than 70% in the whole model 
column, then FIP=0. 
Apart from a single-cloud layer, the algorithm also searches for multiple-cloud layers by identifying a dry layer where 
values of RH are less than 50% for at least three consecutive model layers and surrounded by at least two model layers 
with RH being greater or equal to 70%. In this way different cloud layers are identified which are then treated as inde-
pendent clouds with their own tops and bases.

2.2 Precipitation types
3-hour total precipitation (TP) and convective and large-scale snow (SN) forecasts are obtained from COSMO-GR 
model. The precipitation types determined are rain (RA), snow (SN), freezing rain (FZRA) and ice pellets (IP) based on 
the model TP and SN values combined with the model T and the algorithm defined CTT.
The determination of these types is based on the classification by Baldwin et al. (1994). SN is taken as the sum of the 
3-hour accumulative convective and long-range model snow. RA is determined when TP and SN exist but for T2m and 
T> 0°C since it is assumed that when snow falls in warm air and surface it is liquefied, or when TP exists and SN is 
not present. On the other hand, FZRA and IP are considered to exist when TP and SN are present and T2m<0°C while 
T>0°C, assuming that snow melts when passing through a warm layer but then falls onto a subfreezing surface layer.
FIP exists for any type of precipitation below the cloud base apart from the case of SN, for which icing is not expected 
to occur.

2.3 Meteorological conditions
Based on cloud and precipitation physics and observations and PIREPs different mappings associating FIP and mete-
orological parameters have been developed (McDonough et al. 2004) and applied in several meteorological situations 
defined within the icing algorithm, such as single-layer non-precipitating clouds, single-layer precipitating clouds (no 
freezing rain), multiple cloud layers and classical freezing rain structure. 
The algorithm includes a decision tree to determine FIP for each model column by applying the cloud and precipitation-
type determined together with the mappings and the model information in the most appropriate way. In every meteoro-
logical case for which FIP exists, SWD is assumed to be present, though it has not been determined in the present study. 
As an example, Fig.1 shows the mappings for T, CTT and RH used to determine FIP. Based on the calculated FIP the 
icing severity is also determined and classified as “trace”, “light”, “moderate” or “severe” (not shown here). 
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Fig. 1. FIP mappings regarding temperature (left), cloud top temperature (middle) and relative humidity (right).

3 Case study
To the knowledge of the authors, this is the first time that such an FIP algorithm has been implemented over Greece. 
The synoptic situation chosen was that of 12 March 2019 characterized by an intense depression moving over Greece 
from the northwest at 00UTC, followed by an occlusion also associated with a cold and a warm front. These conditions 
influenced the weather throughout the country from 12UTC (Fig. 2) and until after the 13 March 12UTC. The significant 
meteorological phenomena in terms of aviation safety are thunderstorms, the associated convectivity and cloud forma-
tions, turbulence and icing conditions. The latter is demonstrated through the application of the algorithm. Fig. 2b and 
c also show the predicted temperature and relative humidity at 20,000ft (~500mb) in order to illustrate the prevailing 
conditions at that upper-air level on 12 March at 12UTC.
COSMO-GR model was implemented with two one-way nested domains, with the coarse domain covering the wider 
Mediterranean area, while the inner domain encompassed the wider geographical domain of Greece. The grid spacing of 
the model for the area of interest was 1 km (801x1001 grid-points). Regarding the vertical axis, 80 vertical levels (up to 
30hPa) were employed, with increased resolution near the boundary layer. ECMWF operational analyses with a grid in-
crement of 0.125°x0.125° were used as initial and lateral boundary conditions of the coarse domain. For the case study, 
the model was initialized at 12:00UTC on 11 March 2019, and run for48 forecast hours. Model output was available in 
hourly intervals; however the corresponding 3-hour values were implemented for the FIP application.

Fig. 2. UKMO analysis chart (left) on 12/3/2019 at 12UTC,  forecasted temperature ranging from -40°C to -15°C (mid-
dle) and relative humidity (right) at 20,000ft.

3.1 FIP estimates
Fig. 3 shows selected graphs of FIP as a percentage of the appearance of icing at different flight levels at 12UTC on 
12/3/2019. It is evident that icing is already estimated to be significant from the lower levels of 1,000ft and 3,000ft, 
while over 5,000ft and up to 10,000ft icing covers the largest area over Greece with percentages of at least 70%, while 
above 15,000ft FIP starts decreasing over several regions. At 25,000ft FIP is estimated to be significant primarily over 
the Aegean Sea, whereas icing potential has been fallen below 10% over continental Greece and over Crete and the 
Eastern Mediterranean it has been reduced to values less than 60%. Finally, at heights from 30,000ft and higher FIP is 
no longer important. The evolution of FIP at different levels over time (not shown) follows the track of the depression 
and the associated frontal zones.

3.2 Algorithm evaluation
FIP at levels below 20,000ft seem to be consistent with the synoptic situation as presented in Fig. 2b. A cold front is 
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expected to produce meteorological phenomenon characterized by intense convectivity with large vertical clouds (CBs) 
associated with precipitation and significant potential for icing formation. The model predicted isotherm of 0°C, also 
presented for 12 UTC on 12/03/19 (Fig.4a), is indicative of the minimum atmospheric levels and the areas that are more 
vulnerable to icing formation without taking into consideration all the other parameters that were mentioned in the pre-
vious section. In western and northern Greece, the 0°C isotherm was quite close to the surface, while for areas over the 
central and north Aegean it was predicted to be at levels less than 2,500ft, which coincides with the FIP analysis findings.

Fig. 3. FIP at 12 UTC on 12/3/2019 at (a) 1,000ft, (b) 3,000ft, (c) 5,000ft, (d) 8,000ft, (e) 10,000ft, (f) 15,000ft, (g) 
20,000ft, (h) 25,000ft and (i) 30,000ft. The yellow color scale refers to values over 70%. 

Fig. 4. (a) COSMO-GR 0°C isotherm predictions for 12UTC on 12/03/19, (b) Larisa RADAR MAX dBz values and 
(c) vertical cross section of dBz values for 1206 UTC on 12/03/19 with the cross section location corresponding to the 
line drawn in (b).
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Most studies use PIREPs to evaluate icing formation estimates from algorithms (e.g., Belo-Pereira 2015), however such 
reports are not available over Greece. For this reason, FIP results have been validated with radar data based on the fact 
that they indicate convective thunderstorm presence for dBz values greater than 37 (Schilke and Hecker 2014). Larisa 
RADAR data provided by HNMS were analyzed. Depicted radar data at 1206 UTC on 12/03/19 (Fig.4b) suggest that 
thunderstorms are present in several locations over Greece, while investigating their vertical extent (Fig.4c) it is indi-
cated that they initiate close to the surface and their height tops reach 25,000ft for the corresponding dBz values, in ac-
cordance with the FIP results, although their horizontal extent is smaller than the predicted. The presence of convectivity 
is further supported by the lightning activity (not shown). 

4 Conclusions
The Forecast Icing Potential (FIP) algorithm has been developed and applied over Greece during the passage of an in-
tense depression and the associated frontal zones to investigate the percentage of in-flight icing formation. The structure 
and the scientific basis of the algorithm were described together with the COSMO-GR model data used for this purpose. 
It was shown that FIP of at least 70% existed below 15,000ft especially around the frontal zone, while its horizontal 
extent and intensity decreased radically above 25,000ft. A first evaluation of these results using the Larisa RADAR 
data indicated agreement with the predicted FIP vertical extent and an overestimation of the horizontal extent. Further 
investigation is planned to study other cases with intense convectivity, enhancing the validation method with radar and 
enriching FIP algorithm to include more mappings.
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Abstract: Heat waves pose a large threat in Europe causing numerous fatalities in western Europe and Russia over the 
last decades. Successful Subseasonal-to-Seasonal (S2S) predictions of intense and/or high-impact weather events have 
the potential to allow mitigation and prevention of human and economic losses. An abnormally warm period occurred 
in Greece in mid-May 2020. At 850 hPa over Greece the temperatures were 2 to 3.5 standard deviations warmer than 
the 1979-2008 climatology from 11 to 20 May characterizing this warming as an intense event. The shelter maximum 
air temperature reached 39.4oC at Larissa (central Greece) on May 15. The objective of this study is to assess the S2S 
predictability of this event. The motivation is provided by the fact that it took place much earlier than the usual summer 
heat wave period and the lack of a rigorous assessment of S2S weather forecasts in Eastern Mediterranean. This research 
investigates the S2S ensemble predictions of ECΜWF, including 1.5ox1.5o grid spacing forecasts and a leading time 
of 2 to 7 weeks. Forecasts with satisfactory skill are initialized 2.5 weeks before the event. However, a few ensemble 
members predicted this warming at 850 hPa 6 weeks in advance.

1 Introduction
It is generally accepted that changes in the frequency or intensity of extreme weather events will have profound 
implications for both human society and the natural environment. In recent years, many weather phenomena have been 
observed to cause great loss of life, as well as a huge increase in financial losses due to weather related hazards (IPCC 
2019). Heat waves and prolonged high temperatures have a significant impact not only on human health and ecosystems, 
but also on infrastructure and social services. Many regions around the world have often suffered from heat wave events 
in the context of global warming (Meehl and Tebaldi 2004, Perkins 2015, Perkins-Kirkpatrick and Lewis 2020). The 
severity of heat waves has increased the last decades and projections of even more hazardous and frequent heatwaves 
in the future lead to a growing demand for skillful forecasts of these hazardous events beyond the 1-2 weeks forecast 
range. Nevertheless, this limit of predictability does not exclude the probability that some states of the atmosphere can 
be more predictable than the average, either being related with low frequency circulation or having large amplitude 
(Teng et al. 2013). 
The present study investigates the subseasonal predictability of an abnormal early warming in Greece, with characteristics 
of a summer heat wave. The onset of the warm period was on 11 May 2020 with a duration of approximately 9 days. The 
maximum 2 metre temperature (39.4oC) was observed in Larissa city on 15 May at 13:50 UTC (National Observatory of 
Athens station). Also, the maximum observed temperature for the Larissa airport was 36.7oC. This temperature is 8.9oC 
(or 3.1 standard deviations) higher than the mean climatological maximum temperature of the period May 1979-2008 
(Larissa airport), 9th highest on record for the month of May and the highest for the 15th of May. The aims of this study 
are a) to conduct an analysis of the prevailing synoptic conditions that led to this event and b) to assess its subseasonal 
predictability at a leading time of 2-7 weeks.  

2 Data and Methodology
The data that have been used for the synoptic analysis are:
1. ERA5 (HRES) reanalysis data from the European Centre of Medium-Range Weather Forecasts (ECMWF).
2. Temperature observations from meteorological stations of Aristotle University of Thessaloniki (AUTh), National 

Observatory of Athens (NOA) and Hellenic National Meteorological Service (HNMS), daily gridded observational 
dataset for Europe (E-OBS) from ECMWF, and HNMS soundings from the airports of Athens and Thessaloniki 
(retrieved through the University of Wyoming; http://weather.uwyo.edu).



| 837 Numerical modeling / Weather analysis

The data that have been used for the predictability assessment are:
1. Subseasonal-to-Seasonal (S2S) temperature data from ECMWF with a prediction window of 15-43 days.
2. ERA5 reanalysis data from the European Centre of Medium-Range Weather Forecasts (ECMWF).
3. Sounding observations of temperature from the airports of Athens and Thessaloniki
The methodology for the comparison of the S2S predictions with the temperature observations at 850hPa is the lagged 
averaged forecast (Hoffman and Kalnay 1983)just as in a Monte Carlo forecast (MCF.

2.1 Data
The reanalysis dataset that has been chosen is the native ERA5 (HRES – 31km) dataset by ECMWF with a grid-spacing 
of 0.25°x0.25° longitude-latitude. This database is used to extract the temperature climatology of 3 highly populated 
Greek cities (Athens, Thessaloniki, and Larissa) in the period 1979-2008. Statistics such as standard deviation, 95th 
percentile are calculated, too. 
Observations from the meteorological stations of AUTh, NOA and HNMS are used to find the maximum temperatures, 
the onset and the duration of this warm period. The E-OBS are provided by ECMWF and used for the retrieval of the 
maximum temperatures of 15 May 2020 which is the day of the highest maximum temperatures. The sounding data 
(upper atmosphere) refers to the temperatures at 850hPa where the thermal advection occurs mostly. Athens and Thes-
saloniki airports provide radiosonde data every day for 06 and 12 UTC for Athens airport and 00 and 06 UTC for Thes-
saloniki airport.
The S2S forecasts data are provided by ECMWF with a grid spacing of 1.5°x1.5° longitude-latitude (approximately 
128x167km in x-y directions at 40°N). These S2S forecasts have 9 different initialization dates from 00UTC 02/April 
to 00UTC 30/April with an interval of 3 and 4 days, while the predicted time of interest is the same (15 May 00UTC). 
The maximum near-surface temperature was observed on that date. The S2S forecasts are archived with a time step of 
24 hours, so every forecast of this study refers to 00UTC.

2.2 Methodology
The methodology that is being followed is the lagged averaged forecasting (LAF) (Hoffman and Kalnay 1983)just as in 
a Monte Carlo forecast (MCF. This method uses the information present in past observations and simultaneously takes 
advantage of the benefits of stochastic dynamic prediction. Each LAF ensemble member is an ordinary 
dynamical forecast started from the initial conditions observed at a time lagging the start of the forecast period by a dif-
ferent amount. In this study, each LAF is an initialization date and they all forecast the same date and time (15 May 00 
UTC).

3 Results
Starting with the synoptic analysis, on the surface, when the Greek territory is at the peak of the warm event (15 May) 
(figure 1a), it is characterized by a region of high pressures south of Peloponnese (1016 hPa) and a low on the northern 
Balkans (1006 hPa). The high pressures dominated above southern Greece from the beginning of the warm event (11 
May) with winds blowing from the south advecting warm air masses from Africa to the western part of Greece. At 500 
hPa there is a ridge extending from southwest above Greece (5920 gpm) and a deep trough in the Iberian Peninsula 
creating a strong southwest flow.

Fig. 46. (a) 2-m maximum temperature (°C) on 15 May 2020 (E-OBS) and (b) 850 hPa temperature at 12 UTC 15 May 
2020 (ERA5).
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Fig.  2. 48hr ensemble backward trajectories ending on 15 May 2020 12UTC. Source point at 39.5oN, 22.4oE at 1550m 
above sea level. Backward trajectories provided by NOAA HYSPLIT MODEL (ready.arl.noaa.gov/HYSPLIT.php) with 
GFS model data (0.25ox0.25o).

The position of the subtropical jet stream (interacting with the polar jet) is northwest of Greece (not shown) leading to 
downward ageostrophic motions through convergence of air at the right exit of the subtropical jet (Brikas et al. 2006). At 
850 hPa, there are high temperatures extending from Sahara Desert (figure 1b) with strong thermal advection on western 
Greece (not displayed) the previous days. The SW thermal advection enhanced by the presence of an almost stationary 
front in Central Mediterranean. Therefore, upper, and low-level activity triggered the behaviour of the subtropical jet 
stream in a way that favoured strong warm advection and subsidence over the Eastern Mediterranean. The origin of the 
warm air mass is displayed in figure 2 which shows the anticyclonically circulation at 850 hPa.
For the predictability part, two regions are examined with abundance of weather data (weather stations and radiosonde 
measurements) and a reasonable distance that represents the warm event in the mainland of Greece. These regions are 
the city of Athens and Thessaloniki, Greece. Because Athens airport does not conduct soundings at 00 UTC, ERA5 
data are used for both areas as the temperature difference between ERA5 and soundings at 850 hPa for the period of the 
warming was approximately 0.2oC, which is small considering the predictability skill of the S2S data.
In the following charts (figures 3, 4) the x axis shows the initialization dates of the S2S predictions (9 predictions total) 
valid for the 15 May 00 UTC. The y axis shows the predicted/οbserved temperature.

Fig.  3. S2S predictions of 850 hPa temperature (0C) at Athens (37.5oN, 24oE) valid on 15 May 2020 00 UTC, produced 
by ECMWF for different initialization dates (from 00 UTC each date). The ERA5 climatology and observed ERA5 
values are also provided. 
Legend: ERA5 temperature (bold green), ±1oC from ERA5 (green dashed), ±2oC from ERA5 (green dotted), ERA5 
1979-2008 climatology (upscaled to 1.5ox1.5o; purple), 95th percentile of climatology (purple dashed), control forecast 
(red), 50 perturbed forecasts (blue diamonds), mean of perturbed forecasts (blue line) with 1 standard deviation error 
bars (blue shading).
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For the area of Athens (figure 3), the control forecast (unperturbed initial conditions) of ECMWF predicts temperatures 
at 850 hPa of 20oC 32 days before (initialization date: 13 April) that represent the 95th percentile of the local climatology 
values of the temperatures encountered. These temperatures are predicted again only 15 days before the event (initializa-
tion date: 30 April). The mean ensemble forecast (50 perturbed forecasts) does not indicate such heating early enough. 
It distinguished a warming only 18 days prior the event. However, some ensemble members of the perturbed forecasts 
predict the observed value of 23.4oC with an error estimation of ±2oC (green dotted lines) even 43 days before the event 
(initialization date: 02 April). The amount of ensemble members that predict adequately the 850 hPa temperature of 
15 May 00 UTC or are above the 95th percentile does not increase linearly as it is presented in Table 1. There is a large 
increase in the percentage of the ensemble members that predict a strong warm event on the 27 April initialization date 
(18 days before) when 30% of the ensemble members indicate 850 hPa temperatures above the 95th percentile of the 
climatology, 14% temperatures between 21.4 and 25.4 degrees and 8% between 22.4 and 24.4 degrees. 15 days before 
the date of interest the percentages of the ensemble members are slightly increased.

Table 1. Percentages of ensemble members with 850 hPa temperature forecasts, for 15 May 2020 00 UTC at Athens 
(37.5oN, 24oE), above or below certain thresholds for different initialization dates (April 2020). 

For the area of Thessaloniki (figure 4), the control forecast (unperturbed initial conditions) predicts 850 hPa temperature 
of 17.3oC 36 days before (initialization date: 9/April) that represents the 95th percentile of the local climatology values 
of the maximum temperatures encountered. In comparison with the Athens area (figure 3) the exceedance of the 95th 
percentile happened 4 days earlier in Thessaloniki. Also, 18 and 15 days prior to the forecasted time of 00 UTC 15/5, 
the predictions exceed again the 95th percentile by 2.3°C. The mean ensemble forecast (50 perturbed forecasts) does 
not indicate such heating early enough (the same behaviour as Athens). It distinguished a warming only 18 days prior 
the event approaching the 95th percentile. Nevertheless, the ensemble members of the perturbed forecasts predict the 
observed values of 22.1oC with an error estimation of ±2oC (green dotted lines) even 43 days before. The amount of 
ensemble members that predict adequately the temperature of 15 May 00 UTC or are above the 95th percentile does not 
increase linearly as it is presented in Table 2.

Fig.  4. S2S predictions of 850 hPa temperature (°C) at Thessaloniki (40.5oN, 22.5oE) valid on 15 May 2020 00 UTC, 
produced by ECMWF for different initialization dates (from 00 UTC each date). The ERA5 climatology and observed 
ERA5 values are also provided.   
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Legend: ERA5 temperature (bold green), ±1oC from ERA5 (green dashed), ±2oC from ERA5 (green dotted), ERA5 
1979-2008 climatology (upscaled to 1.5ox1.5o; purple), 95th percentile of climatology (purple dashed), control forecast 
(red), 50 perturbed forecasts (blue diamonds), mean of perturbed forecasts (blue line) with 1 standard deviation error 
bars (blue shading). 
There is a large increase in the percentage of the ensemble members that predict a strong warm event on the 27 April 
initialization date (18 days before) when 40% of the ensemble members indicate 850 hPa temperatures above the 95th 
percentile of the climatology, 16% temperatures between 20.1 and 24.1 degrees and 6% between 21.1 and 23.1 degrees. 
15 days before the date of interest (15/5) the percentages of the ensemble members are slightly increased.

Table 2. Percentages of ensemble members (perturbed initial conditions), above or below certain thresholds on different 
initialization dates (April 2020) for 15 May 2020 00 UTC Thessaloniki area (40.5oN, 22.5oE).

4. Conclusions
The results show that it is possible that some ensemble members could predict intense increase at the 850 hPa tempera-
ture even 43 days before the event. However, a more robust indication of the maximum warming is provided by the 
ensemble mean and the control forecast 18 and 22 days in advance. Also, it is very interesting that the control forecasts 
showed strong heating 36 and 32 days before, at Thessaloniki and Athens, respectively. Finally, for future work it is 
suggested that more ensemble members, higher resolution of the S2S forecasts with improved parameterization and 
initialization schemes and a deeper understanding of subseasonal sources of predictability may have the potential to 
demonstrate higher skill scores for the 850 hPa temperatures at such events.
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Abstract: According to recent findings, extreme weather events are linked to long-term effects on forests. In this work, 
weather data and land cover data are the input to a spatial data analysis, in order to reveal any spatial correlation between 
extreme weather occurence and tree cover gain, or loss, in Greece.Extreme weather events were extracted from the 
European Severe Weather Database (ESWD), selecting all repots for extreme weather events occuring in Greece, over 
land, between a) 2001 and 2012, b) 2001-2019. Tree cover data were extracted from the Global Forest Watch (GFW) 
database, for tree cover loss in Greece, between 2012 and 2019. Map overlapping with layers loading in GIS mapping 
software, showed that changes in extreme weather events occurence are significantly correlated to changes in tree land 
cover, indicating that the risk of damage due to extreme weather events, is statistically significanlty related to forests 
land cover (gain or loss of tree land cover). 

1 Introduction
It’s obvious that Europe’s climate and weather patterns are actually changing. Particularly, Klein Tank et al. (2002) 
proved that mean temperatures have increased by ~0.5˚C per decade since the 1970s. Over exactly the same time, 
precipitation has often enhanced in the north of Europe, but decreased in the south, with the selection of damp winter 
days showing a similar trend. Nevertheless, it’s not just the mean climate which is actually changing, but also that the 
frequency and severity of severe weather events and extremes. For instance, many studies (e.g. Klein-Tank and Können 
2003, Alexander et al., 2006) have shown that the number of warm days and nights and warm spell days is increasing 
across Europe, while climate model simulations project an increase in the frequency and severity of heat waves (Clark 
et al. 2010, Fischer and Schär 2010). Alexander et al. (2006) and Zolina et al. (2010) have also discovered an increase 
in the selection of heavy precipitation days (i.e. days with precipitation above 10mm per day) across Europe (excluding 
the Iberian Peninsula), along with an increase in the duration of wet spells (consecutive days with substantial rain) and 
an increase in the frequency of extreme rainfall events. There’s a greater risk of longer dry spells, and semi-arid and 
arid areas are actually expanding. In northern Europe, on the other hand, the precipitation totals are usually increasing, 
especially in winter. Given these results, it’s no surprise that Europe is actually projected to be a’ hotspot’ which will feel 
more substantial changes in its climate (e.g. Giorgi 2006). This outcome is actually significant because an increase in the 
severity and/or number of severe weather events will have a negative influence on the urban and natural locations. The 
weather related phenomena of concern may be linked to general groups of extreme event: storms, cold waves and heat 
waves. The European Severe Weather Database (ESWD) provides info on events that are extreme across Europe. These 
data, mixed with the tree coverage information from the Global Forest Watch (GFW) database, can expose a correlation 
between extreme weather occurence and tree cover gain, and loss.

2 Data and Methodology
In this work, two datasets were used as input loaded in the GIS mapping software GeoDa v.1.14.0 (Anselin et al. 2019). 
The extreme weather events were extracted from the European Severe Weather Database (ESWD), selecting all repots 
for extreme weather events occuring in Greece, over land, between a) 2001 and 2012, b) 2001-2019. The following 
extreme weather events were recorded in Greece, as defined by the ESWD:
Lagre hail: The falling of hailstones having a diameter (in the longest direction) of 2.0 centimetres or more and/or 
smaller hailstones that form a layer of 2.0 cm thickness or more on flat parts of the earth’s surface.
Heavy rain: Rain falling in such large amounts, that significant damage is caused, or no damage is known, but precipita-
tion amounts have been observed that are exceptional for the region in question.
Tornado: A tornado or waterspout is a vortex typically between a few metres to a few kilometres in diameter, extending 
between a convective cloud and the earth’s surface, that may be visible by condensation of water and/or by material (e.g. 
water, in case of a waterspout) that is lifted off the earth’s surface.
Severe wind: A severe wind gust is a gust measured to have a speed of at least 25 m/s or one doing such damage that a 
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wind speed of 25 m/s or higher is likely to have occurred.
Avalanches: A rapid flow of snow down a slope.
Ice accumulation: Accumulations of ice on the earth’s surface and/or objects (such as power lines) in an amount that 
causes - or is capable of causing - important disruptions of daily life and/or considerable material damage or economical 
damage, not including ice accumulations resulting primarily from snowfall. Ice accumulations may result from freezing 
rain, freezing drizzle, freezing fog or from direct deposition of water vapour, resulting in glaze, frost or rime.
Heavy snowfall / snowstorm: Snow (or snow grains) and/or snowstorm in an amount that causes - or is capable of caus-
ing - important disruptions of daily life and/or considerable material or economical damage.
Damaging lightning strikes: A lightning strike causing important damage to aircraft, vehicles, ships, or injuring/killing 
people or animals. Ball lightning or other exceptional lightning phenomena can be reported in this category also if no 
damage was reported.

The difference between the Figs 1 and 2, i.e. the difference between the two layers in the GIS mapping software, showed 
the increase of extreme weather events from 2012 to 2019. The increase in weather events for the period 2012-2019 
resulted from the difference of extreme weather events between two periods 2001-2012 and 2001-2019.
Tree cover loss informaton for the period 2012-2019 was extracted directly from the Global Forest Watch database 
(Hansen et al. 2013 - updated methodology), and used as the second database input loaded in GeoDa, in order to reveal 
any correlation between the tree cover loss for the period 2012-2019 and the extreme weather events increase, for the 
same period.

3 Results
The first layer in mapping was resulted from the extreme weather events extracted from the European Severe Weather 
Database (ESWD), between 2001 and 2019 (Fig. 1), and between 2001 and 2012 (Fig. 2). 

Fig. 1. Extreme weather events in Greece, 2001-2019.

Fig. 2. Extreme weather events in Greece, 2001-2012.
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The second layer in mapping was the tree cover loss in Greece, extracted from the Global Forest Watch (GFW) database, 
between 2012 and 2019 (Fig. 3). 

Fig. 3. Tree cover loss in Greece, 2012-2019 (marked in red).

Map overlapping with layers loading in the GIS mapping software, showed that the increase in extreme weather events 
occurence was significantly correlated to tree land cover loss. In particular, the areas where the correlation between the 
increase of extreme weather events and the tree cover loss was strong, are illustrated in Fig. 4. 

Fig. 4. Areas with strong correlation between the increase of extreme weather events and the tree cover loss (marked in 
green).
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4 Conclusions
Changes in extreme weather events occurence are significantly correlated to changes in tree land cover, indicating that 

the risk of damage due to extreme weather events, is statistically significanlty related to forests land cover (gain or 
loss of tree land cover). 
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Abstract: In this paper we present the preliminary results of our research, aiming to construct a new high-resolu-
tion precipitation database (1km x 1km) on annual and monthly basis, over Greece, using the statistical approach 
of Regression Kriging with a Histogram-Based Gradient Boosting Regression Tree. In the process, we perform a 
comparison between the modelled high-resolution datasets against ERA5 datasets (nearest to the gauge cell) over 
the gauge precipitation totals. We achieved an average improvement of R2 (31.7%) and of RMSE (-16.6%), while 
R2 was improved more than twice on an annual basis.

1 Introduction
Precipitation in Greece exhibits very high spatial variability as documented by a wealth of research on this field 
(Feidas et al. 2007; Nastos et al. 2007; Metaxas et al. 1999). This makes precipitation modelling in Greece quite 
hard, because of the high spatial resolution needed to adequately describe the precipitation variability in the area. 
The ERA5 reanalysis (Hersbach et al. 2020) is the new state of the art reanalysis from the ECMWF. To the best 
knowledge of the authors, there is not any evaluation conducted within the Greek area. However, studies made in 
other regions show the model is performing better than its predecessors and the simulations are much closer to the 
real data especially on an annual basis (Tarek et al. 2020). Besides, Crossett et al. (2020) found that there are still 
limitations to the USA datasets. Mean annual precipitation is higher in the ERA5 datasets, which is especially due 
to the much higher number of wet days recorded in the reanalysis data. Additionally, they found that ERA5 datasets 
displayed less precipitation along the Atlantic Coast and for isolated mountain peaks.
Currently the ERA5 datasets are given at a spatial resolution of 0.25o x 0.25o. This makes the datasets unsuitable to 
study precipitation in Greece, as precipitation can change a lot within such a large grid cell. In particular, spatial pre-
cipitation variabilities regarding small islands could not be fully interpreted. The aim of this paper is to downscale 
the ERA5 precipitation totals on annual and monthly basis down to 1km x 1km, over the Greek area.

2 Data and Methodology

2.1 Data
The ERA5 reanalysis data use the same Integrated Forecasting System that was used in the ERA Interim Reanalysis 
but correcting the biases that were found. The data are given at a 0.25o x 0.25o grid, and this is the reanalysis input 
that is used to downscale the precipitation totals. Towards this goal, the constructed model based on Regression 
Kriging with a Histogram-Based Gradient Boosting Regression Tree was feed by the geographical parameters de-
rived from a 12-meter resolution TanDEM-X Elevation Model, which is a product generated from the TerraSAR-X 
satellite mission. This raster is upscaled to 1km x 1km and then the geographical parameters were calculated for 
each station. The shapefiles used to calculate the distance from shore, lake and rivers were acquired from the gov-
ernment platform https://geodata.gov.gr/. The daily precipitation totals, the elevation of the precipitation gauges 
and their coordinates were provided from the Hellenic National Meteorological Service (HNMS). A total of 103 
precipitation gauges were used, covering most of the Greek mainland, as well as the Islands. The study period refers 
to 1980-2010, and this is mainly to be in agreement with the reanalysis datasets, given at this period.

2.2 Methodology
The constructed Regression model used as independent variables the climatic elements from ERA5 reanalysis data-
sets (air temperature, wind speed, evaporation, surface solar radiation, surface pressure, cloud cover and precipita-
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tion), the geographical variables from the gauge position (longitude, latitude, elevation), the geospatial variables 
(distance from lakes, distance from river, distance from shore, slope) captured from the high resolution 1km x 1km 
Greek domain, and North Atlantic Circulation  index (NAOI) (Table 1). The independent variables entered in the 
statistical downscaling model to achieve optimal results for each month are presented in Table 1. These variables 
are chosen based on statistically significant correlation (p<0.05) with the precipitation datasets (dependent variable) 
along with and trial and error analysis, during the training stages of the model.

Table 1: Table of independent variables used in each month (grey color)
The training dataset consists of the 90% precipitation totals (dependent variable) for each one of the gauges used in 
the study along with the aforementioned independent variables. The used climate elements from ERA5 reanalysis 
datasets concerns the nearest cell to the gauge. The validation of the model is based on a random split of 10% of the 
gauge precipitations totals. 

The statistical downscaling approach used in the study is the Regression Kriging with a Histogram-Based Gradi-
ent Boosting Regression Tree (HBGBRT), which is a spatial interpolation technique, where the residuals from a 
regression model are spatially interpolated using a Kriging technique. The regression model is usually a linear or 
multilinear model; however we used a more complex HBGBRT. Gradient Boosting is an ensemble machine learn-
ing technique where a tree model is added to a previous tree model ensemble to correct the prediction errors. A 
HBGBRT technique essentially means that the model is using a histogram approach to categorize the input data and 
train the trees on the most optimal set of input variables. This technique is used to accelerate the training process 
dramatically.

3 Results
Table 2 summarizes the improvements that were made (R2 and RMSE) in the resulted high-resolution precipitation 
totals compared to the standalone reanalysis data; namely on one hand, we compare the extracted  model gridded 
precipitation with the gauge precipitation totals and on the other hand, the ERA5 reanalysis datasets with the gauge 
precipitation totals. It is obvious that, the new generated High-Resolution PREcipitation totals (HRPRE) show 
massive improvement over the original ERA5 reanalysis datasets. The only exception appears in some Spring and 
Summer months, where the model does not improve the original ERA5 reanalysis datasets. This shortcoming in ac-
curacy probably happens because the precipitation is very scarce (even zero) in most of these months. Additionally, 
the best performing results concern annual precipitation against monthly precipitation, which in some cases is due 
to the scarcity of precipitation even in January or December in specific areas of Greece.
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Table 2: Statistic metrics, on one hand, between the generated HRPRE and the gauge precipitation totals and on the 
other hand, between ERA5 datasets (nearest to the gauge cell) and the gauge precipitation totals.

In the following Figures (1-5), the spatial distributions of annual and reference mean monthly precipitation totals (for 
January, April, July and October) for the generated HRPRE and ERA5 datasets are presented for the period 1980-2010 
over Greece.
The generated annual HRPRE and ERA5 datasets correctly simulate the precipitation pattern (Figure 1), by means of 
the longitudinal shift that exists in the Greek region because of the Pindus mountain range. Also, HRPRE annual pattern 
illustrates decreasing precipitation at the windwards of the Pindus mountain range, while increasing in some areas like 
Crete and Xanthi, especially in high elevation regions, compared to ERA5 annual pattern. On annual basis the model 
performs much closer to ERA5, however the values seem to be smaller. This could be since most of the stations used are 
in low elevations, meaning that in future research more gauges are needed in higher elevation. Besides, Crossett et al. 
(2020) also found the model overestimated the precipitation on annual basis. 
Summer months are the worst performing; namely, the precipitation in these months exists usually only at the northern 
parts of the country. Table 1 depicts that less independent variables appear to be included in the model with respect to 
summer months. 
The inter seasonal variability is something that usually models reach their limits in the region, as in some areas very 
heavy precipitation falls in some winter months and virtually no precipitation in summer. This is obvious in Crete, 
where during winter, the mountainous regions record some of the highest precipitation in the country against very little 
precipitation within summer period. 

Figure 1: Mean annual precipitation totals for HRPRE (left graphs) and ERA5 (right graphs), 1980-2010.
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Figure 2: Mean precipitation totals for HRPRE (left graphs) and ERA5 (right graphs) in January, 1980-2010.

4 Conclusions
A high-resolution (1km x 1km) precipitation database (HRPRE) over Greece is generated, using Regression Kriging 
with a Histogram-Based Gradient Boosting Regression Tree. Towards this, a total of 103 precipitation gauges from 
Hellenic National Meteorological Service were used for the period 1980-2010. Climatic elements from ERA5 reanaly-
sis datasets, geographical variables from the gauge position, geospatial variables from the high resolution 1km x 1km 
Greek domain, and North Atlantic Circulation index, were used as independent variables, while dependent variable was 
the gauge precipitation totals. The contribution of the ERA5 reanalysis climatic elements in the constructed Regression 
model seems to the main driver of spatial precipitation pattern change in both monthly and annual basis. The results 
showed large improvement in the statistic metrics (R2 and RMSE), between the generated HRPRE and the ERA5 data-
sets (nearest to the gauge cell) over the Greek area. 
In a future research we will try to increase the R2, particularly in the summer months, where the main problem appears. 
This could be achieved by adding additional stations, and more parameters, like general circulation indices having 
impacts on the precipitation in the study region (e.g. Mediterranean Oscillation Index, North Sea-Caspian Index etc.). 
Additionally we would like to add more stations in higher elevations in the Pindus mountain range which seems to be 
lacking the precipitation simulated in the ERA5 data. The eventual goal is to downscale the precipitation on a 12m x 
12m grid and try to predict more extreme precipitation indices. 

Figure 3: Mean precipitation totals for HRPRE (left graphs) and ERA5 (right graphs) in April, 1980-2010.
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Figure 4: Mean precipitation totals for HRPRE (left graphs) and ERA5 (right graphs) in July, 1980-2010.

Figure 5: Mean precipitation totals for HRPRE (left graphs) and ERA5 (right graphs) in October, 1980-2010.
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Abstract: Urban flooding is cited as one of the principal hazards in big cities in Greece. Since it is related to deaths and 
economic losses, as well social and environmental impacts, it is crucial to understand the behaviour of short-duration 
precipitation extreme events lead to these disasters. 
Changes in short-duration precipitation extreme records caused of changes in land surface temperature expected to be 
observed in the future; Clausius-Clapeyron (C-C) equation derives an increase in the capacity of precipitable water in 
the atmosphere scaling the warming of atmosphere at around ~6.8% per degree.
In this study, the changes in precipitation extreme events constrained by C-C equation in Thessaloniki, Greece, are ex-
amined, by using a 67-yr timeseries (1953-2019) of hourly precipitation and surface air temperature records. The 1-h 
precipitation intensity, the daily max of the 1-h precipitation intensity and the total annual precipitation intensity are 
calculated, and any scaling influenced by temperature dependency of the precipitation extreme events is investigated, 
identified and defined. The 90th, 95th, 99th and 99.9th extreme percentiles of the distributions of the observed extreme 
events in the study area used, to determine the dependency of the short-duration precipitation extreme observations on 
air temperature. 

1 Introduction
The temperature and precipitation are inputs for analysis of anthropogenic climate change. In an Intergovernmental 
Panel on Climate Change (IPCC) workshop in 2002 (IPCC 2002), the participants agreed that precipitation is one of 
the variables with a key role in understanding climate change and extreme events. Even the recent years, temperature 
and precipitation are recognised as a main argument theme across scientific societies. It is commonly known that as the 
global average surface temperature increases, the evaporation increases, and the extreme precipitation events are turn-
ing frequent (Emori and Brown 2005). The relationship between surface air temperature and moisture-holding capacity 
in the atmosphere (amount of water in vapour) is strongly constrained by the Clausius – Clapeyron (C–C) equation: the 
intensity of precipitation events increases at a rate of ~6.8% per degree of temperature in a warmer atmosphere (Jones et 
al. 2010). Remarkably, this increase observed in some regions where the average precipitation was expected to decrease 
(Meehl et al. 2007). 
Until recent years, several studies have examined the applicability of C–C relationship. A group of studies accessed the 
relationship between extreme daily precipitation events and daily air temperature and how the intensity of precipitation 
can be affected by changes in temperature. For example, in the case of middle latitudes, it has been found that there 
is an increase in intensity of extreme daily precipitation when temperature is low and a decrease when temperature is 
high (Utsumi et al. 2011). Some other studies explain that the different degree of dependency of hourly precipitation ex-
tremes for temperatures below or above a threshold can be explained by latent heat releases in an extreme rainfall cause 
of more condensation during the extreme events. The last demonstrates higher rate than 7% per degree of temperature 
(Lenderick and van Meijgaard 2008). The generalisation of the C–C scaling is characterized as a challenge, since scien-
tists argued against the accuracy to estimate the temperature – precipitation relationship (Yu and Li 2012). The last year 
flooding events are frequent in the city of Thessaloniki (Greece) and any attempt to define the relationship between tem-
perature and precipitation, as well as the extreme precipitation probability distribution, is more than important (Douka 
and Karacosta 2018, Pakalidou and Karacosta 2016). More than two decades ago, Pennas et al. (1998) investigated 
the relationship between landing air temperature and precipitation in Thessaloniki. Ten years later, a similar analysis 
had been performed and an attempt to determine the mathematical link between the two meteorological variables in 
Corfu (west Greece) (Koliou et al. 2008) was applied. Recently, researchers from Thessaloniki statistically studied the 
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aforementioned relationship in an attempt to re-define the intensity of extreme precipitation in Thessaloniki. Douka and 
Karacostas (2018) defined the threshold of extreme events at the value of 6.5 mm.h-1, after a statistical study, in the long 
period 1947-2003 and the analyses of probability distribution functions of precipitation in the area of Thessaloniki. 
This study is focused in the area of Thessaloniki and it is aimed to address the scaling of the C–C equation of the hourly 
precipitation extreme record for the large data set of the period 1953-2019, by adopting the threshold of 6.5 mm.h-1 sug-
gested by Douka and Karacostas (2018). To extent the study, it is investigated how the C–C relationship changes with 
different intensities of rainfall in the study area and in different temperature ranges. For this study, it is assumed that the 
relative humidity hold is constant, regardless the temperature.   

2 Data and Methodology

2.1 Study area and Data
Thessaloniki (40° 37′ N, 22° 95′ E) is the capital of Macedonia in Northern Greece. It is located at the heart of Thermai-
kos gulf in the North-western Aegean Sea and it is surrounded by Hortiatis mountain in the east, Olympus and Pieria 
mountains in the southwest, the plain of Thessaloniki in the northwest and the aforementioned gulf in the south. Due 
to complexity of these geographical factors and their impacts on the mesoscale circulation, the climate of the area is 
characterized as a typical Mediterranean mild climate -Csa, according to Köppen classification- with bimodal seasonal 
variation of precipitation. 
The hydrometeorological data used in the present study are hourly precipitation and surface temperature records ob-
tained at the meteorological station of the Department of Meteorology and Climatology of the Aristotle University of 
Thessaloniki, which is cited in the University Campus near the centre of Thessaloniki (37o 58’ N, 22o 57’ E, 42m a.m.s.l), 
for the period 1953-2019. 

2.2 Methodology
Considering the high potential impact of extreme precipitation events on local scale, the absolute threshold of 6.5 mm.h-1 

proposed by Douka and Karacostas (2018) for Thessaloniki, was adopted in the present study. Two data sets, the 1-hour 
extreme precipitation events (values  6.5 mm.h-1) and the daily maximum of the 1-hour extreme precipitation events 
(the highest of the extreme values during 24-h), were constructed, illustrating the two fundamental approaches used in 
extreme value analysis, the Block Maxima method and the Peaks-Over-Threshold method.
Scatter plots were created, and linear trend lines were fitted to observe the strength of linear correlation between each 
precipitation data set and temperature. Moreover, time series consisting of annual precipitation and annual average of 
mean daily temperature records for the sub-period 2000-2019 were illustrated, since the contribution of this period on 
the acknowledge of the outcomes of the anthropogenic climate change is crucial (Mann et al. 2017). Furthermore, the 
frequency of 1-hour extreme precipitation events, the total annual extreme precipitation anomaly, the 10-year moving 
average, as well as the average of temperature on annual basis for the relevant 1-h extreme events were calculated and 
depicted, in order to analyze the variation during the period 1953-2019 in Thessaloniki. 
Last but not least, as the statistics of extreme values specifically deals with samples that are on the upper tail of dis-
tribution, the 90th, 95th , 99th  and 99.9th percentiles of 1-hour extreme rainfall events were computed as a function of 
surface temperature for the period 1953-2019 and for the two sub-periods, agro-spring/summer (April-September), 
agro-autumn/winter (October-March), according to Karacostas and Pennas (1994). The exponential regression fit for the 
aforementioned percentiles, as well as the C-C scaling lines were calculated and illustrated by adopting the methodology 
produced by Lenderink and van Meijgaard (2008).

3 Results
Any change in extreme short-duration precipitation events is investigated by forming the profile of the precipitation and 
temperature records among the given time series of 67 years (Fig. 1). There were 537 extreme events with the 1-h (short-
duration) precipitation intensity greater or equal to 6.5 mm.h-1. This value corresponds to ~98.2% of the total rainfall 
data (hourly precipitation ≥ 0.1 mm). The values of surface temperature during the extreme events indicated three dif-
ferent groups in both 1-h extreme precipitation events (Fig. 1, Left) and daily maximum of the 1-h extreme precipitation 
events (Fig. 1, Right). For temperatures below 13oC, the intensity was less than 16.5 mm.h-1. For temperatures between 
13oC and 26oC, the intensity ranged a lot with the higher values up to 46.5 mm.h-1. The further increasing of temperature 
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showed a similar profile with the first group, with the point of one outlier at 30.4oC and 55.5 mm.h-1. This indicated that 
rainfall extremes might increase under an increasing-temperature environment. Interestingly, the analysis of the annual 
precipitation and annual average of the mean daily temperature records indicated a strong positive trend started from 
2000 onwards.
The findings of the analysis revealed significant when the frequency of extreme precipitation events visualized (Fig. 2). 
Variations of the average frequency of extreme events have shown increasing trend. An eight-year group with a valuable 
number of short-duration extreme records in the range of [5,16] events occurred in the sub-period 1970-1977. Interest-
ingly, the extreme events observed more frequent the recent years, with a highlight pick in 2014 representing 23 extreme 
events in this year. The ten-year moving average quantified a cycle on the frequency of the extreme rainfall observations. 

Fig. 1. The scatter plot between intensity and temperature for the Left: 1-h extreme precipitation events and Right: daily 
maximum of the 1-h extreme precipitation events in Thessaloniki within the reference period 1953-2019.

 The rise in extreme precipitation events frequency has also been compared with the annual mean extreme precipitation 
anomalies during the reference time-period (here anomaly refers to the annual distribution). The relationship between 
the frequency of such events and the anomalies in total annual precipitation of the events was examined. To further 
analyse the anomalies of the short-duration precipitation events, a temporal distribution of extreme events of both to-
tal precipitation and respective annual average temperature occurred between 1953 and 2019 are visualized in Fig. 3. 
More specifically, three peaks of the rainfall anomalies observed in 1972, 2002 and 2014 with 211.4 mm, 149.4 mm and 
288.6mm recorded events, respectively (Fig. 3, Left). There was an upward trend in the ten-year moving average distri-
bution started in 2000. Papagiannaki et. al (2013) concluded to flash floods as the main cause (75% of the high-impact 
weather events) of the extreme records observed in the period 2001-2011 in Thessaloniki area. The average annual tem-
perature temporal distribution followed an increasing trend, with the mean of the records positioned on ~18.0oC for the 
sub-period 2000-2019 (Fig. 3, Right).          
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Fig. 2. The frequency of extreme precipitation events and the ten-year moving average in the reference period 1953-
2019 in Thessaloniki.
 

Fig. 3. Left: The total annual extreme precipitation anomaly and the ten-year moving average, Right: The average of 
temperature on annual basis for the relevant extreme short-duration events, in the reference period 1953-2019 in Thes-
saloniki.

The exponential regression fit for 90th, 95th, 99th and 99.9th percentiles is visualized in Figure 4. A general observation 
returned that the exponential regression followed a different sub-C-C scaling of 6.8% per degree across the reference 
periods for the very extreme short-duration precipitation events of 99th and 99.9th percentiles. Specifically, the very ex-
treme events in the study period 1953-2019 had a defined scale behaviour of 4.5% per degree for temperatures below 
12oC and a strong variability of the scaling for temperatures above 12oC where intensity peaked at temperatures of 14oC 
and 20oC (Fig. 4, top-left). Then, the intensity started to decline until 26oC where it grew up for temperatures above 26oC. 
Interestingly, similar variability of the intensity came up across the agro-period of April-September (Fig. 4, top-right) 



854 | Numerical modeling / Weather analysis

where 367 extreme short-duration precipitation events were recorded. For temperatures below 12oC the intensity of the 
very extreme precipitation events (99th and 99.9th percentiles) presented a sub-C-C scaling behaviour of 4.4% per degree. 
Percentiles of 90th and 95th scaled similarly with 99th and 99.9th percentiles presenting only a small decline. 
By analysing the intensity of extreme precipitation events for agro-autumn/winter period (October to March) in the ref-
erence time series 1953-2019, 170 extreme precipitation events were recorded. The observed 99th and 99.9th percentiles 
of the short-duration precipitation intensity scaled as 1.6% per degree for temperatures below 12oC (Fig. 4, bottom-left). 
Then the intensity of the very extreme short-duration events showed an increase until 16oC followed by a decrease for 
temperatures above 16oC. Interestingly, the scaling behavior of intensity through the sub-period 2000-2019 seemed to 
be similar with the relevant one of the total study-period (Fig. 4, bottom-right) with 175 extreme 1-h precipitation events 
observed. The behavior of the very extreme events of 99th and 99.9th percentiles were close to the half of the C-C relation 
for temperatures below 12oC with the scaling of 3.0% per degree. A thermal variability on the intensity was noticed for 
temperatures above 12oC, where the intensity peaked at 14oC and 20oC and then it declined. 

 Fig. 4. Percentiles (90% - green, 95% - red, 99% - 
pink, 99.9% - purple) of precipitation intensity as a 
function of surface temperature for four different time 
series: top-left 1953-2019, top-right agro-spring/sum-
mer April-September period, bottom-left agro-autumn/
winter October-March period, bottom-right 2000-
2019. Raw data, exponential regression trend line and 
C-C scaling lines of 3.4%.C°-1 (red) and different sub-
C-C scaling (black) are defined by a line-point, a solid 
line and a dashed line, respectively. 

4 Conclusions
In this study the short-duration precipitation records 
against respective surface temperature and maximum 
daily temperature analysed for the extreme events in 
Thessaloniki. The threshold of 6.5 mm.h-1 was adopted 
to filter and define the extreme events for four different 
time periods. Since the main objective was to examine 
any changes in the relationship between precipitation 
intensity and surface temperature, we conclude that the 
C-C scaling of 6.8% per degree needs to be adjusted 
considering the seasonality, the local climatological 
characteristics of the area and any change on the pro-

file of precipitation and temperature on annual basis. It is evident that there was an increase on the precipitation intensity 
and the maximum daily precipitation with the increase of temperature. The frequency of extreme events varied giving 
an upward trend. Although percentiles for extreme and very extreme events used, the scaling relationship varied prov-
ing the sensitivity of the very extreme rainfall events (99th and 99.9th percentiles) to the temperature changes with the 
scaling relied 4.5% per degree and 3.0% per degree for 1953-2019 and 2000-2019, respectively. The scaling relation-
ship varied with the season and appeared to have a constant/positive trend over temperature (period April-September 
4.4% per degree, period October-March 1.6% per degree). A strong variability of the rainfall-temperature relationship 
for temperatures between 12oC and 26oC for the period 1953-2019 has been shown. Finally, period April-September has 
shown similar characteristics to the whole study period, governing more uncertainties about the role of seasonality in 
the scaling relationship between precipitation and temperature.  
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Abstract: An integrated hydrometeorological-hydraulic modelling system has been developed to study flood hazards. 
The system comprises three models: the WRF-ARW atmospheric model, the WRF-Hydro hydrological model, and the 
HEC-RAS 2D hydraulic-hydrodynamic model. WRF-ARW is configured to produce high-resolution meteorological 
forcing fields for the WRF-Hydro model, while discharge time series derived from WRF-Hydro are used as input hy-
drographs in the HEC-RAS model for flood inundation modelling and mapping. This study presents the application of 
the integrated modelling system in two urban flash flood cases occurred in Greece: 1) on 9 October 2006 in Volos city, 
and 2) on 15 November 2017 in the sub-urban area of Mandra, western Attica. Specifically, both examined flash floods 
resulted in severe economic losses and extended damages (transportation networks, buildings, and agricultural areas) 
while Mandra’s flood caused 24 fatalities. As demonstrated, the integrated modelling system has good potential to be 
used in interdisciplinary flood simulation studies. Furthermore, the generated inundation maps realistically capture the 
extent and the high-water marks of the main affected areas. Results reveal that the newly developed physically-based 
modelling approach can increase the forecast lead time of weather-driven floods, therefore it can be exploited as a fore-
casting guidance for floodplain management and mitigation strategies.

1 Introduction
Floods frequently occur in the Mediterranean basin causing many fatalities, extensive damages and economic losses. 
For the management and assessment of flood risks, the European Union (EU) has adopted the Directive 2007/60/EC. 
The main objective of the Directive is to provide the EU Member States a general framework for flood risk manage-
ment to reduce the risks of flood damage. On this basis, structural and non-structural measures should be undertaken to 
establish flood risk management plans focusing on prevention, protection and preparedness, including flood forecasts 
and early warning systems.
In this context, the Institute of Marine Biological Resources and Inland Waters (IMBRIW) of the Hellenic Center for 
Marine Research (HCMR) has been developing a viable flood forecasting and warning system. This research effort in-
volves conducting field measurements, operating a network of automatic telemetric monitoring stations, and applying 
coupled hydrometeorological simulation systems. IMBRIW/HCMR provides daily 120-hour weather forecasts at differ-
ent resolutions over the Mediterranean basin and adjacent countries and relevant streamflow forecasts in two watersheds 
in Greece, the Spercheios and the Evrotas River Basins (https://meteo.hcmr.gr). Given the increasing frequency of flash 
flooding, methods based on geographic information systems (GIS) and hydrodynamic models have been included in the 
hydrometeorological forecasting system to plot flood inundation maps.
This study presents some results of the application of the IMBRIW/HCMR coupled meteorological-hydrological-hy-
draulic modelling system for predicting two urban flash flood cases occurred in ungauged watersheds. The system con-
sists of three models: the Advanced Research Weather Research and Forecasting (WRF-ARW, hereafter referred to as 
WRF; Skamarock et al. 2019) version 4.0 model, the WRF-Hydro version 5.0 hydrological model (Gochis et al. 2020), 
and the 2D HEC-RAS version 5.0.7 hydraulic-hydrodynamic model (Brunner & CEIWR-HEC 2016). WRF produces 
high-resolution meteorological fields to force the WRF-Hydro model, whilst streamflow time series produced by WRF-
Hydro are used as forcing hydrographs in the HEC-RAS model for flood inundation modelling and mapping. The two 
case studies are the flash flood events occurred in Greece: 1) on 9 October 2006 in Volos city, and 2) on 15 November 
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2017 in the sub-urban area of Mandra in West Attica. These flash floods resulted to large economic losses and extensive 
damages on transportation networks, buildings, and agricultural areas (Papaioannou et al. 2019), while Mandra’s flood 
additionally caused 24 fatalities (Varlas et al. 2019, Spyrou et al. 2020). 

2 Experimental setup and methodology
Based on the operational application experience, WRF and WRF-Hydro were configured to be more appropriate for the 
specific hydrological case studies with the innermost domain encompasses the corresponding watershed area of interest. 
In the first case (Volos flash flood), WRF model was configured using 5 nested domains with 36, 12, 4, 1, and 0.25 km 
horizontal grid spacing (Fig. 1a). The time step for the model integration was 180, 60, 20, 5, and 1 s for the five domains, 
respectively. The simulation initialized on 8 October 2006 at 00:00 UTC using the available Global Forecasting System 
(GFS) operational analysis of the National Centers for Environmental Prediction (NCEP) with a grid spacing of 1.0°. 
The boundary conditions were based on the GFS operational forecasts with a time step of 6 hours, while the initial sea 
surface temperature (SST) field for 8 October was based on the real-time global (RTG) SST analysis with a grid spacing 
of 0.083° obtained from NCEP. In the second case study (Mandra flash flood), WRF was reconfigured with 4 nested do-
mains at 9, 3, 1, and 0.25 km horizontal grid spacing (Fig. 1b). The model time steps used in the four domains were 36, 
9, 3, and 1 s, respectively. The simulation initialized on 14 November 2017 at 12:00 UTC using GFS (0.25°) and RTG 
(0.083°) to define the initial conditions, while for the boundary conditions, the 3-h GFS operational forecasts were used. 
More information on the WRF simulation details and the adopted land surface and physics parameterization schemes 
can be found in Papaioannou et al. (2019) and Varlas et al. (2019).
WRF-Hydro was configured on the same area of the WRF innermost domain of each case study, using a multi-scale 
modeling approach. In particular, WRF-Hydro calculates surface energy fluxes and surface hydrological conditions on 
the native land surface model (LSM) grid, which has the same size with the innermost WRF domain (i.e., 250 m grid 
spacing), while for the calculation of the overland, subsurface and channel flows through terrain and channel routing 
processes WRF-Hydro uses a much finer grid with 50 m resolution. The WRF innermost domain meteorological data 
(i.e., precipitation, air temperature and specific humidity, incoming shortwave and longwave radiation, u and v wind 
components, and surface pressure) was used to force the WRF-Hydro model on an hourly basis. For the construction 
of the high-resolution terrain data required in routing grids (i.e., topography, flow direction, channel grid, and stream 
order) the void-filled Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM; 90 m) data of Na-
tional Aeronautics and Space Administration (NASA) distributed by the Hydrological Data and Maps Based on Shuttle 
Elevation Derivatives at Multiple Scales (HydroSHEDS) (Fig. 1c) was used in the Volos case, while the DEM (5 m) 
produced by the National Surface Cadastre and Mapping Agency S.A. (NCMA) was used in the Mandra case (Fig. 1d).
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Fig. 1. Volos (left) and Mandra (right) study areas. WRF nested domains and topography (m) used in the meteorological 
simulations (top). WRF-Hydro topography and Strahler stream order map of the watersheds used in the hydrological 
simulations (middle). Bottom panels depict the HEC-RAS flood inundation model domains

Hourly discharge time series produced by WRF-Hydro were then used as input hydrographs in the HEC-RAS model 
for flood inundation modelling and mapping. The NCMA DEM (5 m) was resampled on 1 m horizontal grid in order to 
incorporate the hydraulic structures within the DEM. Therefore, the resampled DEM of 1 m used for flood inundation 
modelling. All hydraulic structures (e.g., flood protection technical works, culverts, bridges, weirs, etc.) were detected 
and embedded in the hydraulic modelling domain to more realistically simulate the water flow during the flash floods 
(Fig. 1e and f). Special care has been undertaken for the representation of building blocks within Volos city and Mandra 
town. A flexible mesh has been constructed with a varying resolution to reduce the computational load sustaining the ac-
curate representation of the hydraulic structures, building blocks, and road network. In the Volos case study, the average 
grid spacing was 14 m while in the Mandra case was 4.7 m. In both case studies the roughness coefficient estimated us-
ing typical roughness coefficient tables in combination to CORINE land cover data (Papaioannou et al. 2019). In Mandra 
case study, roughness coefficient values were optimized using historical flood extent data and the Critical Success Index. 
To verify the performance of the integrated system in these two ungauged watersheds, 4256 validation points have been 
identified to estimate the flood extent for the Volos case and the flood extent estimated by Diakakis et al. (2019) who 
implemented a direct flood impact survey and delineated the flood extent based on field survey data and visual material 
from a UAV (video and photos).

3 Results

3.1 Volos flash flood
Continuous heavy rainfall caused flash flooding in Volos city, where 232 mm rainfall was recorded during the period 
from 06:00 to 18:00 UTC on 9 October 2006. WRF simulated quite satisfactorily the rainfall event estimating 213 
mm at Volos city for the abovementioned period. Indicatively, Fig. 2a presents the WRF-simulated 1-h accumulated 
precipitation in the innermost domain, overlaid by the WRF-Hydro-simulated discharge at 09:00 UTC of 9 October 
2006. Additionally, the hydrograph of Fig. 2b shows the hydrological response of the Xirias watershed to rainfall at the 
watershed outlet over the storm period. Since the watershed is ungauged, the tunable parameters of WRF-Hydro have 
been calibrated within their allowable range based on the overall best performance of the modeling system. Simulated 
discharge time series were then used as input boundary conditions at characteristic junction points in HEC-RAS. Fig 
2c shows the maximum water depth and flood extent simulated by the HEC-RAS model which when comparing with 
post-flood field observations appear to realistically capture the extent and the flood peak watermarks of the most af-
fected areas (Papaioannou et al. 2019). In particular, 84% of the flood extent validation points were found to be within 
the simulated flood extent (Fig 2c).

Fig. 2. (a) WRF simulated hourly accumulated precipitation (mm) overlaid by WRF-Hydro simulated discharge (m3 s−1) 
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at 09:00 UTC of 9 October 2006; (b) WRF/WRF-Hydro hydrographs at Xerias watershed outlet (depicting as OUT in 
Fig. 2a) (c) Maximum water depth and flood extent simulated by the HEC-RAS model.

3.2 Mandra flash flood
A severe thunderstorm led to flash flooding in the town of Mandra on 15 November 2017 that caused 24 fatalities and 
extensive infrastructure damage. The X-band dual-polarization (XPOL) weather radar of National Observatory of Ath-
ens (NOA) estimated almost 300 mm precipitation during the storm period. Locally, the estimated rainfall reached 140 
mm/h over Pateras mountain and 57 mm/h over the streams crossing Mandra town (Varlas et al. 2019). WRF simulated 
the observed precipitation quite satisfactorily regarding the total duration and the intensity of the storm but it predicted 
almost two hours earlier the most intense rainfall peaking of the storm as compared to XPOL estimations. However, 
the corresponding WRF-Hydro-produced discharge forecasts when used as forcing data to HEC-RAS, enabled the esti-
mated flooded area extent in good agreement with the flood inundation mapping based on post-flood field observations. 
Indicatively, Fig. 3a presents the WRF-simulated 1-h accumulated precipitation and the corresponding WRF-Hydro-
simulated discharge, and Fig 3b shows the maximum water depth and flood extent simulated by the HEC-RAS model. 
Using the contingency table approach, the critical success index (CSI) has a value of 0.61, exhibiting a sufficient per-
formance of the system.
Fig. 3. WRF simulated hourly accumulated precipitation (mm) at 03:00 UTC of 15 November 2017 overlaid by WRF-
Hydro simulated discharge (m3 s−1) at 03:30 UTC of 15 November 2017, and (b) Maximum water depth and flood extent 

simulated by the HEC-RAS model.
4 Conclusions
This study presented the ability of an integrated hydrometeorological modelling system to facilitate research effort on 
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flood forecasting and warning operation. The system comprises three state-of-the-art numerical models: the WRF, the 
WRF-Hydro, and the HEC-RAS 2D. To assess the effectiveness of the modelling system, the catastrophic flood event 
occurred in Volos city on 9 October 2006 and the devastating flash flood event in the Mandra town of Western Attica 
occurred on 15 November 2017 have been selected as case studies. Both watersheds are urban areas and poorly gauged, 
where stream flow data, flooded area and measured water depth-watermarks are inadequate. The availability of this 
data is of great importance for flood routing and flood inundation modelling and mapping, and also for the calibration 
process of the tunable parameters controlling the total water volume and the shape of hydrograph at certain locations. 
Upon their absence, the calibration process of WRF-Hydro was performed using the hydrological characteristics and 
the geomorphologic parameters of the watersheds, while in HEC-RAS, typical processes for engineering applications 
were used for the estimation of the roughness coefficient. Despite the manual calibration and the choice of forcing the 
WRF model with GFS forecasts, the comparison of predictions with meteorological measurements and post-flood field 
observations, indicates that the integrated system adequately simulates the water cycle from atmosphere to watershed 
outlet and estimates the flood extent.
The results of the study are highly encouraging and suggest that the use of the integrated hydrometeorological model-
ling system can provide sufficient lead time of several hours ahead. A flood could be predicted with high accuracy when 
more data such as observed streamflow and rainfall become available to feed nowcasting systems as demonstrated in 
Spyrou et al. (2020), but providing forecasting lead time of a couple of hours. However, in small watersheds where the 
speed of flooding is high, it is more practical to use a forecast that is less accurate but providing sufficient lead time to 
issue a warning.
Therefore, the integrated hydrometeorological modelling system could be used as an early warning system for hydro-
meteorological hazards. However, even though the results reveal enough justification for the use of the system for flood 
forecasting at small basins, more testing is required to fully examine its capabilities. In particular, the effect of assimilat-
ing real-time or near real-time meteorological observations into WRF atmospheric model, the impact of different time 
rate of atmospheric forcing to WRF-Hydro and the recalibration of WRF-Hydro and HEC-RAS parameters based on 
measured streamflows are some research topics that have to be investigated in another study.
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Abstract: High-resolution numerical simulations using the Chemical Hydrological Atmospheric Ocean wave System 
(CHAOS) were conducted to investigate the impact of the coupling strategy (one versus two way) on the ocean and 
atmosphere interactions, and to elucidate dynamical aspects of the coupled response. CHAOS is implemented in a case 
study of a deep cyclone (namely Numa) formed on 15 November 2017 over central Mediterranean Sea. This case study 
has been simulated in offline and in two-way coupled modes. In offline mode, the atmospheric component sends the 
atmospheric forcing to the ocean component of CHAOS while in the two-way coupled mode both components run in 
parallel exchanging appropriate information at every timestep. Preliminary results indicate that two-way coupling is 
able to resolve the upper-ocean cooling across the track of the cyclone, which in turn reduces the air-sea heat fluxes 
leading to a negative feedback on cyclone intensity.

1 Introduction
Deeper understanding of the mechanisms ruling air-sea processes has been a challenging and quite interesting field of 
research studied more extensively during the last decade while their impact on deep cyclonic events is non-negligible. 
The appearance of extreme weather phenomena – so-called medicanes or tropical-like hurricanes – inside closed basins, 
generate a questionnaire towards the source of energy that feeds these deep cyclonic systems and eventually how the 
two media react upon its effect. Their limited life cycle (spans between 60 to 72 hours) begins in the relatively warm 
waters of the Mediterranean Sea. There a warm-core cloud with symmetric vertical profile and strong rotating winds 
forms a well-defined wall-like structure around a clear cyclone eye (Cavicchia et al. 2014). As a complex, hazardous 
but as well impressive phenomena born from the sea and developing throughout the atmosphere, it demands a holistic 
approach in simulating by numerical systems computationally and physically capable of considering the atmosphere-
ocean dipole as an integrated system (Varlas et al. 2020, Katsafados et al. 2016, Akhtar et al. 2018).The use of such 
powerful atmosphere-ocean coupled systems in simulating tropical cyclones managed to capture the sea surface cooling 
along their track that is in turn responsible for creating negative forcing on cyclone formation and intensity (Pianezze 
et al. 2018, Varlas et al. 2020). Strajnar et al. (2019) concluded that the two-way coupling outperformed the one-way 
coupling in the cases with heavy and localized convection as the dominating process in five heavy precipitation events 
in the Adriatic Sea. Overall, atmosphere-ocean coupling offers a more realistic representation of a medicane as Rizza et 
al. (2018) stated after taking into consideration the representation of sea spray effects in air-sea momentum exchange in 
their simulations.
Despite the great efforts to accurately represent energy flux exchanges, especially during tropical cyclonic events (Migli-
etta and Rotunno 2019) significant uncertainties still exist. To this end, this study focuses on the assessment of the two-
way coupling strategy in a tropical-like Mediterranean deep cyclonic event in the period of 15-18 November 2017. For 
the purposes of this study, the advanced Chemical Hydrological Atmospheric Ocean wave System (CHAOS, Varlas et 
al. 2018, 2020) performed simulations in atmosphere-ocean offline and two-way coupling modes. The impact of the 
two-way coupling approach is investigated through the analysis of the surface fluxes response and the resulted variations 
on the sea surface temperature (SST) and the precipitation patterns.

2 Methodology and experimental setup
CHAOS system among others includes the Advanced Weather Research Forecasting (WRF-ARW, WRF hereafter) mod-
el (Skamarock et al. 2008) for the atmospheric treatment, the Nucleus for European Modeling of the Ocean (NEMO) 
model (Madec, 2012) for the ocean circulation, coupled through the OASIS3-MCT coupler (Valcke et al. 2015) in order 
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to achieve information exchange between components. WRF is fed with SST and U and V components of the sea current 
velocity produced by NEMO, while NEMO receives U and V components of wind stress, the wind stress module, the 
solar and non-solar radiation, the evaporation-precipitation balance, and the atmospheric pressure at sea surface, esti-
mated by WRF. Additional information about the CHAOS coupled system can be found in detail in Varlas et al. (2020). 
   The atmospheric component of CHAOS was set on a horizontal resolution of 9 km x 9 km (Fig.1a) with 600 × 310 
C-grid points, timestep of 30 sec and 33 vertical levels stretching up to 50 hPa covering the Mediterranean Sea, part of 
North Africa and most of Europe. For the construction of the atmospheric initial and boundary conditions, the ECWMF 
operational analyses on a horizontal resolution of 0.25° × 0.25° and a time increment of 6 hours were used. Regarding 
the system’s ocean component, a NEMO-based regional configuration (nicknamed MEDX12) was adopted covering the 
Mediterranean and Black Seas explicitly connected through the Marmara Sea from the Dardanelles and Bosporus straits. 
The Bay of Biscay and the Sea of Azov in the northwestern and northeastern corners were masked as land grid points. 
The primitive equations were discretized on a 1/12° curvilinear Arakawa C-grid (609 × 320 grid points), timestep of 240 
sec and a 50 z-level vertical discretization with partial steps allowing for an accurate representation of the seabed (Table 
1). The bathymetry (Fig.1b) was a merge of ETOPO1 (Amante and Eakins, 2009) and GEBCO_2014 (Weatherall et al. 
2015) datasets.             

                                       a)                                                                                           b)
Fig. 1. a) Domain configurations of CHAOS components and WRF topography (m) distribution. WRF domain covers 
the illustrated map while the red line denotes NEMO domain. b) NEMO domain configuration and bathymetry (m) dis-
tribution. The red dots correspond to the locations of the prescribed river outlets.

The physical processes of the atmosphere and the upper ocean over the domain area were resolved by two sets of 
simulations in the offline coupling mode and by a two-way coupled mode of CHAOS. More specifically, a 48hr spin-
up run during 13-15/11/2017 was initialized at 00:00UTC which was necessary to provide for the ocean model’s input 
forcing fluxes data for the same period. Then, in offline mode, the atmospheric component of the system performed 
a 5-consecutive-day simulation for the period of 15-19/11/2017 at 00:00 UTC producing the atmospheric uncoupled 
outputs and the hourly fluxes for the oceanic component (from now on OFFLINE run). ECMWF SST analyses were 
used as lower boundary condition on an updated frequency of 6 hours. Next, the simulation of the ocean circulation 
component was initialized on November 15th 2017 at 00:00UTC, using the Copernicus Marine Environment Monitoring 
Service (CMEMS) (http://marine.copernicus.eu/) daily analysis fields of the full ocean state vector (SSH, T, S, U, V) 
and completed its simulation on November 19th 00:00UTC. The boundary conditions were also provided by the same 
CMEMS analyses and the flux fields from the aforementioned database of the spin-up and the offline simulations of the 
atmospheric component.
Considering the second simulation, CHAOS in a fully two-way coupling configuration (from now on 2-way run) was 
implemented to simulate the same period as in offline mode (November 15th 2017 at 00:00 UTC up to 19th of Novem-
ber 2017 at 00:00UTC). The atmospheric component was initialized by a restart file derived directly from the offline 
simulation, containing the appropriate initial fields, while the oceanic restart file was produced directly by the relevant 
OFFLINE run for the 15th of November 2017 at 00:00UTC. The exchange of information between the two components 
was achieved by the coupler OASIS on a frequency of 30 s and 240 s from the atmospheric to the oceanic component 
and vice versa.
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Table 1. CHAOS model basic configuration.

3 Results
Numa, a relatively rare extratropical cyclone, generated by the remains of the tropical storm Rina during its transition 
over Italy, started developing on 15 November 2017 over the Strait of Sicily (Marra et al. 2019). As it was moving to-
wards Greece, Numa acquired subtropical characteristics since it came across the warm Ionian Sea waters and the cold 
and highly humid air-masses that destabilized under the weak vertical wind shear. Numa’s mature phase was reached 
during its crossing over the Ionian Sea and on 17 November at 12:00 UTC, it hit Apulia Region in Southern Italy where 
it remained for a 24h period, arriving at its peak intensity as a tropical storm on 18 November, with a distinct quasi 
cloud-free eye, warm core and strong winds near the vortex center. The following day it completely dissipated over 
Greece but overall it was responsible for 24 deaths and 1500 flooded residencies in Mandra region at Attica prefecture, 
Greece on 15 November.
A profound impact of the 2-way simulation is the resulted SST cooling across the medicane’s travelling over the Ion-
ian Sea (Fig.2a, b) at 18 November, 00:00 UTC. The SST decrease is of 1 °C, or even more, mainly over Sindra Gulf 
(Fig.2c), which is assumed as a significant response given the short period of the simulation (72 hours). Its impact on 
surface waters is also imprinted spatially since it appears to have affected the north Ionian and Adriatic Sea as well, 
leaving colder water bodies across its passage. The bulk colder waters prevented the enthalpy flux from the sea surface 
entraining into the lower atmospheric layers leading to blocking the cyclone’s development and lowering its intensity 
as shown in Fig. 3a, b. In more details, the simulated enthalpy of OFFLINE exceeds the 2-way run by approximately 
200 W/m2, near the Numa’s landfall at Lefkada Island while it predicts a much stronger and slightly faster system (Fig. 
3c). As a response on this, the 2-way estimated overall less precipitation and a slight deviation of the system track to the 
north (Fig. 4a, b, c). This finding can be addressed to the fact that the cooler waters in the 2-way run reduced the energy 
supply from the sea surface and, thus decreased the energy content of the medicane, affecting, in this way, its track and 
intensity.

Fig. 2. Sea surface temperature in °C on 18 November at 00:00 UTC derived by a) OFFLINE , b) 2-way and c) 2-way 
minus OFFLINE runs.

Fig. 3. Surface enthalpy flux (W/m2: positive values indicate gain for the atmosphere) and wind speed (m/s) at 10-m on 
18 November at 00:00UTC for a) OFFLINE, b) 2-way and c) 2-way minus OFFLINE runs.
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      a)                                                      b)                                                      c)
Fig. 5. 36hour accumulated precipitation in mm for the period 17/11/2017 at 13:00UTC to 19/11/2017 at 00:00UTC for 
a) OFFLINE, b) 2-way and c) 2-way minus OFFLINE runs.

4 Conclusions
This study presents some primitive findings on a medicane structure representation implementing different simulation 
approaches. The case study of a strong Mediterranean cyclone (namely Numa) was simulated using the “state-of-the-
art fully” CHAOS coupled system and is focused on the analysis of the atmosphere-ocean interactions. Two sensitivity 
simulations were conducted: CHAOS atmospheric component passively drives the ocean circulation component without 
any further interaction (OFFLINE) and both components exchange fluxes throughout the simulation period (2-way). The 
latter one (2-way) showed 1°C SST cooling along the medicane’s track. Cooler waters reduced the available enthalpy 
flux to the atmosphere producing a negative feedback on medicane’s intensity. Thus, the reconstructed energy balance 
ultimately impacted Numa’s dynamical structure affecting its track and precipitation pattern. Further investigation on 
these preliminary results enriched also by additional case studies are in authors near future plans.
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Abstract: Radar reflectivity data is used to improve short-term weather prediction using the WRF forecasting system. 
A flash flood event in the area of Mandra, Attika (15th of November 2017) is chosen to evaluate the effect of the 4D-Var 
data assimilation technique. The WRFDA assimilation model is used, while radar reflectivity data is provided by NOA’s 
XPOL mobile radar. A 2-way WRF nested grid is applied over the area of interest to achieve a 1km high-resolution 
forecast for efficient use of the high-resolution radar observations and improvement of precipitation forecast. The radar 
data is assimilated as water mixing ratio. A short-term forecast (6hr) with and without DA, which covers the duration of 
the flood event, is performed. The simulations without DA show almost no rain in the area of Mandra, while with radar 
data assimilation the model is triggered to produce significant rain improving both the time, location and total precipita-
tion forecast. Duration and timing of the assimilation window, as well as the microphysics schemes used by the WRF/
WRFDA system, have a significant impact on the forecasted precipitation. The radar-DA methodology is used in an 
operational nowcasting web-based system for the area of Athens. 

1 Introduction
Latest advances in numerical weather prediction (NWP) techniques and state of the art computational technology, have 
facilitated the development of early warning systems regarding extreme weather phenomena. These extreme weather 
phenomena include thunderstorms, tornados, hail, snow, severe winds and heavy precipitation events. These types of 
severe weather can lead to natural disasters (e.g., flash floods, landslides) that can threaten human and animal life as 
well as their corresponding habitats. 
Nowcasting, which is “the description of the current state of the weather in detail and the prediction of changes that can 
be expected on a timescale of a few hours” (Browning 1981), has become an essential tool of early warning systems. The 
ability to produce weather analysis and forecasts for the next few hours (usually 6 hours ahead) plays a very important 
role on how civil protection and other sectors of human activity can respond to risk prevention and crisis management. 
In nowcasting, NWP with the use of data assimilation (DA) of remote sensing observations with high spatial and tem-
poral resolution, such as weather radars, is crucial. DA of reflectivity and radial velocity from radars can significantly 
improve weather forecasts, as a large amount of observational data is made available both horizontally and vertically. 
The assimilation system used in this regional study is the WRFDA system (Barker et al. 2012), while radar reflectivity 
data is provided by the XPOL mobile radar operated by the National Observatory of Athens (NOA). Various WRFDA 
studies show the positive impact of radar data assimilation (e.g., Wang et al. 2012, Sun and Wang 2013, Pan et al. 2017, 
Thiruvengadam et al. 2020), especially when using the 4D-Var method which assimilates radar observations at the exact 
time of measurement within the specified assimilation time window. Moreover, 4D-Var radar DA can offer an improved 
nowcasting as it is able to capture the local details of the weather events that depend on complex regional topography 
and local atmospheric circulations.
The first part of this 4D-Var radar reflectivity data assimilation study focuses on the flash flood event over the area of 
Mandra, Attika, on the 15th of November 2017, (Varlas et al. 2018). Simulations with the WRF model (Skamarock et al. 
2008), for this event, are performed to evaluate the impact of radar DA (WRFDA). The second part of this study consists 
of the operational implementation of nowcasting over the broader Attika area, that the XPOL radar range covers, includ-
ing the heavily populated metropolitan area of Athens. A web-based final product of the operational nowcasting is also 
described and an example of regional nowcasting is presented.

2 Data and Methodology

2.1 XPOL Radar Data 
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Fig 1. Accumulated rainfall (1o elevation scan) as measured by the XPOL radar during the period of the Mandra heavy 
precipitation event (14-15 of November 2017) (right). Image of NOA’s XPOL mobile radar (left).

High resolution precipitation observations are available from NOA’s mobile weather radar (XPOL). The radar is operat-
ing on the hill top of the NOA facilities at Penteli. XPOL is a modern (dual polarization) Doppler X-band radar which is 
able to provide precipitation maps with high spatial and temporal resolution. It has been designed in collaboration with 
the National Center for Atmospheric Research (NCAR). Typical operating parameters are a range of 120 km, a 150m 
spatial resolution and a volume scan time about 2 minutes.
As seen in Fig 1, the XPOL detected a large amount of accumulated rainfall between the 14th and 15th of November 
2017. A generally southern flow with a convergence zone in the area of Pateras mountain over the city of Mandra gave 
a rainfall height which reached 300 mm in 8 hours during morning hours (200 mm in 3 hours) in a small area (4 km × 
18 km) at the slope of the mountain. This intense rainfall resulted into a severe flash flood that caused the loss of more 
than 20 people and extended damages in infrastructure in the small cities located at the foot of the mountain. The radar 
observational data (reflectivity and radial velocity) is assimilated with the WRFDA system in order to provide an im-
proved WRF forecast of the specific extreme weather event.
2.2 Methodology
NWP simulations, for both the research and operational applications, are performed using the WRF version 3.9.1 model 
which also includes the WRFDA code for assimilating the XPOL radar data. 
A multiple 2-way nesting approach is used over the study areas (Figure 2). For the past case of the Mandra flood (MAN), 
three domains are configured to run at a spatial resolution of 4.5/1.5/0.5 km (1002/1092/1152 grid points) respectively, 
with the inner domains centered over the greater Attika area and the Mandra municipality. Similarly, for the operational 
nowcasting configuration (OPR) three domains of 9/3/1 km (1122/822/912 grid points) resolution, respectively, are used 
with the inner domain centered over the city of Athens.

Fig 2. WRF nested domains configuration for MAN (left) and OPR (right).
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 Initial (IC) and boundary (BC) conditions, for the MAN simulations are provided from the NCEP GDAS 0.25 Degree 
Final Analysis datasets. For the OPR forecasts, real time GFS data (0.25 degrees) are downloaded from the NCEP NO-
MADS server. All simulations use high resolution datasets for topography (ASTER GDEM 30m) and for sea surface 
temperature (NCEP/RTG SST 0.083 deg)
Radar DA for both cases (MAN and OPR) is performed only over the intermediate domain 02, due to high demand of 
computing resources by WRFDA. The use of 2-way nesting communication in the final WRF forecasts is expected to 
compensate, to a certain degree, the lack of assimilated radar observations over the other two model domains. For the 
OPR forecasts a 60 min 4D-Var assimilation window is used, while for the MAN simulations a range of different dura-
tions was tested (here, only results from a 30 min and a 150 min 4D-Var time window are shown).
The 4D-VAR approach used in WRFDA minimizes a cost function of the error between the control variables of a sim-
plified version of WRF forecast model and 3D observations in the temporal window of observations using an iterative 
method, in order to estimate the optimal analysis state for initialization of the WRF forecast. First, reflectivity radar data 
are transformed to water mixing ratio using predefined relationships (indirect assimilation), while the assimilation of 
radial velocity is direct. The model has the option to calculate in cloud water vapor (humidity) mixing ratio and hydro-
meteors (rain, graupel or snow) water mixing ratio depending on the atmospheric conditions estimated by the model. 
Physics and dynamics WRF options used include, the Lin microphysics scheme, YSU boundary layer scheme and the 
Noah LSM for surface parameterization. Due to the iterative method the simplified model is run multiple times and 
due to the temporal extent of the assimilation a large amount of computer memory is needed. Thus, high computational 
resources are needed for improved accuracy of the assimilation. For this reason, a compromise has been made for the 
operational temporal extent of the observation window (60 min), the spatial extent (822 points) of domain 02 where as-
similation is performed and the number of iterations (10) of the variational minimization method. The WRFDA system 
is currently run on a tower server with 18 cpu cores and 256 GB memory.

3 Results

3.1 Mandra flood case (MAN).
Prior to the WRF/DA results presented below, a series of sensitivity runs were carried out under different physics and 
grid resolution configurations. The test runs allowed us to opt for the optimal combination of boundary layer and mi-
crophysics schemes that can capture the effect of the region’s topography and climate characteristics on local weather 
phenomena.
As seen in Figures 4 & 5, the impact of radar DA on the WRF short range precipitation forecast. 

Fig 4. WRF accumulated precipitation 6hr forecast (00:00 to 05:00) without 4D-Var assimilation (left) of XPOL radar 
observations. Also, the radar measured (hybrid scan) accumulated rainfall (right) in the time period 00:00 to 05:00 UTC. 
The model domain shown corresponds to domain 02 with a spatial resolution of 1.5 km.
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Fig 5. Comparison of WRF accumulated precipitation of 6hr forecasts (00:00 to 05:00) with 4D-Var assimilation of 
XPOL radar observations using a 30 min assimilation window from 00:00 to 00:30 (left). and a 150 min window from 
00:00 to 02:30 (right). The model domain shown corresponds to domain 02 with a spatial resolution of 1.5 km.
from 00:00 to 05:00 on the 15th of November 2017, is evident. The WRF forecast without radar DA, Figure 4 (left), is not 
able to simulate any rain accumulation during the simulated 6 hr period over the area that was affected, as seen in Figure 
4 (right). On the other hand, results with radar DA shown in Figure 5 (left), even with the consideration of a short 4D-
Var window of 30 min (from 00:00 to 00:30), demonstrate a clear impact on the forecasted precipitation. The total rain 
accumulation is spatially located over the south side of Mt. Pateras over which the forced convection of humid southern 
winds produced the observed heavy rainfall. In a second assimilated forecast (Figure 5, right), the 4D-Var time window 
is extended to 150 min (from 00:00 to 02:30) to include more radar observations. Results show a slightly improved spa-
tial distribution and more accurate precipitation peaks. Although significant precipitation (up to 70 mm) is simulated, 
there is still a significant underestimation compared to the actual rainfall measured by observations.  

3.2 Operational implementation of radar DA (OPR) - WRF nowcasting
For the operational nowcasting platform, XPOL is operated during rain events, raw radar observations are processed 
and rain estimation is made in near real-time with a delay of 1-2 minutes. The radar data are transformed to the format 
required by WRFDA and transferred with ftp to the WRF computer. The WRFDA and WRF forecasts run every 3 hours 
in an automation script with the available radar data from the last 60 minutes and the nearest GFS data from NOAA. 
The model run finishes in about 90 minutes and the 6 hours nowcast for the greater Athens area is made available in a 
public interactive website (http://nowcast.meteo.noa.gr/el/nowcast/). The user can also see past rain events, which are 
saved in a historical database (archive).
In Figure 6, a forecast example on the 10th of December of 2020 is shown, where we can see a relatively good perfor-
mance of the nowcasting system. Spatial distribution and accumulated values of the simulated precipitation (Figure 6, 
right), advancing from southwest to northeast over Attika, are in

Fig 6. Web-page snapshot providing operational nowcasting with XPOL (left) and DA and WRF output (right) on 
10/12/2020.



| 871 Numerical modeling / Weather analysis

good agreement mainly at the end of the 06:00 to 08:00 forecast period, compared to XPOL observations (Figure 5, 
left). The simulated precipitation along the advancing weather front is displaced to the west by about 20 km. Similar 
displacement as well as underestimation of rainfall values are more evident at the beginning of the 06:00 to 08:00 period 
(not shown). The nowcasting system is under continuous development in order to optimize the short-term predictions 
of rainfall and future work includes the assimilation of data from a lightning sensor network with the aim to implement 
a hybrid DA approach.

4 Conclusions
Results from both applications (MAN & OPR) show a positive impact of radar DA on nowcasting strong and extreme 
weather events. Careful configuration of both the WRF forecast simulations and the DA method applied, is needed in 
order to further improve this impact. Aspects such as the selection of 4D-Var assimilation time window, grid resolution, 
terrain data, boundary layer and microphysics parameterizations are crucial in obtaining accurate short term regional 
weather forecasts over the areas of implementation. Operational web platforms of nowcasting products are an easy and 
fast way of providing information (early warning) regarding extreme weather events and the potential threat they might 
pose on local population and infrastructure.  
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Abstract: NOAA’s Local Analysis and Prediction System (LAPS) is a mesoscale assimilation system that combines 
diverse observations (surface in-situ and upper-air measurements, remote sensing data and others) with background 
model-based fields to generate a spatially distributed, three-dimensional representation of atmospheric conditions. A re-
cently developed forward-advection nowcasting scheme in LAPS allows it to provide very short-term prediction (now-
casting) facilitating research efforts towards the implementation of a “state-of-the-art” early warning modeling system. 
In this context, the main aim of this study is to assess the sensitivity of LAPS nowcasts to the different observation types 
assimilated for the description of a high-impact Mediterranean storm. LAPS is applied in nowcasting mode for this case 
study, assimilating a wide range of meteorological data such as records from conventional surface meteorological sta-
tions, remote sensing data (satellite radiance, weather radar reflectivity etc) as well as measurements from radiosondes 
and aircrafts to produce objective analyses alongside with their nowcasts in a forecast window up to 3 hours. The assimi-
lation of remote sensing data in LAPS improves its short-term predictability of precipitation, with varying performance 
depending on the type of satellite retrievals assimilated.

1 Introduction
Flash floods are the most common natural hazard and have very serious socioeconomic impacts causing fatalities and 
considerable damages every year to properties such as vehicles, buildings, agriculture etc. For this reason, reliable 
severe weather forecasts in a very short-time horizon (from 3 to 6 hours ahead) of these extreme phenomena are es-
sential for flood warning and emergency management as they reduce potential risks and damages (Seneviratne et al. 
2012). Disasters characterized by small spatial and temporal scales can be adequately described applying nowcasting 
that means short-time (0-6h) weather forecasting in high temporal (e.g., 5-15 min) and spatial (e.g., 1 km) resolutions 
(Wilson et al. 2004). Nowcasting is a crucial tool in early warning systems that can be exploited by Civil Protection and 
local authorities (Wang et al. 2017). Recently, Spyrou et al. (2020) developed a system combining the Local Analysis 
and Prediction System (LAPS), a large amount of observed data, and the Chemical Hydrological Atmospheric Ocean 
wave System (CHAOS) including a weather forecasting model (WRF-ARW) and a hydrological model (WRF-Hydro). 
The integrated multi-model system can be used as a component of an advanced multidisciplinary early warning system 
for hydrometeorological hazards.
The main aim of this study is to assess the sensitivity of the advanced nowcasting system LAPS, using different types of 
remote sensing precipitation estimates assimilated for the description of a deep Mediterranean storm that took place on 
25 November 2019 in Greece and mainly affected western Attica.
2 Description of the Synoptic Conditions
On 25 November 2019 a surface barometric low centered over Italy with a cold front stretching across southwestern 
Greece (Fig.1a). The existence of an upper-level trough enhanced the system over the Ionian Sea. In the next 6 hours the 
system was further deepened and rapidly moved eastward affecting central Greece and Attica prefecture with torrential 
rain.
  



| 873 Numerical modeling / Weather analysis

                                                                       
Fig.1. a) UK Met Office mean sea level pressure (hPa) analysis map for 25 November at 00:00 UTC. The map was de-
rived from an archive available online at www.willandweather.org.uk; b) Mean Sea Level Pressure (white contours in 
hPa), geopotential height at 500 hPa (black contours in gpm), and thickness 1000-500 hPa (color shaded in gpm) for 25 
November at 00:00 UTC. The map is based on the Global Forecast System (GFS) of the National Centers for Environ-
mental Prediction NCEP analysis and was derived from http://www1.wetter3.de/Archiv/ (archived by www.wetter3.de).

3 Methodology and Data
The short-term simulation of this case study is based on LAPS which is an advanced mesoscale meteorological data as-
similation tool designed to exploit all available data sources (local and global) and produce analyzed and guessed grids 
(Albers 1995).
LAPS uses the Global Forecasting System (GFS) near to analysis forecasts to generate 3D first guess fields (back-
ground). Then, LAPS incorporates a wide number of available observational data: (a) Surface observation data includ-
ing mesonet, metar (SYNOP, METAR) maritime (Buoy/Ship) and others; (b) Profiler data like RASS, SODAR, Wind 
Profilers; (c) Satellite data like GOES or METEOSAT, cloud drift winds; (d) Satellite sounder data; (e) Radar data like 
3D Reflectivity, Doppler radars, radar VAD Algorithm winds database, low-level reflectivity; and (f) ACARS and PI-
REPS from aircraft (Alberoni et al. 2000, Hiemstra et al. 2006).
In this study, LAPS combined some of the above data sources to produce an analysis, based on the 3D cost function 
minimization to minimize differences between the analysis and the observational fields. A simplified forward advection 
scheme was embedded in LAPS in order to predict the movement of the precipitation cells for a 1-3 hours ahead. This 
scheme was based on a first order advection equation in two dimensions (x,y):

 
(Eq.1)

where R is the precipitation, u and v are the wind speed components, Δx is the grid increment in x direction, Δy is the 
grid increment in y direction, Δt is the time-step and (i,j) is the grid point in the LAPS domain. In order to ensure the 
stability of the equation 1, we considered the Courant numbers, which are calculated by:
      
  (Eq.2) 

where CU and CV the Courant numbers in the x and y directions respectively. The solution of equations Eq.1- Eq. 2 
provides the value of the precipitation (R) at time using information at time t (Spyrou et al. 2020).
LAPS was implemented in nowcasting mode to reproduce the precipitation pattern occurred over Attica on 25 Novem-
ber 2019. It was configured on a 1x1Km horizontal resolution consisting of 110x100 grid points and having 41 vertical 
levels (Fig. 2). Three assimilation experiments have been performed using: a) only GFS near to analysis forecasts as 
background fields, b) GFS near to analysis forecasts as background fields combined with Global Precipitation Meas-
urement (GPM) and Tropical Rainfall Measuring Mission (TRMM) retrievals and c) GFS near to analysis forecasts as 
background fields combined with EUMETSAT Satellite Application Facility on Support to Operational Hydrology and 
Water Management” (H-SAF) retrievals.
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Fig. 2. LAPS domain covering Attica and its topography (m).

3.1 Remote sensing data 
TRMM uses a Precipitation Radar, the Visible and Infrared Scanner (VIRS) and the TRMM Microwave Imager (TMI) 
to quantitatively describe tropical rainfall (Kummerow et al. 1998). For the needs of this study TRMM 3B42 products 
are assimilated in LAPS in the form of rain rate (mm/hr) on a spatial and temporal resolution of 0.25⁰x0.25⁰ and 3 hours 
respectively.
GPM consists of a Core observatory satellite that carries the Dual-frequency Precipitation Radar (DPR) to perform ac-
tive measurements and a microwave radiometer to preform passive measurements and nine constellation satellites (Hou 
et al. 2014). The Integrated Multi-satellitE Retrievals for GPM (IMERG) includes gridded precipitation products that 
merge measurements from a network of satellites in the GPM constellation. For the needs of this study, IMERG rain rate 
is assimilated in LAPS on a spatial resolution of 10x10km having 30 minutes update frequency.
H-SAF program is operated to provide products with sufficient time and space resolution and to validate independently 
the usefulness of the new products for hydrological applications. H-SAF rain rate has the highest horizontal and tempo-
ral resolution of 8x8 km, and 15 minutes respectively (Torricella et al. 2007).
4 Results and Discussion
Panel plots in Fig.3 depict the 15 minutes accumulated precipitation (mm) on 25 November 2019 from 03:15 to 03:45 
UTC for the LAPS nowcasts by implementing GFS near to analysis forecasts as background in control mode (Fig.3 a, 
d, g), with additionally assimilating TRMM and IMERG products (Fig.3 b, e, h) or with assimilating H-SAF products 
(Fig.3 c, f, i). The 15 minutes precipitation nowcasts were compared to independent precipitation rate observations from 
three meteorological stations located at Attica region (Salamina, Agia Paraskevi and Kallithea) and are presented in 
Tables 1-3. LAPS precipitation nowcasts obtained from the combined IMERG and TRMM products show systematical 
overestimation against the recorded precipitation over the three stations. In contrast, precipitation nowcasts with assimi-
lating H-SAF retrievals significantly improves the estimation accuracy.
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Fig. 3. Accumulated Precipitation (mm) on 25 November 2019 at (a)-(c) 03:15 UTC assimilating only GFS, GFS/
TRMM/IMERG and GFS/H-SAF data respectively, (d)-(f) 03:30 UTC assimilating only GFS, GFS/TRMM/IMERG 
and GFS/H-SAF data respectively and (g)-(i) 03:45 UTC assimilating only GFS, GFS/TRMM/IMERG and GFS/H-SAF 
data respectively.

The following tables present a direct comparison of the nowcasted precipitation against the measured one. It is shown 
that the assimilation of H-SAF satellite products significantly improves nowcasts compared to measurements. In Table 
1 the forecasted values with assimilating H-SAF retrievals significantly improved the precipitation systematic overpre-
diction at the meteorological station of Salamina Island. Similar results are also noticed for the stations at Kallithea and 
Agia Paraskevi (Tables 2 and 3). Especially, H-SAF nowcasts are slightly underestimate the precipitation in all three 
stations and time slices except at 03:45 UTC over Kallithea with 1.0 mm/15 min instead of the recorded 0.7 mm/15min 
and over Agia Paraskevi with 1.3 mm/15 min instead of the recorded 1.2 mm/15min.

Table 1. Comparison of the LAPS precipitation nowcasts (mm) on 25 November 2019 from 3:15- 3:45 UTC with 
implementing GFS, with assimilating combined IMERG and TRMM products, with assimilating H-SAF products and 
the recorded precipitation (mm) over Salamina station.
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5 Conclusions
The main aim of this study is to assess the sensitivity of LAPS nowcasts to the different observation types assimilated for 
the description of a high-impact Mediterranean storm. LAPS is applied in nowcasting mode for this case study, assimi-
lating a wide range of meteorological data such as records from conventional surface meteorological stations, remote 
sensing data (satellite radiance, weather radar reflectivity etc) as well as measurements from radiosondes and aircrafts 
to produce objective analyses alongside with their nowcasts in a forecast window up to 3 hours. It was found that the 
assimilation of H-SAF precipitation estimates significantly improved the short-term predictability of precipitation com-
paring against independent measurements. Entire control nowcasts having GFS near to analysis forecasts as background 
fields and assimilating various types of point measurements (METAR, SYNOP, RAOBS) systematically overestimated 
the precipitation rate. The additional assimilation of TRMM and IMERG products enhanced the systematic overestima-
tion of the control nowcasts over all stations and in almost all time slices.

Acknowledgments The National Centers for Environmental Prediction (NCEP) is gratefully acknowledged for the 
provision of the Global Forecasting System (GFS) operational analyses. The National Aeronautics and Space Admin-
istration (NASA) for the provision of GPM and TRMM data and the European Organization for the Exploitation of 
Meteorological Satellites (EUMETSAT) for the provision of H-SAF data.

References
Albers S. (1995) The LAPS wind analysis. Weather and Forecasting, 10, 342-352.
Alberoni P.P., Levizzani V, Mezzasalma P, Costa S, Rizzi R (2000) Impact of meteorological radar and satellite data 

onto mesoscale analyses.
Hiemstra C, Liston G, Pielke Sr. R, Birkenheuer D, Albers S (2006) Comparing local analysis and prediction system 

(LAPS) assimilations with independent observations. Weather Forecasting, 21, 1024-1040.
Hou AY, Kakar RK, Neeck S, Azarbarzin AA, Kummerow CD, Kojima M, Oki R, Nakamura K, Iguchi T (2014) 

The Global Precipitation Measurement Mission. Bull. Amer. Meteor. Soc., 95, 701–722. doi:10.1175/BAMS-
D-13-00164.1.

Kummerow C, Barnes W, Kozu T, Shiue J, Simpson J, (1998) The Tropical Rainfall Measuring Mission (TRMM) 
sensor package. J. Atmos. Oceanic Technol., 15, 809–817. doi:10.1175/1520-0426(1998)015<0809:TTRMMT>2
.0.CO;2.

Seneviratne SI, Nicholls N, Easterling D, Goodess CM, Kanae S, Kossin J, Luo Y, Marengo J, McInnes K, Rahimi M, 
Reichstein M, Sorteberg A, Vera C, Zhang X (2012) Changes in climate extremes and their impacts on the natural 
physical environment. In: Managing the Risks of Extreme Events and Disasters to Advance Climate Change Ad-
aptation [Field, C.B., V. Barros, T.F. Stocker, D. Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.-K. 
Plattner, S.K. Allen, M. Tignor, P.M. Midgley (eds.)]. A Special Report of Working Groups I and II of the Inter-
governmental Panel on Climate Change (IPCC). Cambridge University Press, Cambridge, UK, and New York, NY, 
USA, pp. 109-230.

Torricella F, Levizzani V, Turk FJ (2007) Application of a blended MW-IR rainfall algorithm to the Mediterranean, 
in: Measuring Precipitation from Space: EURAINSAT and the Future, edited by: Levizzani, V., Bauer, P., and Turk, 
F.J., Advances in Global Change Research, Volume 28, Springer, Dordrecht, The Netherlands, 497-508, 2007.

Spyrou C, Varlas G, Pappa A, Mentzafou A, Katsafados P, Papadopoulos A, Anagnostou M.N, Kalogiros J (2020) Im-
plementation of a Nowcasting Hydrometeorological System for Studying Flash Flood Events: The Case of Mandra, 
Greece. Remote Sens. 12, 2784. doi:10.3390/rs12172784.

Wang Y, Meirold-Mautner I, Kann A, Šajn Slak A, Simon A, Vivoda J, Bica B, Böcskör E, Brezková, L, Dantinger 
J, Giszterowicz M, Heizler G, Iwanski R, Jachs S, Bernard T, Krsmanc R, Merse J, Micheletti S, Schmid F, Stein-
inger M, Haiden T, Regec A, Buzzi M, Derkova M, Kozaric T, Qiu X, Reyniers M, Yang J, Huang Y, Vadislavsky E 
(2017) Integrating nowcasting with crisis management and risk prevention in a transnational and interdisciplinary 
framework. Meteorologische Zeitschrift, 26(5), 459–473.

Wilson JW, Ebert EE, Saxen TR, Roberts RD, Mueller CK, Sleigh M, Pierce CE, Seed A (2004) Sydney 2000 forecast 
demonstration project: Convective storm nowcasting. Wea. Forecasting,19, 131-150.



| 877 Numerical modeling / Weather analysis

An investigation of the different scale atmospheric circulation features con-
tribution upon the 2019 warm dry October – wet November in South Europe 
and mainly in Greece

Nicholas G. Prezerakos1 and Stavros Dafis2,3* 
1Hellenic Meteorological Society (HMS) and University of West Attica
2National Observatory of Athens, Institute for Environmental Research and Sustainable Development, Vas. Pavlou & Metaxa, 
15236 Athens, Greece
3LMD/IPSL, CNRS UMR 8539, École Polytechnique, Université Paris Saclay, ENS, PSL Research University, Sorbonne Uni-
versités, UPMC Univ Paris 06, Palaiseau, France

*corresponding author e-mail: sdafis@noa.gr

Abstract: October 2019 was anomalously warm and extremely dry, while November 2019 was anomalously warm 
and wet. During both months, the Azores Anticyclone was well established over the Northeastern Atlantic with a rather 
positive phase of the North Atlantic Oscillation (NAO). During the entire October, the geopotentials over Europe at 500 
hPa were extremely high, witnessing a lack of synoptic-scale waves (Rossby waves). Studying the air mass character-
istics north and south of the wide straight belt of westerlies, we identify tropical air masses, which are usually found 
south of the Subtropical Jet Stream (SJS) this time of the year. The unavoidable interaction between the Polar Jet Stream 
(PJS) and SJS increased the hydrodynamic instability and led to a change of the atmospheric circulation with a great-
amplitude Rossby wave train in November. The main purpose of this paper is to study the physical processes, mainly 
in a seasonal-scale period, responsible for the north extension of the tropical air masses, reaching directly the polar air 
masses. The northern-most limit of the Hadley Cell and the convective activity in the Intertropical Convergence Zone 
(ITCZ), the SST anomalies and the Madden Julian Oscillation (MJO) are studied in depth. Finally, the Eulerian stream-
lines and the Lagrangian air particles trajectories with starting points at the ITCZ, and not only, are also calculated.

1. Introduction
Weather, together with all sorts of its variations, is under the continuous concern of the humankind societies because it 
influences many aspects of life and everyday activities. In addition, there is a positive correlation between the public’s 
concern and the rate of the weather prediction improvements. As the numerical weather prediction (NWP) models are on 
a route of tremendous continuous increasing accuracy, mainly in the last thirty years, the important work of the National 
Meteorological Services has been fully recognized. It is noteworthy that apart from operational forecasters, the high-
est qualified scientists, who build and run the NWP models, deserve the merits for the continuing progress of weather 
forecasts. 
Since the beginning of the foundation of the national meteorological services near the end of 19th century, long before the 
establishment of the World Meteorological Organization (WMO) in 1950, the internal processes necessary for producing 
and disseminating the weather observations and forecasts constituted the branch of Meteorology being called “Synoptic 
meteorology”. Although this paper deals with the study of a short-lasting (two months) mid-tropospheric circulation, 
it belongs to a greater scale than the synoptic one, but utilizes data, methods and vocabulary of Synoptic meteorology. 
According to the Hellenic (Greek) National Meteorological Service (HNMS) climatological bulletins, October 2019 
was unseasonably warm and dry, with a very few rain days. November 2019 was also warm but wet, much wetter than 
normal (http://hnms.gr/en/climatology). Similar conditions prevailed in most parts of Southern Europe. 
The Atmospheric Circulation Index (ACI) (Klyashtorin, 2001) can be used to partly explain the predominant weather 
conditions during this period. The values of this index were steadily high, around 400 N and between 450 W-450 E in 
October, ranging between 9 and 19. Then, in November, it turned to lower values, due to the synoptic-scale and with a 
large amplitude Rossby wave train. The concept of the ACI was introduced by Rossby (Rossby et al., 1939; Rossby and 
Willett, 1948) and is considered to be closely related with the North Atlantic Oscillation (NAO) index (Walker, 1924). 
Roughly, the methods for calculating these indices are similar. In the course of the first author’s long career in weather 
forecasting, he has wondered many times about the possible relationship between the two indices, similar to the ques-
tion raised by Slonosky and Yiou (2002). The main concern focuses on whether the physical mechanisms responsible 
for their variations were the same working near the earth’s surface and the mid-troposphere correspondingly. For syn-
opticians, who are mostly interested in atmospheric disturbances adopting a wave number 6 to 9, the concepts of NAO 
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and ACI, and how they are utilized by climatologists via statistical methods, are not trivial to their operational work. 
The disturbances belonging to the so-called “low-frequency variability of atmospheric circulation” that describe the 
observed spectrum of weather anomalies ranging only from 7 to 10 days, to several years, are also out of synopticians’ 
concern. Of course, synopticians know that synoptic scale waves are embedded in steady waves and one possible cause 
of their atmospheric low-frequency variability can be attributed to anomalies in sea surface temperature (SST), which 
arise from the coherent air–sea interaction,. A simple inspection on the climatological monthly mean charts of 500 hPa 
geopotential heights (http://www.ecmwf.int/ERA5; http://www.esr.noaa.gov/psd; Defant and Morth, 1978 pp. 133- 138; 
Holton and Hakim, 2013) reveals the standing wave number 3 pattern in January with the two main troughs over eastern 
North America and Eastern Asia, and a weaker trough with its axis over Eastern Europe. The associated axes of ridges 
are just west of 900 W, at western coasts of North America and at the western coasts of Europe. These axes are subjected 
a gradual retrogression from January to July, which is about 300 longitude for the Azores ridgeline (Defant and Morth, 
1978 p. 133). The synopticians have connected the extension of the mid-tropospheric Azores High with the weather 
conditions in Greece. A well-known rule of thumb is: when the Azores High extends toward the British Islands then the 
weather in Greece deteriorates. The physical interpretation of this rule has been elucidated in a variety of publications 
e.g. (Prezerakos, 1976; Prezerakos and Flocas, 1996; 2002; Lolis and Bartzokas, 2001; Hatzaki et al., 2007; Dafis et al., 
2016) and (Prezerakos, 2020) for summer.
In this paper we preferred, instead of NAO, to use the concept of “circulation index” calculated on 500 hPa fields, since 
this atmospheric level is the most widely used by weather forecasters. First author’s opinion on this matter is that NAO 
could be stopped being used, as the Azores High is a low frequency ridge of a planetary stationary wave (wave number 
3) in the middle troposphere and can be treated alone. Synoptic experience says that the behavior of the Azores station-
ary wave alone is linked with the weather in the Mediterranean and the neighboring countries, whereas the lows close to 
Iceland and Greenland combined with Azores high to constitute the NAO index, are of high frequency (synoptic) waves 
steered by the Polar Jet Stream (PJS) headed on a track usually through the Central Europe. Thus, NAO will be replaced 
by ACI in the mid troposphere. Of course, the problem of the index unpredictability, from high to low and reversely, still 
exists (Holton and Hakim, 2013 p. 306; Defant and Morth, 1978 p. 209).
The main goal of this paper is to deal with the physical processes responsible for the northward meandering of the 
tropical air masses, reaching directly the polar air masses over Northeastern Atlantic in October 2019. For this, the 
northern-most limit of the Hadley Cell and the convective activity in the Intertropical Convergence Zone (ITCZ), the 
SST anomalies and the Madden Julian Oscillation (MJO) are studied in depth. Finally, we focus on the Eulerian stream-
lines and the Lagrangian air particles forward and backward trajectories with starting points at many places intending to 
reveal the origin of air masses at the various levels and particularly at the ITCZ attempting to show that the Hadley cell 
is really an extension of the hot towers (Fierro, 2009). 
This article is structured as follows: Section 2 describes the data and the methodology utilized with subsections 2.1 
Data, 2.2 Methodology, Section 3 presents the results deriving from the processing data of this study and, of course, the 
necessary discussion in subsections as follows:  3.1 Atmospheric circulation features 3.2 Lagrangian trajectories and 
section 4 Conclusions. 
 
2. Data and Methodology

2.1. Data
For the global satellite observations we used brightness temperature data from the GridSat B1 dataset (Knapp et al., 
2011) and Meteosat data from the Earth Observational Portal of EUMETSAT. In addition, raw meteorological obser-
vations for the period September to December 2019 were provided by the Hellenic National Meteorological Service 
(HNMS), as well as the climatological bulletins for October and November 2019. The outputs of the NWP model 
NCEP-GFS were used to construct the meteorological maps and to compute the air mass trajectories using the HYSPLIT 
model (Draxler and Rolph, 2010).

2.2 Methodology
In order to qualitatively study the prevailed synoptic conditions in Europe in October and November 2019, we used a 
modified ACI index, called the “North Atlantic Atmospheric Circulation Index” (NAACI) and is defined as follows: 
NAACI = 1/3{[Φ(35ºΝ, 30ºW) - Φ(55ºΝ, 30ºW)] + [Φ(35ºΝ, 15ºW) - Φ(55ºΝ, 15ºW)] + [Φ(35ºΝ, 25ºE) - Φ(55ºΝ, 
25ºE)]} (Eq. 1), 
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where Φ denotes the geopotential at 500 hPa (units of gpm). NACI denotes the gradient of the zonal geostrophic wind 
and it is either large or small. Also the downstream weather depends on the face and amplitude of baroclinic waves 
which, in turn respond to the size of NACI being a measure of the available potential atmospheric energy of the region. 
The NACI index is defined as high when the result of Eq. 1 is higher than 80 gpm. 

3. Results and discussion

3.1. Atmospheric circulation features
As the main goal of this paper is to deal with the physical processes responsible for the northward meandering of the 
tropical air masses, reaching directly the polar air masses over northeastern Atlantic in October 2019, it is worth showing 
how the tropical low-tropospheric air masses are advected northwards. The two most important synoptic scale physical 
factors contributing to this circulation are the SST anomalies and the trade winds that convergence inside the ITCZ. A 
thermal anomaly at the sea surface can create an atmospheric disturbance by perturbing the vorticity field in the same 
way that the differential heating does over land or between land and water bodies. At the same time, it influences the 
local and regional circulations. All these circulations interact and are strongly influenced by orography, gravity, wind 
shear, and earth rotation. Many disturbances (e.g., Rossby waves and Kelvin waves) are embedded and driven into these 
circulations. The Hadley circulation is a planetary feature of the atmosphere with a low frequency and annual period, 
and as mentioned in the  introduction, is beyond any doubt responsible for the advection of upper-tropospheric and 
lower-stratospheric air masses, which are necessary for the balance of the global budget of angular momentum. This 
will be shown in more details by the air trajectory analysis below. The SST anomaly combined with the trade winds 
convergence, provide the necessary supplement water vapor for the deep convection to be sustained in the ITCZ (Holton 
and Hakim, 2013 p.379).
 The Tropical Cyclone “Lorenzo” appeared at the eastern tropical Atlantic, south of Cape Verde on 23 September 2019. 
It formed over warm waters with SSTs higher than 300C and the vicinity of the potential precipitation sub region of 
MJO (phase 1 during October 2019). It reached its maximum intensity on 29 September at its easternmost position. The 
storm later weakened as it moved northward but caused problems in Azores on 2 October, when the harbor on the Flores 
Island was severely damaged by high waves. The cyclone hit Ireland and Britain on 3 by 6 October as an extratropical 
but vigorous low-pressure system.
Figure 1 is a manifestation of ITCZ view as a narrow belt between 50 S and 150 N with deep convection, highlighted by 
the low brightness temperatures of the storms’ anvil cloud tops at 0000 UTC on 26 September 2019. The starting points, 
inside the ITCZ, of the forward Lagrangian trajectories were assigned, where the lowest temperatures identified (mostly 
at the tops of the anvil clouds) with pilot similar imageries with Fig. 1 valid at the starting points times.  Lorenzo storm 
is depicted clearly at about 420W, 160N over the north tropical Atlantic; ready to meander north- northeastwards toward 
UK as the thick red line shows. 

 Figure 1. GRIDSAT- B1 BrightnessTemperature IR 10.8 (ºC) shaded contours (per 5ºC); Yellow contours 200 hPa wind 
force (values equal or greater than 25 m s-1, per 10 m s-1) at 0000 UTC on 26 September 2019. The green rectangle shows 
the ITZC zone and the red line shows the direction that Lorenzo followed, as mentioned in the text.
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Lorenzo was selected in order to show how the convective heating, inside the ITCZ, perturbs the temperature field in 
Northern Hemisphere, resulting, via hydrostatic adjustment, in low-tropospheric synoptic scale pressure systems sus-
taining the low level inflow. At the same time, it distributes and meanders the colder air masses equatorward, which mos 
of them experience descend and the warmer ones moving poleward, they experience an ascend. This kind of air circula-
tion conversing the eddy available potential energy to eddy kinetic energy, which, in turn, is transferred to the jet streams 
for maintaining it. It is worth mentioning that the potential vorticity of Lorenzo, when it was embedded in the PJS on 3 
October was so strong that the dynamical tropopause touched sea surface (Rautenhaus et al., 2019). 
   Another way to work with similar diagnostic tools is the EUMETSAT and NOAA second or third generation RGB 
mosaics of tropical air mass imageries. The valid time of Figure 2 is on 27 September 2019 at 09:00 UTC, just before 
Lorenzo hits the Azores Florens Island. Lorenzo was still having its tropical characteristics, while progressing east-nor-
teastward, revealing all the physical atmospheric circulation processes mentioned above. The manner by which the air 
masses move, wittnes their origin source the advecting heating and moiture and the distarbances that they form. These 
imageries are availalable every 15 minutes. So an animation of a whole day imageries appears to be the best tool to fully 
understand the complete nature of the atmospheric circulation.
   Figures 3 and 4 show the size of Lorenzo, which seems to be a significant atmospheric feature, affecting the whole 
atmospheric circulation of the North Atlantic. In Figure 3, on 2 October 2019 it is still a compact tropical cyclone ap-
proaching the polar dry air with high stratospheric
potential vorticity (PV) (bright red) desceding behind the midtropospheric trough southwest

 

     
 
 
 
  

        Figure 2. Meteosat-11 Natural Color RGB at           Figure 3. Meteosat-11 RGB tropical air mass       
                    0900 UTC on 27 September 2019                             imagery at  0000 UTC on 2 October 2019

from Greenland and at the same time, a stationary frontal surface oriented from W to E, is extended from the surface up 
to the polar tropopause (not shown). This atmospheric setup indicates high values of NAΑCI, with the development of 
a strong easterly zonal flow toward Europe as it is also evident by the high-level clouds spreading east-northeast from 
Lorenzo, within a warm-conveyor belt (Figs. 3 & 5). The greenish air mass (with high ozone tropical air) coming from 
the south, approacching directly the polar air mass, is associated with a high (secondary) tropical tropopause. The 200 
hPa chart (Fig. 5) shows the tropical air masses that extend from the tropics to about 450 N characterized by -50 to -55 
0C temperatures, indicating the secondary tropical tropopause as the real tropical one is much higher and colder (Palmen 
and Newton, 1969 p. 114; Defant and Morth, 1978 p. 178). However we can see the warm converyor belts associated 
with the storm, as turning anticyclonicly, rise the tropopause becomig colder (green) above the dry anticyclogenesis 
closer to the coasts of Europe. The Eulerian wind field shown in Figure 5 is used to conceptually draw streamlines at 
regions under consideration. These streamlines show that the Tropical Easterly Jet Stream (TEJ) still appears and high 
tropospheric air masses meander from south to north, compatible with warm conveyor belts, verifying the well-known 
procedure (Holton and Hakim, 2013 Chapter 10), which maintains the Subtropical Jet Stream (SJS).
In Figure 4, Lorenzo is captured by the PJS and its extratropical transition starts with the development of near-surface 
fronts approaching Ireland and the UK. Just behind Lorenzo, a cold dry-air intrusion occurs as indicated by the reddish 
color extending northward in Figure 4. A more thorough study of the RGB images and GFS analyses results in the iden-
tification of a dry stratospheric air at the 500-300 hPa layer over the warm anomaly, which keeps its strong cyclonic cir-
culation restricted in a relatively small area and thus adopting high absolute vorticity. We assume that this vorticity blob 
is the main reason why the dynamical tropopause over the storm seems to touch the ground (Rautenhaus et al., 2019)
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The lack of ozone in RGB images verifies this explanation. Above 300 hPa, a warm and moist tropical air mass emerges 
from the south an at 200 hPa   d Lorenzo now steered by PJS moves eastward, northern than 55º N.This atmospheric 
circulation prevrails in October, resulting in high values of NACI (Fig. 6). The zonal region bounded by the parallels 350 
and 550 N the meridians 300 W and 25º E (black asterisks in Fig. 6) is defined as the atmospheric tank inside which the 
available potential energy increases gradually by reaching a critical value enough to be converted to an eddy potential 
one. 

Figure 6. Geopotential height at 500 hPa (gpdm - color shading) and mean seal-level pressure (hPa -contours per 4 hPa) 
valid at 0000 UTC on 10 October 2019. The black asterisks show the geographical locations from which the geopoten-
tial values at 500 hPa are derived to compute NAACI.

3.2 Lagrangian trajectories
So far, we have shown that during October, a continuous northward flow of tropical air masses high in the troposphere 
and lower stratosphere was associated with the Hadley cell transferring angular moment, heat and moisture, and simul-
taneously synoptic scale eddies in the lower troposphere acted in the same way. So, the steady wave number 3 with a 
ridge at its northern most part, accumulated available potential energy and resulted in high NAACI values. In synoptic 
time scale this North Atlantic warm anticyclone was influenced directly by the cold Atlantic SSTs but, only bellow 850 
hPa. The rest part of the anticyclone, in the middle troposphere was warmer compared with its surroundings. The upper-
troposphere was characterized by a tropical air mass with high and cold tropopause, as it was demonstrated in the previ-
ous section. It has been documented that large amplitude anomalies in the stratospheric winds precede an anomalous 
behavior of the NAACI by 1-2 weeks, perhaps providing some useful extended-range predictability. The mechanisms 
are not entirely clear, but likely involve the effect of the stratospheric flow on the refraction of planetary waves dispers-
ing upwards from the troposphere (Holton and Hakim, 2013 chap. 12). 

Figure 5. Temperature and wind at 200 hPa                                                                   
(Temperature in ºC – shading; wind direction and speed 
in WMO convetional way, one barb = 5m/s  at 00:00 
UTC on 2 October 2019. The black arrows conceptually 
show the main atmosheric

Figure 4. Meteosat-11 RGB tropical air mass 
imagery at 0015 UTC on 3 October 2019
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Regardless of whether predictability arises from the influence of the ocean or from processes internal to the atmosphere, 
changes in its phase and amplitude from one winter to the next must be considered unpredictable. Numerical experi-
ments, have shown that both tropospheric circulation anomalies in the Euro-Atlantic region and the anomalously weak 
stratospheric polar vortex can be explained by tropical circulation anomalies. Separate relaxation experiments for the 
tropical stratosphere and tropical troposphere highlighted the role of the easterly phase of Quasi-Biennial Oscillation 
(QBO) and, most importantly, diabatic heating anomalies over South America and the tropical Atlantic (Jung et al., 
2009). These results seem to be very useful for monthly and seasonal weather forecasts.
The detection of the air parcels’ routes forward or backward in time, from their original positions is discussed below. Let 
us start from Lorenzo case. Figure 7 shows that the air mass at Lorenzo at 950 hPa originated directly from the North 
Pole having started nine days ago at 900 hPa level, while the air masses at 800 and 675 hPa originated from the south.

 

                                                                           
Taking into account the position of Lorenzo in Figure 1, we have selected the source locations for the calculation of the 
forward trajectories (not shown) follow the wavy flow of PJS and SJS with the air below 675 hPa ascending, at 450 and 
300 hPa descending and at 140 hPa retaining its height. Also we can stress that the interaction of the PJS and the SJS is 
a good measure of the acumulated available potential energy. 
We started the trajectories from three locations in Figure 8, which shows that the ETJ still exists carrying the air parcels 
of the upper tropical troposphere (150-100 hPa) first eastwards, waving inside the 250-100 hPa layer with a tendency to 
meander northeastward, something which is better depicted over Eastern Africa (something similar occurs in the layer 
425 - 175 hPa, not shown), proving the theory about the local feeding of the SJS (Prezerakos, 2002; Fierro, 2009).

4. Coclusions 
In this study we listed a series of large-scale forcing mechanisms that initially led to very warm and dry conditions in 
Greece in October 2019 and eventually to very wet conditions in November 2019. The Azores Anticyclone which is con-
sidered to be  a stationary planetary wave number 3 seems to have been controled by warm an moist air masses below 
850 hPa and by the internal tropical tropospheric and lower stratospheric circulation above 850 hPa. Thus, a continuous 
northward meandering of tropical air masses from the upper troposphere and lower stratosphere occurred, associated 
with the Hadley cell, transferring angular moment, heat and moisture to mid-latitudes over Europe. These processes 
were verified and demonstrated by calculating Lagragian trajectories, which proved that Hadleys cell is an extention 
of hot towers of the ITCZ (Fierro, 2009). Simultaneously, low-tropospheric synoptic scale eddies were also affected by 
this large-scale circulation. In order to verify this, the evolution of Tropical Cyclone Lorenzo was studied using satellite 
NWP model data.
After applying the NAACI in October 2019, results showed that an “atmospheric tank” with high available potential en-
ergy was formed over Europe and Northeastern Atlantic. This atmospheric setup resulted in the genesis of extratropical 

Figure 7. Backward trajectories ending at 
12:00 UTC on 03 October 2019, source at 
54.80 N/15.20W, levels : 944, 812, 675 hPa

Figure 8. Forward trajectories starting at three 
locations shown black asterisk starting from 
150 and 100 hPa levels at 1200 UTC on 26 Sep-
tember 2019, using NCEP-GFS analysis data
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baroclinic waves in November 2019 (low NAACI value), leading to wetter conditions in Southern Europe.
Finally, we would like to stress that the NAO index should be replaced by NAACI which better describes the gradient 
of zonal geostrophic wind. Also, the downstream weather conditions depend on the face and amplitude of baroclinic 
waves which, in turn respond to the amplitude of NAACI being a measure of the available potential atmospheric energy 
of the studied region.
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Abstract:  A severe supercell affected northern Greece on 10 July 2019 causing 7 casualties, at least 120 reported 
injuries and significant damages in Chalkidiki. The regions of western and central Macedonia, along the track of the 
storm, were also strongly affected by hail, gale force winds (up to about 31 m/s) and lightning activity. Such severe and 
high impact weather phenomena provide the testbed for the evaluation of modern numerical weather prediction (NWP) 
systems in adverse weather conditions. This study investigates whether the operational NWP forecasts of the Labora-
tory of Meteorology and Climatology in the Aristotle University of Thessaloniki (based on the Weather Research and 
Forecasting numerical model) and the widely used ones of the European Centre for Medium-range Weather Forecasts 
provided an early warning of the upcoming threat. Both NWP systems provided an indication of the intense convective 
activity during the second half of 10 July 2019, in short to medium forecast ranges, but there was no consistency about 
its exact time. Life threatening mesoscale phenomena (e.g. tornadoes, downbursts) could not be predicted with high 
fidelity because of the available horizontal resolution and their probabilistic nature. 

1 Introduction
Northern Greece is a region with high economic and environmental importance and a well-known international destina-
tion during the warm period of the year, attracting millions of tourists due to the beauty of its scenery and sunny weather. 
However, intense and/or high impact weather events may develop throughout the year (Kallos and Pytharoulis 2005, 
Papagiannaki et al. 2013, Pytharoulis et al. 2016, Michaelides et al. 2018) posing a threat to the human life and property 
and the environment. These meteorological phenomena range from heat waves and synoptic/sub-synoptic depressions 
to mesoscale thunderstorms, wind storms and tornadoes (Matsangouras et al. 2014).
A severe supercell (Figure 1a) affected northern Greece in the evening/night hours of 10 July 2019 causing 7 casual-
ties. At least 120 injuries and significant damages were reported in the prefecture of Chalkidiki. The regions of western 
and central Macedonia, along the track of the storm, were also strongly affected by hail, gale force winds and lightning 
activity. The maximum radar reflectivity reached 71 dBz (Christodoulou et al. 2021) and the surface winds reached 30.8 
m/s at Kassandreia at western Chalkidiki (KASS station in Figure 1b). Several studies have shown that the development 
of supercells is not unprecedented in central and northern Greece (Christodoulou and Karacostas 2010). Therefore, it 
is important to be able to predict the occurrence and intensity of such storms. The aim of this study is to investigate the 
predictability of the threat posed by this high-impact event, using the products of operational numerical weather predic-
tion (NWP) systems.

2 Data and Methodology
This study is mainly based on the operational forecasts produced by the NWP systems of the Laboratory of Meteorology 
and Climatology in the Aristotle University of Thessaloniki (LMC-AUTH; http://meteo.geo.auth.gr) and the European 
Centre for Medium-range Weather Forecasts (ECMWF; http://www.ecmwf.int). Short-term to medium-range forecasts 
are included in this research, combined with the available meteorological station, radar and lightning observations and 
the ERA5 reanalyses.
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The core of the operational NWP system of LMC-AUTH is the non-hydrostatic Weather Research and Forecasting 
model with the Advanced Research dynamic solver (WRF-ARW version 3.5.1; Skamarock et al. 2008). Three telescop-
ing nests are used in order to cover Europe and the Mediterranean basin (D01), central and eastern Mediterranean (D02) 
and the greater area of northern Greece (D03; Figure 1b), with a horizontal grid-spacing of 15 km, 5 km and 1.667 km, 
respectively, and 39 sigma levels up to 50 hPa. The forecasts are initialized at 12:00 UTC daily and they have a horizon 
of 96 hours. The two inner domains are initialized 6 hours after D01, using its output, to prevent spin-up. The gridded 
fields of the Global Forecasting System (GFS) of the National Centers for Environmental Predictions (NCEP) provide 
the initial/boundary conditions. The daily sea-surface temperatures of NCEP with a grid-spacing of 1/12° x 1/12° (lati-° x 1/12° (lati- x 1/12° (lati-° (lati- (lati-
tude-longitude) are employed and do not change throughout each forecast cycle. The Ferrier, Betts-Miller-Janjic (deac-
tivated in D03), RRTMG, Mellor-Yamada-Janjic, Monin-Obukhov (Eta) schemes and NOAH Unified model represent 
the microphysics, deep and shallow convection, longwave and shortwave radiation, turbulence, surface layer and soil 
physics, respectively. Wind gusts are not predicted. This NWP system has shown a skill in predicting intense weather 
events in the area of interest (e.g. Pytharoulis et al. 2015). The model forecasts are stored at hourly intervals. 

Fig. 1. (a) The maximum reflectivity (dBz) at 18:51 UTC on 10 July 2019 from the weather radar at Filyro.      (b) The 
topography (m) of the innermost domain D03 of WRF-ARW in LMC-AUTH. The red square and the black lines indicate 
the area 39.8°N-40.8°N, 22.7°E-23.7°E and the vertical sections of Figure 4, respectively.                            

The deterministic atmospheric ECMWF forecasts are available at a grid-spacing of 0.1°x0.1° (latitude-longitude) up to a 
horizon of 10 days. The total lightning flash density is provided every 3 and 6 hours at 0-144 and 144-240 forecast hours, 
respectively. This field is diagnosed from the ECMWF convection scheme using the convective available potential en-
ergy (CAPE), the convective flux of frozen precipitation, the cloud condensate amount within the convective updraught 
and the convective cloud-base height (Lopez 2016). The simulated channel 9 IR satellite image MeteoSat10 is provided 
every 3, 6 and 12 hours at 0-48, 48-120 and 120-240 forecast hours. The predicted 10m wind speed (available every 1 
and 3 hours at 0-90 and 90-144 forecast hours) and gusts (of the last 3 hours) are investigated.
The resolution of WRF-ARW D03 is the finest available in the area of interest. Moreover, ECMWF provides high reso-
lution global forecasts utilized extensively by the Hellenic National Meteorological Service (HNMS). It is recognized 
that the current computational power does not allow the operational NWP systems to resolve convection. Also, it is clari-
fied that our aim is to investigate the predictability of the hazardous weather conditions, but not the detailed structure of 
the observed supercell.
The lightning observations are provided by the long-range lightning detection network ZEUS (Kotroni and Lagouvar-
dos 2008, 2016, Lagouvardos et al. 2009) through the National Observatory of Athens (NOA). The reflectivity data are 
measured by the weather radar at Filyro, Thessaloniki (40.672°N, 23.014°E), which is then used by the Hellenic Ag-°E), which is then used by the Hellenic Ag-E), which is then used by the Hellenic Ag-
ricultural Insurance Organization in the hail suppression program. Meteorological observations are available from the 
station networks of LMC-AUTH, NOA and HNMS, as well as from the Univ. of Wyoming, USA. ERA5 reanalyses of 
CAPE are retrieved from Copernicus to estimate the instability. 
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3 Results
The precursor of the catastrophic storm that hit northern Greece developed in the south Adriatic Sea in the early after-
noon of 10 July 2019. The sounding of Brindisi (south Italy) at 12:00 UTC 10/7 exhibited CAPE and energy helicity 
index equal to 2936 J/kg and 7.7, respectively. The hodograph showed large clockwise vertical shear of the horizontal 
wind by 55 knots and 90° at the lowest 4 km (not shown). These conditions are favorable for the development of intense 
convective storms and supercells with potential for tornadoes. 
Figure 2a illustrates the track of the convective activity that affected Albania between 15:00 and 17:00 UTC and north-
ern Greece from 17:00 to about 21:00 UTC. The ERA5 CAPE reached values of about 2500 J/kg and 3000-3300 J/kg 
in the Gulf of Thermaikos at 15:00 and 18:00 UTC, respectively (not shown). The CAPE at 15:00 UTC is about 500 
J/kg larger than its maximum in the 1979-2018 ERA5 reanalyses for July at that time. The above analysis shows the 
occurrence of favorable conditions for the maintenance/re-development of deep hazardous convection over the area of 
interest, at the presence of a mesoscale/synoptic lifting mechanism. By 18:00 UTC, just before the supercell affected 
Thessaloniki, western Chalkidiki and the Gulf of Thermaikos, the cumulonimbi had reached cloud top temperatures 
below -57°C and minima at -61°C (Figure 2b). These values clearly show the intensity of the storm. The number of 
the lightning strikes in the region between 39.8°N-40.8°N, 22.7°E-23.7°E (see Figure 1b), which encompasses the area 
of interest, was 327, 1020 and 20 at the intervals 18-19, 19-20, 20-21 UTC on 10/7, respectively (Figure 3a). Detailed 
synoptic and mesoscale analysis of the spatiotemporal evolution of the storm is provided by Christodoulou et al. (2021).   

Fig. 2. (a) The locations of the lightning strikes recorded by Zeus from 16:00 to 20:59 UTC and (b) Meteosat color en-
hanced infrared image (10.8μm) at 18:00 UTC on 10 July 2019 (EUMETRAIN e-port, EUMETSAT).    

The operational WRF-ARW model diagnosed the radar reflectivity using variable intercept parameters for the size dis-
tributions of the hydrometeors, via the Reisner-2 scheme of RIP software. It provided a clear indication of the upcoming 
intense convective activity even from the earliest forecast cycle of 12:00 UTC 7/7 (Figure 3a). This cycle predicted two 
convective bursts at 13:00-14:00 UTC and 17:00-18:00 UTC on 10/7, with maximum reflectivity of about 51-58 dBz. 
Although some minor activity actually occurred at the former times, the catastrophic storm hit Thessaloniki and Chalki-
diki at 18:00-20:00 UTC when the maximum actual radar reflectivity ranged from 62 to 71 dBz. The vertical sections of 
the reflectivity indicate that the structure of the simulated storms was akin to the actual one presented by Christodoulou 
et al. (2021). Deep tilted ascent up to 12 km with maximum vertical speed of about 14 m/s appears in Figure 4 (the 
areas of both sections are depicted in Figure 1b). However, the cloud top and the maximum reflectivity of the predicted 
systems extended to lower heights and magnitude than in reality. This may be attributed to the resolution of D03, which 
cannot explicitly resolve all the features of moist convection and to the lack of graupel/hail in Ferrier microphysics. 
The forecast of 8/7 predicted a peak in the activity with a lag of about 3-4 hours. The latest available forecast of 9/7 
provided a clear indication of strong activity at the correct time and an intensity of 52 dBz which corresponds to strong 
convection. Although the model provided an indication of the strong convection, there was also an unrealistically long 
duration. The area-averaged accumulated precipitation (Figure 3b) exhibited the highest rates at around midday on 10/7 
and not during the catastrophic supercell. The actual precipitation reached 12.6 mm/day at Kassandreia (NOA station) 
on 10/7, while 10 and 7.5 mm were recorded at the airport (LGTS; Figure 1b) and the centre (AUTH) of Thessaloniki 
(from 18:00 UTC 10/7 to 00:00 UTC 11/7). The WRF model gave a clear warning of very strong to gale force winds in 
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the area of interest. The hourly 10m wind speed predictions during the observed lethal event (18:00-20:00 UTC on 10/7) 
reached 17.2 m/s in the forecast of 7/7 and 14.7 m/s in the two later forecasts (Figure 3b). 

Fig. 3. Timeseries of WRF-ARW D03 (a) maximum reflectivity and (b) area-averaged accumulated precipitation and 
maximum 10m wind speed, all between 39.8°N–40.8°N, 22.7°E–23.7°E, for different initial times. In (a) the number of 
the observed lightning strikes (Zeus data) in the same area at hour T corresponds to T:00-T:59 UTC. 
 

Fig. 4. Latitude-height sections of WRF-ARW D03 reflectivity (shading; dBz) and vertical velocity (contours; m/s) at 
(a) 23°E at 13:00 UTC and (b) 22.82°E at 17:00 UTC on 10/7/2019. Initial time: 12:00 UTC 7/7/2019.

The deterministic ECMWF predictions are investigated because they extend to medium ranges and are widely used by 
the operational forecasters. Certainly, their resolution cannot resolve the individual cells. 
Table 1 presents the minimum cloud top temperature, indicative of deep convection, in the aforementioned area of 
interest for different initial times. The forecasts with a horizon larger than 5 days (in this case produced before 6/7) 
are not illustrated because they have a coarse 12 hour time increment. It appears that deep convection, with cloud top 
temperatures (CTTs) colder than -50°C to -55°C, is predicted between 12:00 UTC on 10/7 to 00:00 UTC on 11/7 from 
the forecast of 12:00 UTC 6/7 onwards, that is 4-4.5 days before the event. These values are in good agreement with the 
minimum CTTs observed by Meteosat at 18:00 UTC on 10/7 (Figure 2b). 
Similarly, the simulated flash density in the past 3 hours indicated a minor peak at 12:00 UTC on 10/7 and much stronger 
activity (as in reality) in the late hours of that day (Figure 5a). The forecast of 5/7 did not provide a good indication of 
the latter activity, while the ones from 6/7 and 7/7 delayed it by about 3 hours. The latest forecasts were generally much 
more successful in the temporal estimation of the lightning activity. Forecasts of predicted flash density in the past 6 
hours are available in time ranges beyond the 6th forecast day (i.e. for initial times before 5/7) and indicated some light-
ning activity in different periods of 10/7 (not shown), without providing a signal of intense activity.
The instantaneous 10m wind speed was predicted by ECMWF to reach 14.5 m/s, during the observed event, from the 
initial time of 00:00 UTC 9/7 (not shown). During the actual event, wind gusts in excess of 15 m/s were estimated by 
most of the latest forecast cycles (Figure 5b). The cycle of 00:00 UTC 9/7 predicted gusts of 21.9 m/s, which correspond 
to severe gale force winds, but without reaching the 30.8 m/s measured by NOA at Kassandreia.
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Table 1. Minimum Cloud Top Temperature (°C) predicted in the area between 39.8°N-40.8°N and 22.7°E-23.7°E from 
different initialization times. All times are in UTC. Data from the operational deterministic ECMWF model.

Fig. 5. Timeseries of the (a) maximum predicted total flash density and number of the observed lightning strikes (Zeus) 
and (b) maximum predicted 10m wind gust, all in the last 3 hours between 39.8°N–40.8°N and 22.7°E–23.7°E. Forecast 
data derived from the operational deterministic ECMWF model from different initial times. 

4 Conclusions
Northern Greece was affected by a severe supercell on 10 July 2019 that caused 7 deaths and significant damages. 
This study investigated whether the operational NWP forecasts of LMC-AUTH (based on WRF model) and ECMWF 
provided an early warning of the upcoming threat. Both NWP systems provided an indication of the intense convective 
activity in short to medium ranges. The high-resolution WRF model predicted reflectivity in excess of 50 dBz in the 2nd 
half of 10 July 2019. For the same period, the ECMWF model predicted very cold cloud tops (< -50°C), high lightning 
activity in the area of interest about 4-4.5 in advance and wind gusts stronger than 20 m/s. It is recognized that mesoscale 
life threatening phenomena (e.g. tornado, downbursts) could not be predicted due to the available resolution and their 
probabilistic nature. More studies are necessary in order to reduce the false alarms of such events.
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Abstract: On 10 July 2019, a killer mesoscale convective system (MCS) swept northern Greece with heavy rainfall, 
large hail, intense lightning and high gusty winds resulting to widespread damage in houses, infrastructure and cul-
tivations, including 7 fatalities and 150 injuries in Chalkidiki. The MCS originated in the south Adriatic Sea, moved 
southeastwards through Albania and then swept northern Greece until dissipated in the northeastern Aegean Sea. Trave-
ling for more than 5 hours in about 500 km it exhibited severe characteristics, especially in its nocturnal phase, with 
severe downbursts and gusts measured at 132 km.h-1 within the mesocyclone where became a killer MCS in the area of 
Chalkidiki. Radar data revealed bow reflectivity patterns of the squall line and several well-organized thunderstorms, 
some exhibiting supercellular characteristics. Hailfall recorded in the hailpad network operated by the Greek National 
Agricultural Insurance Organization, within the context of the Greek National Hail Suppression Program indicated 
maximum hail sizes of 2-3.2 cm with 30 hailpads recorded hail. The synoptic and mesoscale environment is examined 
using surface, upper air charts and sounding data. Wind and thermodynamic parameters indicated high wind shear, 
strong storm relative helicity, moderate to large convective available potential energy and high precipitable water.

1 Introduction
A severe weather outbreak swept the northern and central parts of Greece on 10 July 2019 a day of remarkable wide-
spread thunderstorm activity, heavy rainfalls, large hail, high winds, intense lightning, and twin damaging waterspouts. 
Strong hailstorm and windstorm complexes swept from the morning hours Epirus, Thessaly then East Macedonia and 
Thrace causing considerable damage in cultivations, buildings, infrastructure and people injuring. The severest and most 
damaging event was a mesoscale convective system (MCS) originated in late afternoon in the south Adriatic Sea and 
then moved east-southeastwards through Albania and swept northern Greece until dissipated in the northeastern Aegean 
Sea. During its 5-hour lifetime it exhibited deep convective and severe supercellular features travelling in a distance 
of about 500 km over west and central Macedonia, producing heavy rain, intense lightning, large hail and severe gusty 
winds. The MCS was very destructive to agriculture, to buildings with more than 1100 houses damaged, to a large num-
ber of electricity poles, to over 500 operations and shops, to various infrastructures. During its nocturnal life phase was 
most intensified becoming a killer MCS with 7 fatalities and about 150 people injured, in the prefecture of Propontida, 
Chalkidiki.
Severe thunderstorms occur in northcentral Greece during the spring and summertime, frequently accompanied with 
heavy rain, hail and wind bursts causing large damages to crop and infrastructures (Sioutas and Flocas 2003, Sioutas et 
al 2009, Sioutas and Chatzi 2014). Remarkably severe thunderstorms produce significant damage including fatalities 
and injuries (Prezerakos and Petroliagis 1988) while occasionally supercell thunderstorms cause large and extensive 
damages (Christodoulou and Sioutas 2014). However, there is a limited Greek literature in research of MCSs referred as 
those large precipitation systems including deep convection with embedded squall lines and supercells in a spatial scale 
of ~100 km or more (Zipser 1982, Houze 2004) and this was also a motivation for this work. The objectives of this study 
include: 1) investigation of the synoptic and mesoscale environment favored the intensification and destructiveness of 
the 10th July MCS, 2) analysis of satellite and radar features of the severe thunderstorm and supercell complexes and 3) 
examination of the MCS damage track and the hailswath on the ground as recorded by the hailpad network in central 
Macedonia.

2 Synoptic and mesoscale environment 

2.1 Synoptic and mesoscale settings
The synoptic settings evolution of the 10 July 2019 over Greece is investigated using the synoptic charts at various 



892 | Numerical modeling / Weather analysis

levels, with those of 500 hPa and 850 hPa and MSL surface for 00:00 and 12:00 UTC displayed in Fig. 1a-f. On 10 July 
2019 northcentral Greece was under the influence of a zonal flow at the 500 hPa level with embedded short wave troughs 
successively moving from the west acting as strong destabilization mechanisms as suggested by the vorticity advection 
high centers located over northwestern Greece (Fig.1a,b). At the lower levels warm and moist subtropical air is advected 
to the MCS generation area in the southern Adriatic and northwestern Greece as depicted by the 850 hPa level isotherm 
zone of 19-21οC and mixing ratio of 10-11 j/kg (Fig.1c,d). At the 850 hPa 12:00 UTC a strong westerly flow of 30-35 
kts affecting northwestern Greece (not shown).

Fig. 1. Analysis maps of 10 July 2019: Geopotential height contours (gpm) and vorticity advection (10-9s-2) at 500 hPa 
for a) 00:00 UTC and b) 12:00 UTC. Geopotential height contours (gpm) and mixing ratio (g.kg-1) at 850 hPa for c) 
00:00 UTC and d) 12:00 UTC. MSL and front analysis for e) 00:00 UTC and f) 12:00 UTC

The zonal synoptic flow was maintained at the upper levels as it is indicated by the 300 hPa maps (Fig. 1 c,d) while in 
the lower troposphere a deep low system was developed from the surface until the 850 hPa level. A frontal zone swept 
northern and central Greece the afternoon and evening hours of 10 July 2019 as it is displayed in Figs 1e,f. According the 
wind speed analysis at 200-250 hPa jet streak cores located over northern and central Greece contributing to high wind 
shear and increased relative vorticity. The Thessaloniki radiosonde wind profile of 00:00 and wind shear maps examined 
(not shown) suggest also the presence of increased vertical wind shear, a factor with a strong influence on the specific 
form of the severe convection occurred over northern Greece (Weisman and Klemp 1986).
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2.2 Thermodynamic environment
In Figure 2 plots of forecasted values of Convective Available Potential Energy (left), Lifted Index (middle) and Storm 
Relative Helicity (right) for 10 July 2019, 12:00, 15:00 and 18:00 are presented. Highest instability values favor to se-
vere thunderstorm are located over the Ionian Sea and Gulf of Thermaikos for 12:00 UTC (Figure 2a-c). After midday 
hours a small recession occurs as expressed by a lowering of the threat level according to the indices (Figure 2d-f), but 
from the late afternoon the indices were high again, especially in the area of Central Macedonia (Thermaikos Gulf–
Chalkidiki) (Fig 2g-i) and this situation was extended during the next time period up to 21:00 UTC (not depicted).

Fig. 2. Plots of Convective Available Potential Energy (left, J/kg), Lifted Index (middle, ºK) and Storm Relative He-
licity (right, m2/s2) for 12:00, 15:00 and 18:00 UTC (top to bottom) from the 25 km GFS forecast initiated at 12:00, 
09/07/2019.

3 Satellite and radar imagery, damage track and hailswath

3.1 Satellite and radar imagery
In Figure 3a,b satellite infrared images of Meteosat display the severe and destructive circular MCS of 10 July 2019 over 
Central Macedonia, indicating a mesocyclone circulation and classifying it to an occluded type according the proposed 
scheme from Blanchard (1990). Satellite cloud top temperature was -66o C at 19:30 UTC over west Chalkidiki, closest 
in space and time to most severe hit area with 7 fatalities, about 150 people injuries and large damages to buildings and 
infrastructures.
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Fig. 3. Meteosat infrared imagery of the MCS of 10 July 2019: a) 19:30 UTC b) 18:30 UTC.

Significant morphological signatures of the MCS evolution, including bow echo and supercellular hook features are 
depicted by the Filiro C-band weather radar imagery, an operational radar in the context of the Greek National Hail Sup-
pression Program (GNHSP) (Fig. 4a-d) (Sioutas 2016). 

 Fig. 4. Radar imagery of MCS evolution over central Macedonia, with CAPPI and vertical cross sections of the strong-
est cell clusters for times UTC a) 17:33, b) 18:16, c) 18:48 and d) 19:16 UTC.
As it is illustrated in the radar image sequence examples, MCS consists of an organized mesoscale circulation and ex-
hibit a variety of distinct echo patterns such as supercell with hook signatures in the vertical cross section, bow echoes, 
as well as stratiform precipitation modes. The severe supercell developed had a clear right propagation resulting to a 
southeastern-ward supercell movement.
In Table 1, a chronological sequence of MCS evolution in the various districts of northern Greece is provided, with 
selected characteristics including storm type, cloud top, radar reflectivity, storm motion and damaging phenomena 
observed. Highest radar reflectivity measured at 70 dBZ with maximum radar cloud tops at 16,5 km over Chalkidiki, 
penetrating the tropopause level. Storm movement was from 290-300o with an unusual high speed of 80-90 km.h-1.
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Table 1. Chronological evolution of the Mesoscale Convective System of 10 July 2019.

3.2. MCS damage track and hailswath
The 10 July 2019 MCS route and approximate damage path is designated in Fig. 5a as determined by the Filiro C-band 
radar. As it is indicated the MCS entered in the Greek territory at about 15:16 UTC, swept for about 500 km west and 
central Macedonia, until it dissipated in the northern Aegean Sea at about 20:52 UTC. Most of the damages in the total 
hit area caused by the severe windstorm with the prefectures of Imathia and Pella (Fig 5b) reported about 500 agricul-
tural claims for windstorm damage to trees, various cultivations, and farms. Hailfall damage was also reported to trees 
and various cultivations but in a lesser scale and extent comparing to wind damage.
The hailswath of the MCS of the 10 July 2019 as designated by the hailpad network operated in the project Area 1 of 
the GNHSP (Sioutas 2016), is comprised by a total of 30 hailpads recorded hail (Fig 5b). Two main hailstreaks identi-
fied one in Imathia (west) with max dimensions 40x20 km and one in Pieria (southeast) with max dimensions 12x9 km 
with a few more isolated point hailfalls. The maximum hailstone recorded was a “walnut” size class, 2.0-3.2 cm, at two 
hailpads, with site numbers 141 and 142, located in the southeast hailstreak in Pieria. A total of 10 hailpads recorded 
maximum hailstone sizes of “grape” class, 1.2-2.0 cm and 18 hailpads recorded maximum hailstone sizes of “pea” class, 
0.6-1.2 cm.

Fig. 5. The 10 July 2010 mesoscale convective system (MCS): a) approximate damage track, where X denotes the most 
severely damaged location of Sozopolis, Chalkidiki (place of 7 fatalities and 150 injuries) and the twin waterspout oc-
currence and b) the hailswath as depicted by the hailpad network of the Area 1 of the GNHSP.

4 Conclusions
This study investigates and documents the synoptic and mesoscale settings favored the evolution and intensification of 
the severe and killer weather outbreak occurred in northern Greece on 10 July 2019. It also examines and documents 
the MCS satellite and radar features, the damage track and the hailswath characteristics. The MCS developed in a very 
unstable environment with strong low level winds of 30-35 kts at 850 hPa, high wind shear of 24-25 m.s-1 in the lower 
atmospheric 6 km (0-6 km), a strong 0–3 km storm relative helicity (SRH) of 200–600 m2.s-2, a high convective available 

W
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potential energy (CAPE) of 2100–2400 J.kg-1 and large amounts of precipitable water (PW) at 35-40 mm. Supercell and 
tornado supportive environment suggested for northern Greece on 10 July 2019 by a variety of parameters and insta-
bility indices including supercell composite parameter (SCP) of 2.6 (threshold 2) and energy helicity index (EHI) of 2 
(threshold 1) (Blumberg et al. 2017).
In these conditions of high mid and lower troposphee winds suggesting the presence of a low level jet the MCS appeared 
a bow echo and supercellular characteristics as it moved from west to central Macedonia and the area of Chalkidiki 
with the Gulf of Thermaikos supportive to deep convection as a source of warm and very moist air. Heavy rainfalls, 
intense lightning and dispersed hailfalls with large hail sizes reported. A twin waterspout came into land in Sozopolis, 
Chalkidiki causing additional damage, overturning boats, uprooting trees and removing roofs. Strong storm downdrafts 
and gusty winds of 132 km.h-1 at 18:30 UTC recorded by the nearby meteorological station of Stratoni (www.meteo.gr). 
A large hailswath produced by the MCS in the project Area 1 (Imathia-Pella-Kilkis-Thessaloniki-Pieria) of the GNHSP, 
comprised by two main hailstreaks with dimensions about 40X20 km and 12x9 km, respectively, with maximum hail-
stones at 2.0-3.2 cm, a “walnut” hail size class.

Acknowledgments The authors acknowledge Hellenic National Agricultural Organization (ELGA) for supporting 
this study.
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Abstract: A spectacular, large shelf cloud embedded in the severe thunderstorm activity swept Thessaloniki, northern 
Greece, occurred in the late afternoon of June 8, 2014. The extraordinary shelf cloud was observed and photographed at 
about 20:00 local summertime time (17:00 UTC) over the eastern Thessaloniki area, as a low, horizontal, wedge-shaped 
arcus type cloud, attached to the base of an approaching from the east large cumulonimbus cloud. On this date thun-
derstorm complexes had an unusual movement direction that was westwards as recorded by the Filiro C-band weather 
radar. Severe local weather conditions included heavy rainfall and temporary flash flooding in Thessaloniki downtown, 
gusty winds and dispersed hailfalls in central Macedonia. The meteorological conditions favored the formation and de-
velopment of the remarkable shelf cloud and the associated severe thunderstorm activity are studied by examining the 
synoptic and mesoscale environment. Weather radar data to identify thunderstorm cell features and severity potential 
are studied and the local terrain features were also considered. Considerable photographic material offering to a detailed 
description of the extraordinary and spectacular shelf cloud is also presented.

1 Introduction
In the late afternoon of June 8, 2014 at 17:00 UTC (20:00 local summertime), a large, very spectacular shelf cloud 
preceded a severe thunderstorm over Thessaloniki in central Macedonia, northern Greece. It was an extraordinary shelf 
cloud observed and photographed by the second author over the eastern parts of Thessaloniki approaching from the east 
as a low, horizontal, wedge-shaped arcus type cloud, attached to the base of a cumulonimbus cloud. This shelf cloud had 
a large and impressive development and photographed at 17:00-17:05 UTC and then was rapidly disorganized (Fig. 1). 
It was embedded to a multicell thunderstorm cluster moving to the west as recorded by the Filiro C-band weather radar 
operated in the context of the Greek National Hail Suppression Program (GNHSP) applied by the Hellenic National 
Agricultural Organization (ELGA) (Sioutas 2016). Shelf clouds are commonly observed as long wedge shape clouds 
usually forming on the leading edge of a multicell storm cluster or a squall line (AMS, Glossary of Meteorology, 2020). 
A shelf cloud can be extended for several miles long and may have finger or outflow like cloud parts lowering toward the 
ground. They form when cold air within the storm rushes out lifting warm moist air that condensed ahead of the storm 
forming a shelf cloud. Shelf clouds are frequently associated with damaging winds, heavy rain and hail and sometimes 
small tornadoes can be also developed on the leading edge.
June 8, 2014 was a date with a widespread and long lasting thunderstorm activity across central Macedonia, northern 
Greece, with two distinct periods of extended multicell thunderstorm cluster occurrence, the first swept about 09:00-
14:00 UTC and the second about 15:00-20:00 UTC. Weather conditions included heavy rainfall and flash flooding in 
Thessaloniki downtown, gusty winds and dispersed hailfalls in central Macedonia with a grape hail of size 1.2-2 cm 
recorded by the hailpad network operated by ELGA. This work is organized as follows: In section 2, photographic mate-
rial of the remarkable shelf cloud is presented, in section 3 the meteorological settings in term of synoptic and mesoscale 
features favored its formation and development are presented. In section 3 weather radar data are examined to identify 
thunderstorm features associated with the shelf cloud formation and the severe weather occurred and in section 4 the 
conclusions of the study are provided.

2 Shelf cloud observation and photographic documentation
In the late afternoon of June 8, 2014, evidence and visual observations was provided from the second author about a very 
spectacular shelf cloud formation approaching the eastern parts of Thessaloniki, including few lightnings, thunder and 
gusty winds. A series of photographs were taken by the second author in about 5 minutes, at 20:00-20:05 Greek summer 
saving light time (17:00-17:05 UTC) during which the short lived but well-organized shelf cloud appeared and evolved 
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rapidly. Scud cloud formations are also appearing indicative of very moist and warm updrafts beneath the cumulonim-
bus and the shelf cloud. An impressive photo series of the extraordinary shelf cloud was taken at 17:00-17:02 UTC as 
it is displayed in Figs. 1a-d.
Worth to mention that the latter is the founder one of the biggest cloud-chasing community of the country namely “The 
Greek Cloud Hunters” with a considerable weather photo database, consisted by numerous active members including 
weather hobbyists, enthusiasts, amateurs and meteorologists. Noteworthy also that the image of Fig.1c was featured as 
an “Earth Science Picture of the Day” (aka EPOD).

Fig. 1. The shelf cloud over the eastern Thessaloniki on June 8, 2014: a-b) northwestern part of the self cloud at 17:01-
17:02 UTC, c-d) southeastern part of the shelf cloud at 17:00-07:02 UTC. The time-stamp of each picture acquisition is 
displayed in the bottom-left corner.

At the time of photographing there was rain falling, but shortly afterwards an intense thunderstorm affected the area and 
then moved westwards to downtown city of Thessaloniki with intense rainfall and local flash flooding. This thunder-
storm was the southernmost part of a strong multicell cluster arranged in a line from Thessaloniki and further to north, 
as it described in the following in section 4.

3 Meteorological settings and shelf cloud formation

3.1 Synoptic conditions
The synoptic settings evolution of the June 8, 2014 is investigated using synoptic charts at various levels, with the 500 
hPa and 850 hPa for 00:00 and 12:00 UTC displayed in Fig. 2a-d. On this date, at 00:00 UTC, Greece was under the 
influence of a northeastern flow at the 500 hPa level produced by the low system over Turkey combined to the high am-
plitude ridge over the central Europe (Fig. 2a). The northeastern flow was maintained at the lower levels where a warm 
and moist air advected from the Black Sea to central Macedonia (Fig. 2b). At 00:00 UTC at the surface (not shown) a 
frontal zone and a convergence line over Bulgaria up to northern Greece and with the support of the daily warming initi-
ated the first period of thunderstorm activity occurred at 09:00-14:00 UTC in central Macedonia.



| 899 Numerical modeling / Weather analysis

Fig. 2. Analysis maps of June 8, 2014: Geopotential height (gpm) and temperature (oC) at 500 hPa for a) 00:00 and b) 
12:00 UTC. Geopotential heights (gpm) and temperature (oC) at 850 hPa for c) 00:00 and d) 12:00 UTC.

At 12:00 UTC a strong retrogression occurred at the 500 hPa level with a deepening of the low center over southern 
Greece and the Aegean Sea (Fig. 2c) (Holton 1992). Warm and moist air was advected at the lower levels as depicted 
by the 850 hPa map level, with an isotherm zone of 15-16 οC and a mixing ratio of 6 j/kg over northern Greece (Fig. 
2d). These conditions combined with the upper cold advection and increasing of relative vorticity (not shown) acted as 
a strong destabilization mechanism responsible for the strong thunderstorm activity occurred at the time interval 15:00-
20:00 UTC over central Macedonia, including the occurrence of the shelf cloud at 17:00 UTC.
3.2 Thermodynamic environment
The radiosonde plot of Thessaloniki for June 8, 2014, 12:00 UTC is displayed in Figure 4.  The skewT-logp (Fig. 4a) 
indicates small CAPE (Convective Available Potential Energy)=98 j.kg-1 with probable scattered strong thunderstorms 
according the instability indices KI=33, TT=46, SW=3 and LI =1 (Blumberg et al 2017). Low and midlevel winds di-
rected from the northeast supportive to a westward storm movement. There was a backing in the wind direction above 
the 500 hPa level indicating cold advection at mid layers. A small speed wind shear is depicted at the lower levels above 
cloud base at 850 to 750 hPa with the melting level at 700 hPa (3100 m). The temperature and dewpoint at Thessaloniki 
12:00 UTC were 29 οC and 12 οC, respectively and the surface winds 280o at 3 ms-1.

Fig. 3. Thessaloniki radiosonde of June 8, 2014, 12:00 UTC: a) skewT- logp, and b) wind hodograph.
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3.3 Shelf cloud formation and weather radar features 
A panoramic view of the shelf cloud over Thessaloniki at 17:02 UTC is illustrated in Figure 4.

Fig. 4. Shelf cloud panoramic view over eastern Thessaloniki with observed scud cloud formations.

The Thessaloniki “MACEDONIA” airport meteorological station of 15:00 UTC, two hours before the occurrence of the 
shelf cloud, reported air temperature 24.4 oC, dew point 15.9 oC, relative humidity 59% and gusty NW winds (330o)  at 
15 kt. Visual evidence and photographic data estimated the shelf cloud base at about 800-1000 m with a long extension 
at 20 km or more and also scud cloud formations resulting to a lowering of the cloud base at the 600-800 m (Fig. 4).
Based on the meteorological data and visual observations, the extraordinary shelf cloud formation was primary favored 
by the high atmospheric instability and the resulted strong stormy environment. The interaction of storm cold outflow 
with the warm and moist low level air in conditions of small to moderate vertical wind speed shear was a major contribu-
tor to the development of shelf cloud and the spectacular and impressive cloud gradients (Weisman and Klemp 1986, 
Droegemeier and Wilhelmson 1987). Significant was also the role of the local topography as a lifting mechanism to the 
shelf cloud formation east of Thessaloniki with a terrain of an altitude of 500-700 up to 1200 m the Hortiatis Mt.

Fig. 5. Filiro C-band radar volume (horizontal) and cross section on June 8, 2014: a) 11:31 UTC, b) 17:00 UTC.
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In Figures 5a, b weather radar images from the Filiro C-band radar are depicted for the two periods of thunderstorm of 
the 8 June 2014, 09:00-14:00 UTC (Fig 5a) and 15:00-20:00 UTC (Fig. 5b). Storm motion was easterly at 40-50 km.h-1 
with multicell thunderstorm complexes arranged in a line of 50-100 km long. Cloud tops reached at 12 km penetrating 
the tropopause with maximum reflectivity at 65 dBΖ. The shelf cloud top over Thessaloniki reached at 8 km with the 
northern part or the cloud complex reaching top at 11,5 km (Fig 5b). The yellow arrow indicates the position where the 
photographs taken.  

4 Conclusions
The extraordinary and spectacular shelf cloud occurred over Thessaloniki in the late afternoon of June 8, 2014 during 
severe thunderstorm activity swept central Macedonia, northern Greece is examined in this study. The impressive shelf 
cloud was observed and photographed by the second author an experienced cloud chaser and weather photographer with 
a presented photo series for 17:00-17:02 UTC. Morphological characteristics of the shelf cloud include:
• A north-northwest to south-southeast orientation of a line thunderstorm cells with the strongest cells in the northern 

leading edge.
• Scud cloud formation observed lowering the shelf cloud base at 600-800 m above ground.
• Extended to more than 20 km long, as a part of a line thunderstorms about 80-100 km long.
• Shelf cloud top reached at 8 km, with the highest cell of the complex reaching at 11.5 km.
• Movement of the shelf cloud was westwards with a radar estimated speed of 40-50 km.h-1.
• The most organized shelf cloud phase was lasted for a very short time, less than 5 minutes and then evolved to a 

strong thunderstorm with heavy rain in Thessaloniki downtown.
Synoptic and mesoscale conditions included the influence of a steady northeastern flow in the mid troposphere, upper 
cold advection, an unstable thermodynamic environment and the support of warm and moist low levels. In particular, 
the shelf cloud formation conditions and mechanisms are summarized as follows:
• As a primary condition the high atmospheric instability and the resulted stormy environment.
• The shelf cloud was formed between cool downdrafts and warm updrafts that lifted moist air condensed at the 

thunderstorm leading edge. A favor wind profile with weak to moderate wind speed shear between updrafts and 
downdrafts was a significant contribution in permitting the organizing of the spectacular and impressive shelf cloud 
gradients over Thessaloniki.

• Τhe local topography with the higher terrain of altitude of 500-700 m east of Thessaloniki acted as a lifting mecha-he local topography with the higher terrain of altitude of 500-700 m east of Thessaloniki acted as a lifting mecha-
nism for releasing the thermodynamic instability caused the large cumulonimbus and the extraordinary shelf cloud 
formation.
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Abstract: Wind direction and speed are the most significant weather parameters that affect the functionality of an 
airport. The subject of this paper is the wind speed behavior/characteristics in the area of the International Airport of 
Thessaloniki, Greece «Macedonia», and more specifically the deviation that the wind forecast might undergo, as far as 
the direction, as well as the speed, is concerned. The data of the study is the METARs and the TAFs from the Regional 
Meteorological Centre «Macedonia», which is located in the same airport. The task in this study is to compare TAF and 
METAR and quantify the accuracy of the TAF, as a wind forecast. The period of the study is December 2018 - Febru-
ary 2019. The results of the study show, in general, that a reliable forecast of the wind is given by the weather forecasters 
of Regional Meteorological Centre «Macedonia». As expected, the slight deviation tends to increase as the range of the 
forecast increases. Synoptic scale weather systems are almost always well forecasted, whereas the wind behavior of 
small scale phenomena may be subject to deviation.

1 Introduction
The Regional Meteorological Centre of «Macedonia» (RMCM), issues 24-hour aeronautical weather forecasts every six 
hours. These are intended for the aeronautical meteorological support of civil and military aviation. In practice, every 
operator who lands / takes off at the
«Macedonia» airport has available, through the telecommunications system, a forecast for all meteorological phenom- meteorological phenom-
ena, which may affect his landing / take-off. The most important of all is the wind, because it plays a key role in determin-
ing the buoyancy vector during take-off / landing.
An important component of Weather Forecast is the Validation of Weather Forecasts. Forecast validation essentially 
highlights forecast deficiencies and ultimately leads to a thorough understanding of atmospheric processes and the way 
they may affect the resultant weather. In this framework, a validation of the aeronautical weather forecasts is necessary, 
in order for their quality to attain a high standard level.

2 Data and Methodology

2.1 Data
Forecasting and monitoring of the wind under study is done at the Regional Meteorological Centre of «Macedonia»(RMCM), 
located in the area of Thessaloniki International Airport «Macedonia» (ICAO code - LGTS). The airport is located east 
of Thessaloniki. It has two runways intersecting in X shape. One runway is R16 / 34, that is, 160ο and 340ο respectively 
2410m, while the second runway is R10 / 28, that is 100ο and 280ο and 2440m. The direction for each runway is given 
by a number between 01 and 36, which determines its northward direction by a step of10ο.
The data source for this work is the TAFs aeronautical forecasts compiled in the Forecast and Vigilance section, as well as 
the METARs of the Surface and Upper Air Meteorological Station. The time period covered by the study is December, 
January and February for the years 2018-2019.
The data was processed and analyzed with Microsoft Excel, which also included graphical representations, e.g. 
wind rose.
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2.2 Methodology
In the case of TAFs, they are compiled and stored electronically in the Forecast Alert Department. From there, the aero-
nautical prognoses were obtained as wind data. Regarding the METARs of the Surface and Upper Air Meteorological 
Station, they are recorded, after sending the message, in special books, which are archived and kept in the RMCM. Each of 
the parameters recorded, one of which is the wind, in the books, have a specific coding, which is decoded, analyzed, and 
the results extracted in an electronic file.
The wind direction was recorded in degrees, while the wind intensity in knots (kt). The wind direction value indicates 
the angle from which the wind blows with the 0 and 360 degrees being the North point.
For the analysis of the four (4) TAF messages referred to a specific METAR message, the time between the METAR 
and the TAF was calculated in minutes for each one of the four TAFs. For example, for 1020UTC METAR and TAF05 
that is valid for 0606, TAF05 is 260 minutes away from observation time, TAF11 that is valid for 1212, is 1340 minutes, 
TAF17 that is valid for1818, is 980 and TAF23 that is valid for 0024, is 620 minutes.

3 Results

         Figure 1a. METAR frequency per             Figure 1b. Average wind speed per direction,
         wind direction, December - February quarter.         December - February quarter.

In the diagram above (Fig.1a), we observe the distribution of the occurrence frequency and the mean speed (Fig.1b), of 
the azimuthal wind. In other words, on the left figure we observe which winds (directions) were the most frequent and on 
the right figure which were the most powerful.
The NNW (specifically the 340o) winds were the strongest with around 1500, observations out of a total 48*30*3=4.320 
observations. As far as the wind speed itself is concerned, the NNW-erlies, also have a higher average speed, about 
~14kts, with the maximum being shifted to a more NW-erly direction at 330o.
The next most frequent winds are the ESE, with a maximum of about 900 observations. However, the speed of these is 
very low, ie about 5kts. Also, the speed of the next in frequency most frequent winds, the WNW (300o), is low.Average 
direction deviation of all months and all TAFs

Average direction deviation of all months and all TAFs
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In Fig. 2, we observe that the deviation of the predicted direction increases steadily, as the temporal distance between 
TAF and METAR increases. Deviation from the observed value is possible to occur as time distance from the forecast 
increases.
Ιn the first hours of the TAF validity, if the operator discovers a difference between the predicted direction and the ob- predicted direction and the ob-
served one, he concludes that it will very soon have the wind direction reversed and the predicted direction predominant. 
Τhis is for the sake of brevity, since anyway, once the operator has been provided with the TAF, for its initial period of 
validity, he/she can also be informed by the METAR.
The following diagrams 4a and 4b, show the average deviation (in degrees) of total direction and speed for all TAFs, 
all months included and are compared with the sum of the total wind direction and speed, displayed in the study quarter.

Figure 4a

Figure 4b
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From the above diagrams (Fig. 4a), it is observed that in all TAFs, the deviation of the direction appears at almost zero 
frequency directions. As can be seen, for METARs directions e.g. 20° - 70° (NE), although there is a ~ 50° direction 
deviation from that shown in Figures 4a (ii-v), but the NE direction has a frequency of almost zero.
Conversely, for the 330o - 360o directions, as shown in the first diagram (i) of Figures4a, the frequency is large, the devia-
tion being in the order of 10o - 20o.
Many of the deviating (wrong) directions that appear in the almost zero frequency directions are due either to the fact 
that a very temporary wind shift occurs or due to aircraft landing or take-off, affecting the anemometers. Temporary 
wind speeds are due to very local weather systems, which are not always fully predictable. This is especially the case 
when the temporal distance between the METAR and the time the TAF was issued, is long.
One example is the 360odirection, which rarely occurs. In the directions that appear regularly, the deviation is lower than 
in the rare ones. If there is indeed a deviation in the frequent directions, then the reader should also deviate in speed, which 
is not observed in this study, (Fig. 4b).
About diagrams of speed (Fig. 4b), on the one hand, deviation is observed in the almost zero frequency directions. It is 
observed that in the speed the deviations observed in 90% of the cases are of the order of 4-6kts. As far as the deviations 
of the wind speed forecast are concerned, it can be seen in Figure 4 (ii-v), that they are generally no more than 6kts. More 
interestingly significant deviations 4-6kts are observed only in the least frequent wind directions, for example 60°or 240°, 
whereas the wind speed of most frequent wind directions, for example 320° -360°, is correctly forecasted deviations < 
3kts. As has already been said about the direction deviations, winds that owe their occurrence to synoptic scale features 
are correctly forecasted, whereas the ones that are associated with small scale phenomena, may be subject to forecast 
errors.
Essentially what is deduced from the above figures is that, for directions that appear regularly in the airport area, the 
forecaster makes a correct prediction of them, in contrast some directions that have a near zero frequency and may be 
due to factors that are not forecast but individual event other than the forecast model.
Noting that in terms of wind direction, when we compare METAR with TAFs, dividing by four (4) is necessary, because 
each METAR is displayed four times because there are four TAFs forecasts that correspond to that each METAR.

4 Conclusions
In the present study, which is concerned with the quality control of the forecast of the wind, as shown by the studied 
elements, deviations of direction and speed, they occur mainly in almost zero frequency directions. These may be due to 
weather systems (eg thunderstorms) that affect the area for a short period of time, either in winds or even on aircraft that 
take off or land in the area. On the contrary, the usual directions are correctly predicted by the Meteorological Centre 
(RMCM). Minor discrepancies in the first hours of issuing TAFs aeronautical messages are due to the fact that they are 
appointed to pilots and the forecaster has the option of not making minor changes to the message, since the pilot can be 
informed about the weather (wind) by the METARs, via the Control Tower.
Finally, as expected, there is a gradual increase in the deviation of the wind forecast, direction and speed, as time in-
creases, which interferes between the forecast and the observation of the wind, i.e., the “older” the forecast, the less ac-
curate it is.
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Abstract: Stably stratified atmospheric shear flows are commonly observed to be unstable resulting in a turbulent col-
lapse of the flows and producing significant mixing in the atmosphere. While for low Richardson numbers, shear flows 
are rendered unstable by Kelvin-Helmholtz instabilities, these flows can be rendered unstable even at high stratification 
by Holmboe instabilities when the density variations are concentrated in a small region of the shear flow. As a result, 
mixing may occur even for flows with large bulk Richardson numbers. Holmboe instability has been extensively studied 
in the literature focusing on the evolution of planar perturbations. In this work we extend these results and study the 
stability of the stratified shear layer with respect to three-dimensional perturbations under the Boussinesq approxima-
tion. We calculate the growth rate of the perturbations as well as the scales and characteristics of the emergent structures. 
We find that in certain regions in parameter space, the flow is stable with respect to planar perturbations but unstable to 
three-dimensional perturbations. We also find other regions in parameter space in which the most unstable perturbations 
are three dimensional. These results are interpreted using Yih’s theorem.   

1 Introduction
Atmospheric shear flows are commonly observed to be unstable resulting in a turbulent collapse of the flows and produc-
ing significant mixing (Drazin and Reid 1981). However, the buoyancy force in the stably stratified atmosphere impedes 
the instability hindering the efficiency of mixing in regions of large stratification. The strength of the buoyancy force 
relative to the inertial forces is quantified by the Richardson number. Miles (1961) showed that when the Richardson 
number is everywhere larger than 1/4, the flow is stable. When it is less than this critical value somewhere in the flow, 
stationary perturbations may grow exponentially through the Kelvin-Helmholtz (KH) instability. Due to the sparse num-
ber of observations in the vertical, a bulk Richardson number is typically used instead of the local Richardson number to 
characterize the stability of shear flows. However, if the stratification is concentrated in narrow regions within the shear 
layer, the Richardson number may be locally smaller than 1/4 even though the bulk Richardson number is larger than 
this critical value and an instability can result despite the large overall stratification. Under such conditions, Holmboe 
instability (Holmboe 1962) may occur leading to growth of a pair of propagating waves and to the formation of cusp like 
features that collapse producing sporadic mixing. Because Holmboe instabilities may be responsible for mixing even 
in highly stratified flows, a large number of studies has addressed the characteristics of the instability with respect to 
two-dimensional perturbations on the plane of the flow as well as their nonlinear evolution and collapse (Carpenter et. al 
2007, Alexakis 2009). In this work, we extend the results of these studies by considering the stability of a stratified shear 
flow with respect to three-dimensional perturbations using the Boussinesq approximation. We thoroughly investigate the 
characteristics of the instability as a function of the bulk Richardson number and compare with the previously obtained 
results regarding growth of planar perturbations. Finally, we utilize a theorem by Yih (1955) to identify the regions in 
parameter space in which the most unstable perturbations are three-dimensional and would therefore not be captured 
with a two-dimensional analysis.

2 Evolution of three dimensional perturbations
Consider an incompressible, inviscid, parallel shear flow with wind speed  which is shown in Fig. 1(a) and is character-
ized by a velocity jump  over a vertical scale . The flow is stably stratified with a decreasing density , where  is the mean 
background density in the atmosphere and  is the density variation with height that is given by . It is characterized by a 
density jump  over a vertical scale  as seen in Fig. 1(b), where the density profile is shown. This state, that is hydrostati-
cally balanced by pressure , is an equilibrium of the Euler equations for the atmospheric motions. In order to study the 
stability of this state, we consider small perturbations around the equilibrium for the wind speed , the pressure  and the 
density . If the amplitude of the perturbations increases, then the equilibrium is unstable and we expect the structures 
with the largest growth rate to dominate the flow. The non-dimensional, linearized equations governing the evolution of 
small perturbations are:
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 Fig. 1. (a) Mean zonal velocity and (b) mean density as a function of height for . 

  
 
Fig. 1. (a) Mean zonal velocity and (b) mean density as a function of height for 𝛥𝛥𝑑𝑑 � ℎ � 𝛥𝛥𝜕𝜕 � �.  
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The first three equations describe the evolution of the perturbations’ momentum, the fourth describes conservation of 
potential temperature in adiabatic motions and the last is the continuity equation for the incompressible atmosphere. The 
equations have been non-dimensionalized assuming the depth of the shear layer ℎ as the length scale, the velocity 
difference 𝛥𝛥𝑑𝑑 as the speed scale, the advection time ℎ/𝛥𝛥𝑑𝑑 as the time scale, the density difference 𝛥𝛥𝜕𝜕 as the density 
scale and 𝜕𝜕�𝛥𝛥𝑑𝑑� as the pressure scale. The bulk Richardson number 𝐽𝐽 � �ℎ𝛥𝛥𝜕𝜕/𝜕𝜕�𝛥𝛥𝑑𝑑�, quantifies the strength of 
buoyancy relative to the strength of the inertial forces. The system of equations can be simplified by eliminating pressure 
to obtain two equations for the evolution of the vertical component of vorticity 𝜁𝜁� � �𝜕𝜕𝜕𝜕�/𝜕𝜕𝜕𝜕� � �𝜕𝜕𝜕𝜕�/𝜕𝜕𝜕𝜕� and the 
vertical component of velocity 𝜕𝜕�:  
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Due to the homogeneity of the flow in the 𝜕𝜕 and 𝜕𝜕 direction, we consider plane wave solutions of the form 
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of the wavevector and � � ������ ��/𝑘𝑘� is the angle that the constant phase surfaces form with the plane of the flow. 
When � � 0, perturbations are on the plane of the flow. Substituting this Ansatz in equations (4), (6), (8) we get the 
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3 Stability analysis

3.1 Holmboe instability with respect to three-dimensional perturbations

We compute the eigenvalues  for three bulk Richardson numbers . The real part of the eigenvalues  is the exponen-
tial growth rate of the perturbations and  is the phase speed of the perturbations. The perturbations that we expect to 
dominate in the flow are those with the largest growth rate . Previous work on Holmboe instability with respect to two-
dimensional (2D) perturbations have shown that for small bulk Richardson numbers we have two instability branches 
(Alexakis 2009). The first is the Kelvin-Helmholtz branch in which stationary perturbations () grow very fast, while 
the second is the Holmboe branch with unstable propagating waves () growing more slowly compared to their Kelvin-
Helmholtz counterparts. 

Figure 2(a)-(b) shows the maximum growth rate and the phase speed of the maximally growing modes as a function of 
the wavevector amplitude  and the angle  for . For this weak stratification, we observe that the flow is stable with respect 
to perturbations with small horizontal scale (). In addition, 2D perturbations () with wavenumber  (dimensional wave-
length close to ) achieve the maximum growth rate , which corresponds to a dimensional e-folding time of 8 advective 
time units. These modes have zero phase speed as we can see in Fig. 2b which means that they belong to the Kelvin-
Helmholtz branch. 
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stable with respect to perturbations with small horizontal scale (𝐾𝐾 � ���). In addition, 2D perturbations (𝜃𝜃 � 0) with 
wavenumber 𝐾𝐾� � 0�� (dimensional wavelength close to 9ℎ) achieve the maximum growth rate 𝜎𝜎� � 0����9, which 
corresponds to a dimensional e-folding time of 8 advective time units. These modes have zero phase speed as we can 
see in Fig. 2b which means that they belong to the Kelvin-Helmholtz branch.  
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3.2 Regions in parameter space where stability analysis with respect to 2D perturbations fails 
 
Yih (1955) proved that unstable 3D perturbations in a flow with a specific Richardson number, which have wavenumber 
𝐾𝐾 have the same growth rate as 2D perturbations with the same scale and evolve in a flow with smaller Richardson 
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which means that if the growth rate of 2D perturbations grows slower than ���𝐾𝐾�, than the 2D perturbations with 
wavenumber 𝐾𝐾 have higher growth rate compared to their 3D counterparts with the same wavenumber.  
    Figure 3(a) shows the maximum growth rate 𝜎𝜎���  as a function of wavenumber 𝐾𝐾 and Richardson number 𝐾𝐾 for 2D 
perturbations. For small values of 𝐾𝐾 we observe the region of the Kelvin-Helmholtz branch with high growth rates that 
decrease with the Richardson number. As a result, 2D perturbations are dominant in this region of the (𝐾𝐾𝐾 𝐾𝐾) parameter 
space. For higher values of 𝐾𝐾 we observe the regions of the Holmboe branch with typically lower growth rates that for 
some values of 𝐾𝐾 increase with 𝐾𝐾, as for example in region A with 𝐾𝐾 � � and 𝐾𝐾 � 2. Figure 3(b) illustrates 𝜎𝜎��� as a 
function of 𝐾𝐾 for 𝐾𝐾 � � and we observe that the growth rate increases faster than �𝐾𝐾 for 𝐾.�𝜃 � 𝜃𝐾𝐾𝜃 � 𝜃�.2. So 3D 
perturbations have higher growth rate for that wavenumber as it can be seen in Fig. 2(c). Similarly, we can predict for  
  

 
 
Fig. 5. (a) Maximum growth rate 𝜎𝜎��� as a function of wavevector amplitude 𝐾𝐾 and bulk Richardson number 𝐾𝐾. The contour values 
are 0.001,0.005,0.01,0.5 and 0.1. (b)-(c) Maximum growth rate 𝜎𝜎��� as a function of the Richardson number 𝐾𝐾 for (b) 𝐾𝐾 � � and 
(c) 𝐾𝐾 � �.�. We also plot �𝐾𝐾 (dashed line) for comparison.  
 
which Richardson numbers 3D modes have the fastest growth rates: we find the wavenumbers 𝐾𝐾 for which the maximum 
growth rate is achieved and examine if near these wavenumbers 𝜎𝜎� increases faster  
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4 Conclusions
In this work we studied the instability of a stably stratified, hydrostatically balanced, shear flow consisting of two layers 
of constant density. We calculated the exponential growth rate of three-dimensional monochromatic wave perturbations 
as well as their phase speed using the Boussinesq approximation and thereby extending the results of previous studies 
that considered the evolution of planar perturbations. We found that for small values of the bulk Richardson number, 
the most unstable perturbations are Kelvin-Helmholtz stationary modes on the plane of the flow with a horizontal wave-
length 8 times the width of the shear region and an e-folding time of 8 advective time units. For Richardson number 
of order one, we found that the most unstable perturbations are propagating Holmboe modes on the plane of the flow 
with shorter wavelengths compared to the Kelvin-Helmholtz modes and an e-folding time that is an order of magni-
tude smaller. For high stratification, the most unstable perturbations are three-dimensional Holmboe propagating waves 
with constant phase surfaces forming an angle of 18 degrees with the plane of the flow. Their wavelength is similar to 
their two-dimensional counterparts for lower stratification, while their growth rate is much smaller compared to cases 
of lower stratification. Finally, by applying Yih’s theorem we identified the regions in parameter space where three-
dimensional perturbations are expected to dominate and we therefore identified the parameters for which the previously 
reported results that considered only planar perturbations would be inaccurate.
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Abstract: High resolution simulations performed using Numerical Weather Prediction (NWP) models are able to pro-
vide detailed prediction for cases with intense convective activity. Despite the increased amount of information provided 
by the simulations, their verification becomes difficult due to the lack of available observations. Even more, traditional 
methods using single point observations may, in some cases, come up with misleading results about the evaluation of 
the predictions. Spatial verification methods, focusing on general characteristics of the predicted and observed fields 
can be used as an alternative. For selected cases of high convective activity in the region of Central Greece – Thessaly 
those methods are used in an attempt to evaluate the WRF model (WRF-ARW ver3.5.1). Three model domains, cover-
ing Europe to northern Africa (d01), Greece (d02) and central Greece - Thessaly region (d03) are used at horizontal 
grid-spacings of 15km, 5km and 1km respectively. An ensemble of runs is created by alternating boundary layer, mi-
crophysics and cumulus convection schemes. A C-band radar located at the center of the examined area is the source of 
the observed data used in the evaluation. Spatial and intensity characteristics of the forecast and observation fields are 
compared providing encouraging results.  

1 Introduction
Advances on numerical weather prediction models improved their ability to resolve small scale phenomena in extremely 
high detail. This increased their usefulness, as observed intensities are better reproduced (Kain et al., 2006). The evolu-
tion of convective activity can now be more accurately predicted as there is a better representation in the field of pre-
cipitation (Weisman et al., 2008).
The feeling of better forecasts, common between meteorologists, faces various obstacles when has to be quantified. The 
“double penalty” problem, inherent into high resolution verification, arises. A forecaster can “feel” the good quality of 
the forecast but local scale errors play the most important role in the calculation of the overall error (Mass et al., 2002). 
Contrary to verification of low resolution forecasts, fine scale differences between observations and forecasts, present 
in fine scale simulations, direct the results of traditional verifications statistics (Jolliffe and Stephenson, 2005; Wilks, 
1995). Furthermore the representativeness of weather stations is questioned in such fine scales (Tustison et al., 2001).
The availability of new sources of data and the necessity to perform verification meaningful to the final users of numeri-
cal forecasts, favored the idea that forecasts with –maybe- compensating errors may present bigger value for the location 
of interest than forecasts giving statistically superior results (Ebert, 2009).
To assess the quality of those forecasts new methods of verification have been proposed focusing on the verification be-
tween two gridded datasets (observed and forecasted), called spatial verification methods. One of those methods, namely 
Method for Object based Diagnostic Evaluation - MODE (Brown et al., 2004; Davis, Brown and Bullock, 2006a,b) is 
used for the evaluation of convective activity in the Region of Thessaly in Greece.

2 Data and Methodology

2.1 Numerical model setup
The meteorological model used is the WRF-ARW model, version 3.5.1 (WRF-ARW Version 3.5.1 (Skamarock et al., 
2008; Wang et al., 2014). Three nested domains were used (Fig. 1) with grid spacing of 15Km, 5Km and 1.67km respec-
tively. Ten minutes output interval was set for the innermost domain (D03), as a mean to capture the fast evolving field 
of radar reflectivity.
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Fig 1.  Model domain setup used by WRF-ARW in the numerical experiments. (inline picture presents innermost do-
main topography radar position and stations used in model validation in D03).
Twelve combinations (setups) were tested (Table 1) using three microphysics schemes: Ferrier-ETA (ETA), WRF Single 
Moment 6-class (WSM6) and Goddard (GOD). Two planetary boundary layer schemes: Yonsey University (YSU) and 
Mellor-Yamad-Janjic (MYJ). Finally two cumulus parameterization schemes were used: Kain-Fritsch (KF) and Betts-
Miller-Janjic (BMJ) only in the two outer domains.

Table 1. Model Setups used in the study.

RRTM was used for longwave and shortwave radiation. The surface layer scheme matched the boundary layer scheme 
selected. Surface physics was represented by the NOAH  Unified model (Chen & Dudhia, 2001). The model was driven 
for a forecast of 36 hours (discarding the first 12 hours in the analysis), with six hourly operational analyses from the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF), at a horizontal resolution of 0.25ox0.25o. NCEP SSTs 
at a resolution of ~0.083ox0.083o and USGS (30’’x30’’) data were used for SSTs topography and land use respectively.

2.2 Verification data: Radar data and TITAN and computed model data
The weather radar (C-band) at  Liopraso (39.674oN, 21.837oE) provided the radar data. First analysis was conducted us-
ing TITAN software (Dixon and Wiener, 1993). The 10 minutes outputs from the model’s D03 domain were the initial 
data for the calculations of the convective activity in the area of interest. Valid data were considered those that were 
contained on a 140km x 140km region centered on the weather radar and laying outside the cone of silence of the radar. 
The NCEP Unified Post Processing module of WRF (UPP; Wang et al., 2014) was used to compute model’s reflectivity 
in every model time step.

2.3 Method for Object Based Diagnostic Evaluation - MODE
MODE belongs to the object based methods of evaluation. Its main concept is the use of objects. Objects are specific 
parts of a field presenting special interest for a study. This field may be an observed field or a forecasted one. Rain, pres-
sure, clouds and radar reflectivity are fields mainly analyzed using MODE. The objects are approximately the areas that 
a forecaster would focus during a routine view of the images. MODE analyze these objects (in observed and forecasted 
fields), quantify their characteristics and compare them to express the degree of agreement between them. The theory of 
the method is presented in Tegoulias (2020). 
The whole method was carried out using the Model Evaluation Tool (METv6.0, Brown et al., 2017). MET provides the 
MODE tool to perform the initial analysis on the primary data and the MODE-Analysis tool for the post processing of 
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the MODE results. The tunable parameters had the following values: convolution radius=4, accepted percentage of grid 
points with valid data for the thresholding=50%, maximum intensity of the field=100%, minimum object size=10 grid 
points.
To examine the sensitivity of the method to the selection of the convolution threshold, the method was employed us-
ing three threshold values: 35dBz (conv_thresh>=35) (Karacostas, 1989, 1984, Roberts & Rutledge,2003), 45dBz to 
increase the possibility of hail in the ground as a result of a heavy thunderstorm and 40dBz since initial results with the 
45 dBz threshold indicated a reduced number of detected objects. 
The attributes examined were the object area, the complexity of the object and the median value of the 75 percentile of 
the reflectivity values.

3 Results-Discusion
The case of convective activity that occurred on June 19, 2010 affected the whole of Thessaly, and is characterized by 
the presence of zonal circulation over the area (Fig. 2a). The isothermal line of -14°C crosses Greece at 500hPa. Τhe 
zonal circulation induces an eastern flow over Greece. In the lower troposphere (850hPa) a zone  of  negative  divergence  
(convergence)  is  located  over  eastern  Thessaly (Fig 2d) with values reaching -8x10-5s-1. In the upper troposphere 
(300hPa) moderate divergence can be observed in the same area and further north (Fig 2b). The relative vorticity map 
at 500hPa (Fig 2c) reveals positive values of vorticity (2x10-5s-1) over the western part of Thessaly and small negative 
values in the far eastern part.

Fig 2. Geopotential height (contours) and temperature (shaded) at 500hPa (a), wind divergence at 300hPa and 700hPa 
(b) and (d) respectively, and relative vorticity at 500hPa (c), at 12:00UTC, 19/06/2010.

The mean area of the observed objects is in the order of 70±10Km2. The change in the convolution threshold has limited 
effect in the area of the observed objects (Fig. 3a). The simulations that use the MYJ boundary layer scheme produce 
objects with consistently larger area. The objects produced using the WSM6-KF-YSU and ETA-BMJ-YSU simulations 
have areas that are closer to the observed ones. Simulations using the Goddard microphysics produce objects with much 
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larger areas. The WSM6-BMJ-YSU experiment produces objects with eight times bigger area than the observed. Re-
garding the median intensity, the simulations using the KF cumulus convection scheme produce objects with intensity 
from 45 to 48dBz (with the exception of Goddard based simulations) while the simulations employing the BMJ scheme 
produce objects with 2-3dBz higher reflectivity (Fig 3b). The observed median intensity ranges from 48dBz (for the 
35dBz threshold) to 54dBz (for the 45 dBz threshold). The direct effect of convolution threshold differentiation (higher 
threshold – higher median intensity) is evident in all the simulations. Finally the mean complexity of the observed ob-
jects ranges from 0.12 for the 35dBz threshold to 0.15 for the 45dBz threshold (Fig 3c). For the modeled objects the 
mean complexity is systematically higher, especially with experiments using the MYJ boundary layer scheme. 

Fig. 3. Mean area (a), mean intensity (b) and mean complexity (c) attributes for the objects derived from observed and 
simulated values of reflectivity for all model setups for 19/06/2010
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Abstract: The objective of this study is the determination of the theoretical distributions of the extreme air temperature 
values in the city of Thessaloniki for the period 1955-2003. The data, used consist of daily maximum and minimum air 
temperature values, being retrieved from the E-OBS (Ensembles OBServational gridded dataset). The extreme daily 
maximum and minimum air temperature values are defined through the Peak over Threshold method, and the optimal 
probability distributions of the extreme temperatures were selected, through a total of sixty-one (61) examined theoreti-
cal distributions, for annual and seasonal basis. In order to come up with the best fitted probability distributions, three 
statistical goodness-of-fit tests were carried out; the Kolmogorov-Smirnov test, the Anderson-Darling test and the Chi-
Squared test. Each one of them ranked the theoretical distributions that best describe the extremes and the most suitable 
one was chosen by the minimum absolute deviation value. Based upon the determined distributions, return periods for 
some of the most extreme air temperature values were calculated. The probability distribution functions of, Gen. Pareto, 
Gen. Gamma (4p), G.E.V. and Log-Logistic, are some of the best fitted theoretical models for the annual and seasonal 
extreme air temperature values.

1 Introduction
According to the IPCC reports, the global warming, that is derived from the positive concentrations of greenhouse gases, 
has a great effect on our weather and furthermore to climate and climate change. Therefore, a scientific objective would 
always be to get to know the weather in depth and particularly the extreme weather events, such as heat and frost events. 
Statistical parameterizations of extreme events are of great importance, because theoretically provide the means to better 
understand those weather phenomena and most importantly to use the derived probability distribution function models 
in order to project them in future times, to better understand the future weather and climate changes.   
Hence, an attempt is made to determine the theoretical probability distribution function models of the extreme air tem-
perature values in the city of Thessaloniki, Greece during the period 1955-2003. The purpose of this is to derive results 
and conclusions of the maximum and minimum temperatures, finding the optimal distribution model for the maximum 
and minimum temperatures of Thessaloniki. These probability distributions could potentially contribute in the predic- These probability distributions could potentially contribute in the predic-
tion of extreme heat and frost events.

2 Data and Methodology
2.1 Data
The data used for the research are in the primary category and are EOBS data (version 19) for temperature. They 
include the daily minimum, average and maximum values   recorded for a period of 49 years, from 1955 to 2003, which 
is considered satisfactory to draw safe conclusions. EOBS (Ensembles OBServational gridded dataset) is a database of 
daily temperature and rainfall data, derived from observations of a station network and mapped by spatial interpolation 
methods. 

2.2 Methodology
The sample represents a fraction of the general population. The sample selection can be an important factor in judging 
how reliable the research is, and therefore how reliable the results are. In the present study, the proportion of the sample 
in relation to the population, after weighting of the various factors, was found to be around 6% - 10%, which is consid-
ered a satisfactory proportion (Φαρμάκης, 2009). 
The data used, as mentioned above, consist of the minimum, average and maximum daily observed temperatures of 49 
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years in Thessaloniki. From these values   it was necessary to determine the extreme values used for the research. The 
approach of both, extreme maximum temperatures and extreme minimum temperatures, was based upon adopting the 
most representative method defining the threshold value, that is the Peak over Threshold method (Douka and Karacos-
tas, 2017). In fact, in order to determine the extreme minimum values, the data were initially divided into 365 groups 
that is, the days of the year. Each group represents the respective day and consists of 49 temperatures. From these 49 
values   of each group, the corresponding mean (x) and standard deviation (s) were calculated. On this basis, the values   of 
each day that met the criteria set through the Peak over Threshold method consist the representative data for this study. 
Hence, the data exceeding the defined threshold values, for both maximum and minimum air temperature values,   were 
classified on annual and seasonal periods.
These data information was applied into sixty-one (61) continuous theoretical distribution models in order to determine 
the theoretical distribution functions of the extreme air temperature values which are potentially better describe the ac-
tual observations in Thessaloniki. The rational for adjusting a statistical model to the data is to draw conclusions about 
the characteristics of the population from which they came. These concluded statistical models are usually sensitive to 
the accuracy of the adjusted theoretical distribution and therefore goodness-of-fit testing is necessary. In other words, a 
goodness-of-fit test will measure the compatibility of a random sample with its theoretical distribution.
Three important, non-parametric, goodness-of-fit tests were adopted: the Kolmogorov-Smirnov test, the Anderson-Dar-
ling test and the X2 test. These tests were used to calculate the level of adjustment of the sixty-one (61) theoretical distri-
butions to the actual air temperature data studied. The random numbers generated by the Mersenne Twister algorithm for 
each of the three theoretical distributions best fitted to the daily extreme values   of the studied period were considered as 
the estimated values   derived from actual temperatures. Then, the choice of the most representative estimation model was 
implemented by calculating the absolute deviation, between the actual and the estimated heights, annual and seasonal. 
The theoretical distribution that presents the least absolute difference between the actual and the estimated values   is the 
most representative model of estimating annual and seasonal extreme air temperatures. 
After determining the theoretical distribution that best represents the actual air temperature data, it is possible to estimate 
the extreme air temperature values   for different iteration periods, and moreover to estimate return (repeat) periods for 
some of the most extreme air temperature values (Τοπούζη (2019), Douka and Karacostas (2017, 2018). 

3 Results
3.1 Annual best-fitted distributions
The data of the minimum air temperatures that exceeded the threshold value that was set in each case, according to the 
goodness of fit tests, that is: Kolmogorov-Smirnov, Anderson-Darling, and Chi-Squared, seem to adapt better to the 
theoretical distributions of: Gen. Pareto, Kumaraswamy and Error, respectively. As it is showed in Table 3.1, the lowest 
absolute deviation of the three theoretical distributions belongs to Gen. Pareto, which is considered the most optimal 
for the examined data. For the Kolmogorov-Smirnov test, the next rankings are Johnson SB and Error. The Gen. Pareto 
takes the 29th ranking place according the Anderson-Darling test, while for the X2 test, it takes the last place. 
 
Table 3.1 The three optimal theoretical distributions and the corresponding absolute deviations, as they emerged from 
the three goodness-of-fit tests, for the minimum temperatures at Thessaloniki, during the period 1955-2003.

A graphical depiction and comparison of the first rank models obtained by the goodness-of-fit tests, is demonstrated in 
Figure 3.1, through the use of the probability distribution functions and the quantile plots. 
Considering the parameters of the best fitted model, in combination with the mathematical expression of Gen. Pareto, 
the following mathematical expression is derived.
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where: k= -0.983, σ= 25.85, μ= -7.712.

The three distributions resulted, based upon the goodness-of-fit tests, for the actual maximum air temperatures of Thes-
saloniki and presented in Table 3.2, which are: Johnson SB, Gen. Gamma (4P) and Error. The Gen. Gamma (4P) fre-
quency distribution, with an absolute deviation of 25.33 is considered the most representative theoretical distribution, 
compared to the Johnson SB, with an absolute deviation of 26.54 and the Error, with an absolute deviation of 26.84. 
Interestingly, the Johnson SB probability distribution function, which takes the first ranking position in the Kolmogorov-
Smirnov test, is very low in the rankings for the other two tests. Specifically, for the Anderson-Darling test it takes 51st 
place, while for the X2 test the last. In contrast, the other two probability distribution functions are quite high in the 
ranking positions for the tests. In fact, the Gen. Gamma (4P) ranks in the 5th and 2nd positions and the Error ranks in 
the 3rd and 5th, respectively.

Fig. 3.1 Probability Density Functions for the theoretical distributions Gen. Pareto, Kumaraswamy and Error for the 
extreme minimum air temperatures at Thessaloniki, during the period 1955-2003.
A graphical demonstration and comparison of the first rank models obtained by the goodness-of-fit tests, is depicted in 
Figure 3.2, through the use of the probability density functions and the quantile plots. 
Taking into consideration the parameters of the best fitted model, in combination with the mathematical expression of 
Gen. Pareto, the following mathematical expression is derived.

where: k= 14.72, α= 0.086, β= 26.04, γ= 12.88.
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3.2 Theoretical Distributions of Extreme air Temperatures of Thessaloniki in Seasonal Base
According to the results of the non-parametric tests Kolmogorov-Smirnov and Anderson-Darling, the theoretical model 
of Johnson SB is placed in the first position of the winter ranking, while according to the X2 test, the model that best 
approaches the minimum air temperature values   in the study area is the Gumbel Min. The best-fit model between these 
two, seems to be the Gumbel Min, as it has the minimum absolute deviation height. 

Table 3.2 The three optimal theoretical distributions and the corresponding absolute deviations, as they emerged from 
the three goodness-of-fit tests, for the maximum temperatures of Thessaloniki, during the period 1955-2003.

Fig. 3.2 Probability Density Functions for the theoretical distributions Johnson SB, Gen. Gamma (4P) and Error for the 
minimum extreme temperatures of Thessaloniki, during the period 1955-2003.

For the extreme minimum air temperatures that occurred during the spring season in Thessaloniki, and according to 
Table 3.3, it is found that the theoretical distribution Error is the best simulation model, based on the results of the 
Kolmogorov-Smirnov and Anderson-Darling tests. As for the X2 test, the first place is taken by the Frechet (3P) model. 
Hence, the Frechet (3P) probability distribution function is adopted as the most representative one, because it has the 
lowest absolute deviation (Table 3.3). 
Considering the extreme minimum air temperatures for the summer season, the best simulation models are: the Gen. Ex-
treme Value, the Pert and the Kumaraswamy, corresponding to the three goodness-of-fit tests (Table 3.3). Although these 
three probability distribution models appear to be good choices for all the adopted tests, The Gen. Extreme Value prob-
ability model is considered the most representative theoretical distribution, because it has the lowest absolute deviation 
(Table 3.3). 
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For the autumn season and the minimum air temperature values   that occurred in Thessaloniki during the period 1955-
2003, the three tests, unanimously, for the first time in the present work, converge on the choice of the Error probability 
distribution function as the most appropriate, according to the results shown in Table 3.3.

Table 3.3 Presentation of the theoretical distributions that best fit the data of extreme minimum air temperatures at Thes-
saloniki, seasonally, and their respective absolute deviations, according to the three goodness-of-fit tests.

For the winter season, the best simulation probability distribution models for the maximum air temperature values are: 
the Pearson 5, the Gen. Extreme Value and the Log-Gamma. Taken into consideration the absolute deviation heights 
(Table 3.4), the Gen. Extreme Value probability distribution function is considered to better simulate the data. 
For the extreme maximum air temperatures that occurred during the spring season in Thessaloniki, the theoretical dis-
tribution function Beta appears to be the proper simulation model according to the results of the Kolmogorov-Smirnov 
and Anderson-Darling tests (Table 3.4). However, according to the X2 test, the Kumaraswamy probability distribution 
function ranks first, with the lowest absolute deviation height, and therefore it is considered as the most representative 
probability distribution function for the spring season.              
According to the results of the non-parametric X2 and Anderson-Darling tests, presented in Table 3.4, the theoretical 
model Burr is placed in the first ranking position of the maximum air temperature values for the summer season. On 
the other hand, according to the Kolmogorov-Smirnov test, the probability distribution model that best approaches 
the maximum air temperature values is the Log- Logistic. The absolute deviation difference between the actual and 
theoretical air temperature values   of the Log-Logistic theoretical distribution is less than that of the Burr model. Hence, 
the theoretical probability distribution model of the Log-Logistic is considered as the most capable of simulating the 
extreme maximum air temperatures of the studied area and period. 
From the depicted results on Table 3.4, the theoretical probability distribution function of  Johnson SB seems to be the 
best fitted model for the autumn maximum air temperature values of Thessaloniki, according to Kolmogorov-Smirnov 
test. However, the Dagum probability distribution function model is recommended as the optimal model for estimating 
the extreme air temperatures according to the results of the goodness-of-fit Anderson-Darling and Chi-Squared tests, due 
to the lowest absolute deviation height.

Table 3.4 Presentation of the theoretical distributions that best approach the data of extreme maximum air temperatures 
at Thessaloniki, seasonally, and their respective absolute deviations, according to the three goodness-of-fit tests.
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3.3 Estimated extreme minimum air temperatures
Based on the results of the analysis presented in Table 3.1 for the minimum temperatures of Thessaloniki and applying the 
theoretical distribution Gen. Pareto as the optimal one, the minimum extreme temperatures resulting from predetermined 
recurrence periods were calculated and estimated. Also, the recurrence periods of the minimum temperatures of the 
studied period were estimated. The results are presented in Table 3.5 and depicted in Fig 3.5.

Table 3.5 Presentation of the estimated minimum extreme temperatures (xT) resulting from predetermined recurrence 
periods on the left, and the estimated recurrence periods (T) of the minimum temperatures of the studied period, on the 
right, for Thessaloniki.

4 Conclusions
One of the main objectives of this study was to determine the best fitted probability distribution function model of 
the extreme minimum and maximum air temperature values observed at Thessaloniki, during the period 1955-2003. 
The exceeded data were examined according to three goodness-of-fit tests: Kolmogorov- Smirnov, Anderson- Darling 
and Chi- Squared, on both annual and seasonal bases. Moreover, the annual return levels of some of the most extreme 
temperatures are estimated and demonstrated. 
Considering the extreme minimum air temperatures, the Generalized Pareto probability distribution function model was 
identified as the most representative one for the annual basis. Moreover, the Gen. Extreme Value, the Frechet (3P), the 
Error and the Gumbel Min, theoretical probability distribution function models were concluded to satisfactorily predict 
the extreme minimum air temperature values for winter, spring, summer and autumn, respectively. 

Fig 3.3 Illustration of the estimated minimum extreme temperatures and the estimated return periods of the minimum 
temperatures of the studied period, for Thessaloniki.
 
In terms of extreme maximum air temperature data, the theoretical model that simulates best, in annual basis, was the Gen 
Gamma (4P) probability distribution function model, while the Log- Logistic, Gen. Extreme Value, Kumaraswamy and 
Dagum, theoretical probability distribution function models satisfactorily predict the extreme maximum air temperature 
values for winter, spring, summer and autumn, respectively. 
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Abstract: Recently, the Chemical Hydrological Atmospheric Ocean wave System (CHAOS) was fully coupled with the 
Nucleus for European Modeling of the Ocean (NEMO) ocean circulation model. This upgrade enables CHAOS to rep-
resent atmosphere-wave-ocean interactions explicitly. CHAOS uses sea surface temperature (SST) and ocean currents 
resolved by the ocean model as dynamical lower boundary conditions in the atmospheric component while exploits the 
current information in wave refraction modelling. The system was assessed simulating a tropical-like Mediterranean 
cyclone (“Medicane”, 27-30 September 2018). The combination of air-sea heat transfer and Ekman transport pattern 
bringing sub-surface cold waters in upper-ocean layers (upwelling), resulted to SST cooling (~2-3 oC). The SST cooling 
initiated a negative feedback loop mechanism tending to equilibrium between atmospheric and ocean processes. SST 
cooling weakened the cyclone and, subsequently, attenuated the atmospheric energy embedded in the ocean, reducing 
upper-ocean vertical mixing, upwelling and SST cooling. In three-way coupling, the role of waves on this feedback 
loop was to make the system more resilient in air-sea flux variabilities. Waves additionally weakened the cyclone due 
to momentum flux, but enhanced upper-ocean vertical mixing and SST cooling, balancing the air-wave-sea exchanges 
more realistically.  

1 Introduction
The deeper understanding of air-sea interaction is of great importance for life on earth and human activities. Air-sea 
dynamical and thermodynamic interactions are co-dependent, due to the energy and mass exchange along the air-sea 
interface (Varlas 2017). These interactions are complex because they include nonlinear relationships and can lead to 
significant alterations in the atmospheric, wave, and ocean conditions affecting the entire spatiotemporal spectrum of 
motions and the development of cyclones (Katsafados et al. 2016). Thorough simulation of atmosphere-wave-ocean in-
teractions is feasible only using coupled modeling systems such as the Chemical Hydrological Atmospheric Ocean wave 
System (CHAOS, Varlas 2017, Varlas et al. 2018, Katsafados et al. 2018, Varlas et al. 2019, Varlas et al. 2020a, 2020b).
Τhe impact of two-way coupling between atmosphere and ocean waves has been investigated using CHAOS, through 
daily consecutive simulations for one year (Varlas et al. 2020a) and simulating various cases of severe wind-wave 
conditions during barometric lows over the Mediterranean Sea (Varlas 2017, Varlas et al. 2018) and the hurricane Sandy 
(2012) over the Atlantic Ocean (Varlas 2017, Katsafados et al. 2018). Compared against one-way coupling mode (i.e., 
information sent only from the atmospheric model to the wave model), the two-way coupled simulations attenuated 
wind speed and significant wave height up to 12% and 20%, respectively, while offering statistical improvements 
reaching 24% in the most intense cases (Varlas 2017, Varlas et al. 2018). This is mostly attributed to high-frequency 
waves increasing Charnock parameter and roughness length. The wave-induced sea surface roughness modifies the air-
sea momentum, heat, and moisture fluxes. Therefore, the energy loss due to the air-sea momentum flux excesses the 
energy gain by the sea-air enthalpy transfer. This implies that two-way coupling results to more turbulent and deeper 
marine atmospheric boundary layer weakening cyclones (up to 2-5 hPa increase of mean sea level pressure) while 
affecting cloud formation and precipitation. Additional experiments indicated that the raindrop falling on the sea surface 
increases sea surface roughness attenuating wave generation (Katsafados et al. 2018) and the wave breaking producing 
sea spray enhances winds over the sea (Varlas 2017).
Following the previous studies conducted with the CHAOS system, this study presents physical and dynamical con-
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siderations of three-way atmosphere-wave-ocean coupling, recently enabled in CHAOS (Varlas et al. 2020b) with the 
integration of the Nucleus for European Modeling of the Ocean (NEMO; Madec, 2012) as ocean circulation component. 
In this context, a tropical-like Mediterranean cyclone (“Medicane”, 27-30 September 2018) characterized by severe air-
sea energy exchange was selected as case study to investigate atmosphere-wave-ocean interactions. 

2 Experimental setup and methodology
CHAOS includes the Advanced Weather Research Forecasting (WRF-ARW, hereafter WRF) model version 4.0 (Skama-
rock et al. 2019) as atmospheric component, the Wave Model (WAM) cycle 4.5.4 (WAMDI 1988, Komen et al. 1994, 
Günther and Behrens 2012) as ocean wave component, and NEMO (Madec, 2012) as ocean circulation component. The 
models are coupled through the OASIS3-MCT version 3.0 coupler (Valcke et al., 2015; Craig et al., 2017). WRF uses 
the Charnock parameter estimated by WAM, while WAM uses the U and V components of 10-m wind estimated by 
WRF as well as U and V components of sea current velocity, estimated by NEMO (Varlas et al. 2020b). Moreover, WRF 
uses sea surface temperature (SST) as well as U and V components of sea current velocity, estimated by NEMO, while 
NEMO uses U and V components of wind stress, the wind stress module, the solar radiation, the non-solar radiation, the 
evaporation-precipitation balance, and the atmospheric pressure at sea surface, estimated by WRF (Varlas et al. 2020b). 
As regards the model setup, WRF, WAM, and NEMO models were configured on domains well-covering the Mediter-
ranean Sea with grid spacings of 9 km × 9 km, 0.1o × 0.1o, and 1/12o × 1/12o, respectively (Fig. 1). ECMWF analyses 
on a grid spacing of 0.1o × 0.1o and every 6 h were used for the construction of initial and boundary conditions of WRF, 
while NEMO was set up according to MEDX12 configuration using initial and open boundary conditions from the Co-
pernicus Marine Environment Monitoring Service (CMEMS) analyses (http://marine.copernicus.eu/). Furthermore, the 
necessary topographic and bathymetric data for the simulations were obtained from the Global Multi-resolution Terrain 
Elevation Data (GMTED 2010 30-arc-sec USGS; Danielson and Gesch 2011), the ETOPO1 dataset (Amante and Eak-
ins, 2009; 1 min Gridded Global Relief Data), and the GEBCO_2014 dataset (Weatherall et al., 2015). More information 
for model setup can be found in Varlas et al. (2020b). 
To assess atmosphere-wave-ocean interactions, three numerical experiments were performed considering the pre-land-
fall period of the Medicane (i.e., it moved over sea before reaching coast, 27-29 September at 12:00 UTC). CHAOS was 
configured following there different coupling approaches for the atmospheric, wave, and ocean components as follows:
• 1-way (information sent from WRF to WAM and NEMO without feedback; WRF used constant SST from CMEMS 

analysis and constant Charnock parameter equal to 0.0185).
• 2-way (information sent from WRF to WAM and NEMO with feedback from NEMO to WRF; WRF used constant 

Charnock parameter equal to 0.0185).
• 3-way (information sent from WRF to WAM and NEMO with feedback from NEMO to WRF, from WAM to WRF, 

and from NEMO to WAM).

Fig. 1. Domains of CHAOS components and WRF topography (m) distribution. WRF domain covers the demonstrated 
map while the red and black lines denote the NEMO and WAM domains, respectively.

3 Results
On 28 September at 18:00 UTC, the Medicane was located at the southern Ionian Sea and was characterized by full 
development accompanied by strong air-sea interaction. Regarding the 3-way simulation results, Fig. 2(a-e) shows 
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NEMO sea surface temperature (SST in oC) as used by WRF, mean sea level pressure (MSPL), surface enthalpy flux 
(W m-2), 10-m wind speed (m s-1), and surface momentum flux (N m-2) as estimated by WRF, as well as significant wave 
height (SWH in m) as estimated by WAM. Fig. 2(f-i) and Fig. 2(k-o) present “3-way minus 2-way” and “2-way minus 
1-way” differences for the same parameters. The Medicane caused SST cooling in the 3-way and 2-way simulations 
locally reaching up to 2-3 oC (Fig. 2a, f, k). The response of the ocean resulting to SST cooling will be discussed in the 
next paragraph. The colder sea surface drove to reduced surface enthalpy flux from the sea to the atmosphere (Fig. 2b, 
g, l), decreasing the energy content of the Medicane affecting its development. The sea-induced development changes 
can be evidenced by the 10-m wind difference-bands (Fig. 2c, h, m). It is noteworthy that 2-way and 3-way affected mo-
mentum flux with the feedback of wave modeling in the 3-way simulation causing an increase of momentum flux near 
the Medicane’s core (Fig. 2d, I, n). This additionally reduced energy content of the Medicane due to the loss of kinetic 
energy from the atmosphere to the sea. The attenuation of the Medicane in 2-way and more in the 3-way simulation was 
reflected to the reduced wind-wave generation resulting to lower SWHs (Fig. 2e, I, o).
As regards the ocean response οn 28 September at 18:00 UTC, Fig. 3(a-d) shows wind stress modulus as estimated by 
WRF and used by NEMO, ocean vertical eddy diffusivity at 5-m depth, mixed layer depth (MLD) defined by vertical 
tracer diffusivity, and net downward heat flux. Fig. 3(e-h) and Fig. 3(i-l) demonstrate “3-way minus 2-way” and “2-way 
minus 1-way” differences for the same parameters. The wind stress of the Medicane in the 3-way simulation (Fig. 3a) 
was controlled by feedback mechanisms across all components of the system. Wind stress variations forced the ocean 
vertical mixing demonstrating similar patterns (Fig. 3b) and, subsequently, increased the Ekman layer and the mixed 
layer depth (MLD) (Fig. 3c). The increase of Medicane’s wind stress relative vorticity resulted to upwelling as a result 
of Ekman pumping which in turn caused SST cooling (Fig. 2a). Moreover, the net downward heat flux at the sea surface 
exceeding a loss for the ocean about 200 W m-2 also contributed to the weakening of the ocean stratification (Fig. 3d). 
The heat loss initiated a negative feedback loop procedure among atmospheric, wave, and ocean processes. Sea surface 
cooling decreased energy transferred to cyclone and, subsequently, attenuated the cyclone and the atmospheric kinetic 
energy embedded in sea along the air-sea interface reducing, thus, the upper-ocean vertical mixing, upwelling, and SST 
cooling. In 3-way coupling, the role of waves on this feedback loop was to additionally weaken the cyclone getting 
kinetic energy for wave generation, but enhanced Ekman pumping and SST cooling transferring momentum in the up-
per layers of the sea, increasing vertical mixing and, hence, balancing the air-wave-sea fluxes in a more balanced way. 
A comparison of the simulation results with measurements presented in Varlas et al. (2020b) is encouraging as it high-
lights the advantages of the more complex coupling mechanisms of the 2-way and 3-way coupling approaches, yield-
ing more realistic simulation of the medicane’s structure and trajectory. More details about the simulated air-wave-sea 
physical mechanisms and the comparison of simulation results with measurements can be found in Varlas et al. (2020b).

Fig. 2. (a-e) 3-way simulation results on 28 September 2018 at 18:00 UTC: mean sea level pressure (MSPL in hPa) and 
sea surface temperature (SST in oC) as used by WRF, surface enthalpy flux (; positive values indicate gain for the atmos-
phere), 10-m wind speed (), surface momentum flux () as estimated by WRF, significant wave height (SWH in m); (f-i) 
same parameters for the differences “3-way minus 2-way”, and (k-o) same for “2-way minus 1-way”.
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Fig. 3. (a-d) 3-way simulation results on 28 September 2018 at 18:00 UTC: wind stress modulus (N m-2) as estimated by 
WRF and used by NEMO, ocean vertical eddy diffusivity at 5-m depth (m2 s-1), mixed layer depth (MLD in m) defined 
by vertical tracer diffusivity, SST (°C) as estimated by NEMO, net downward heat flux (W m-2; negative values denote 
loss for the ocean); (e-h) same parameters for the differences “3-way minus 2-way”, and (i-l) same for “2-way minus 
1-way”.

4 Conclusions
This study presents the analysis of the impact of atmosphere-wave-ocean interactions on a severe Μedicane (27-30 
September 2018) at the central-eastern Mediterranean Sea applying the CHAOS modeling system.
The combination of air-sea heat transfer and Ekman transport patterns bringing sub-surface cold waters in upper-ocean 
layers (upwelling), resulted to SST cooling (~2-3 oC). The SST cooling initiated a negative feedback loop mechanism 
tending to equilibrium between atmospheric and ocean processes. SST cooling weakened the cyclone and, subsequently, 
attenuated the atmospheric energy embedded in ocean through sea surface reducing, thus, the upper-ocean vertical mix-
ing, upwelling and SST cooling. In three-way coupling, the role of waves on this feedback loop was to make the system 
more resilient in air-sea flux variability. Waves additionally weakened the cyclone due to momentum flux, but enhanced 
Ekman pumping and SST cooling imposing momentum flux in the upper-ocean layer increasing vertical mixing and, 
hence, balancing the air-wave-sea exchanges in a more realistic way. 
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Abstract: The Convective Day Category (CDC) index represents a forecasting technique of the maximum level of 
convective intensity expected for a meteorological day (24-hour UTC) and has been applied for specific regions of 
northern and central Greece. In the context of the operational forecasting of the Greek National Hail Suppression Pro-
gram (GNHSP) forecast CDC is expressed with a single number between -3 and +5 that corresponds to specific classes 
of weather activity (convection, thundershowers, showers) and maximum hail sizes. The observed CDC is extracted by 
a variety of available data, including synoptic, radiosonde, satellite and radar imagery, hailpad, lightning and surface 
observations. Evaluation of the forecast accuracy is presented based on forecast and observed CDC. The 20-year (1999-
2019) CDC climatology shows that both the frequency of convective and fair-weather related CDC values exhibit a 
small increasing trend. Analysis of observed CDC and corresponding synoptic circulation types indicated short wave 
trough (SWT) and southwest flow (SW) as the most dominant ones on positive CDC values, while ridge (R) and north-
west flow (NW) types favor negative values. Relationships between CDC and radar parameters including maximum 
daily values of reflectivity, cloud top and vertically integrated liquid water (VIL) are also investigated. 

1 Introduction
The Greek National Hail Suppression Program (GNHSP) is applied by the Hellenic Agricultural Insurance Organization 
(ELGA) as an action in the framework of active protection to mitigate the damages caused by hail to agriculture. The 
hail suppression operations are conducted with airborne technology and silver iodide seeding flares (Karacostas 1989, 
Sioutas and Rudolph 1998), in order to reduce insurance payments due to hail damage. The GNHSP is applied from 
March 20th up to September 30th on a 24-hour-per day, 7 days-per-week basis in northern Greece (central Macedonia) 
and central Greece (Thessaly) covering a total of about 5,200 sq. km. 

Thunderstorm threat recognition begins with the daily weather forecast issued at 12:00 pm local time using surface and 
upper level charts at 500 and 850 mb, upper jet stream analysis at 200/300 mb, 06:00 UTC Thessaloniki sounding and 
SHARPpy (Blumberg et al. 2017) software products. Once all data have been analyzed, the forecaster has a clear idea 
of the weather expected for the day, so the final step is to determine the “Convective Day Category” or CDC. The CDC 
(Strong and Wilson 1981) is an index representing a forecasting technique of the maximum level of convective intensity 
expected, using single numbers corresponding to specific classes of weather activity. It essentially gives the potential 
for hailstorm activity, hail size and thus likelihood of seeding operations. Some CDC index evaluation results related to 
synoptic circulation types are presented by Foris and Sioutas (2002).

In this study effort is made to understand how synoptic scale circulation types affect the frequency distribution of ob-
served CDC in central Macedonia, for 2015-2019. The index is also applied for the daily weather forecast accuracy as-
sessment, while a 20-year CDC climatology gives additional information about the frequency distribution of hailstorms. 
The distribution characteristics of radar parameters are also studied with focus on positive CDC values, in an effort to 
examine thresholds useful in distinguishing hailstorms of different intensity.

2 Data and Methodology
The CDC index is defined as the maximum degree of convective intensity on a meteorological day (24-hour UTC) for 
a specific region and is expressed with a single number between -3 and +5. A description of the weather conditions for 
each CDC is given in the first column of Table 1. 
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Table 1. Description of weather conditions and verification criteria for the 9 CDC categories. Maximum radar reflectiv-
ity (Z) is taken above the -5 oC level. Hail damage reports on the occurrence of hail on the ground come from ELGA 
regional branches. 

2.1 Data 
For the 2015-2019 period and for each day between 20/3 and 30/9, forecast and observed CDC values were defined for 
the central Macedonia area. For the observed CDC, hailpad network data and hail damage reports filed by the ELGA 
regional branches were used. The hailpad network of ELGA consists of about 160 hail pads installed in the project area 
as described by Rudolph et al. (1994). These data include hail days and maximum hail diameter in mm, called hail size, 
recorded within the area covering the hailpad network. Hail damage reports are reports filed by ELGA branches when 
more than one hail crop loss claim was submitted by farmers. Here reports that come from the verification zone were 
used. These reports do not include data like hail size but give information for hailfall recorded over the rest of the veri-
fication area not covered by the hailpad network. Hail day is defined as the day that observed CDC was greater than 0.
Radar data of the C-band weather radar at Filyro near Thessaloniki as recorded by the Thunderstorm Identification, 
Tracking, Analysis and Nowcasting system (TITAN) (Dixon and Wiener 1993) were also used and they include: Maxi-
mum Reflectivity (dBZ) over the -5 oC level, Maximum top height (km) and Maximum Vertically Integrated Liquid 
(VIL in kg/m2) of the convective cells for every hail day. For the CDC verification the height of -12 and -30 oC level and 
the tropopause height were also used as they were determined from the 06:00 UTC sounding of the Thessaloniki weather 
station at “Macedonia” airport and also lightning data available at www.lightningmaps.org.
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2.2 Methodology
Daily CDC forecasts are issued for two time periods: 00:00-09:00 UTC and 09:00-24:00 UTC and for each of the pro-
tected areas. The forecast CDC is defined as the maximum CDC of the two values and it is verified against the one that 
was observed at the end of the day over the verification area of central Macedonia as presented in Figure 1.
The extraction of the observed CDC is based on the criteria described in Table 1 and they are applied with the following 
order of priority: 1) hail pad data, 2) hail damage reports, 3) maximum radar reflectivity, 4) specific PPI and RHI signa-
tures (i.e WERs/BWERs), 5) convective cell tops and 6) lightning detection. For example, if no hail pad was hit but there 
were hail damage reports within the verification area, then the CDC will be >0 and its exact value will be determined 
by the combination of the rest of the available information following the previous order of priority. It is clear that CDC 
is a rather qualitative and not an objective index and its values depend on the subjective interpretation of the forecaster.
For the same time period and for the classification of the synoptic scale atmospheric circulation, the geopotential height 
maps at the isobaric level of 500 hPa have been used, available from the University of Wyoming archive. Each day of 
the period under study was classified according to Sioutas and Flocas (2003) synoptic classification scheme comprised 
of eight synoptic types that are described in detail in the aforementioned article.

3 Results
The frequency distributions of CDC values for the periods 2015-2019 and 1999-2019 exhibit similar fluctuations, so 
the CDC distribution for the second period is shown in Figure 2. It is clear that hail days were less (29%) in occurrence 
than no hail days (71%). From the 20-year CDC frequency distribution it is concluded that the probability of CDC=+1 
(15%) is the highest of all the convective probabilities (CDC ≥-1). Severe convection (CDC>+1) has a total probability 
of 14%, which is distributed in an almost 2:1 analogy manner between CDC=+2 and CDC=+3. Most severe convective 
cells (CDC>+3) are totally absent from the 20-year study period. As far as fair weather is concerned (CDC<-1), the high-
est probability of all is observed for CDC=-3 (35%), which is a reflection of the stable weather that prevails in Eastern 
Mediterranean during summer. Moreover, the CDC climatological trends in the 20-year period (Figures 3 and 4) show 
that there is a small increasing trend of observed CDCs equal to -3 and +3.
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The forecasting performance of the 2019 season was assessed by comparing the forecast and observed CDC values. The 
percentage of zero difference (D) between forecast and observed CDC (exact forecast, D=0) was 50% (98/195) and that 
of D=1 was 78% ((98+54)/195). Dividing the forecast days into two categories, hail (CDC>0) and no hail (CDC≤0) 
(Table 2), provides the following categorical statistics: a) False Alarm Ratio (FAR)=28%, b) Probability of Detection 
(POD)=65%, c) Success Ratio (SR)=72%, and d) Percentage of Corrects (PC)=84%. Therefore, it is clear that GNHSP 
meteorologists did a satisfactory job in hail forecasting during the 2019 operational period, missing a few hail days.
The next step was to examine the frequency distribution of the eight synoptic types in relation to the observed CDC for 
hail and no hail days as presented in Table 3. Of the total 975 days, 71% were no hail days and 29% were hail days. The 
most favorable synoptic type for hail on the ground was the SWT, followed by the SW flow. This is in accordance with 
the results of Sioutas and Flocas (2003) who studied the period 1976-2001. Cut off Low was in the third place. On the 
other hand, Ridge and Northwest Flow displayed a tendency toward stable weather, indicating a strong dependence of 
hail on humidity and cyclonic flow. 

Table 2. Contingency table of CDC categories: no hail (CDC≤0) and hail (CDC>0) for 2019. 

Table 3. Observed CDC for no hail and hail days as a function of synoptic type (2015-2019).

Analysis of the CDC frequency distribution for the 2015-2019 period shows that under the influence of all circulation 
patterns, except RIDGE and NW, hail of all sizes was probable. A tendency of bimodality was observed in the LW 
category with a maximum for CDC=-2 (25%) and a secondary for CDC=+2 (17%). ZONAL flow attained a maximum 
relative frequency for CDC=-3 (26%), but on the other hand positive CDCs had a total frequency of 43%. SW and SWT 
types were associated with all CDC values from -3 to +3 and were hail productive types with a probability of 41%. 
Box and whisker plots of radar parameters Maximum reflectivity, Maximum VIL and Maximum cloud top height and 
positive CDC (hail) categories (Figure 5) are examined to compare hailstorms of different intensity. Figure 5a shows 
that Max Ref increases with increasing severity of hail although it is not pronounced (3 dBZ rise from +1 to +3 cat-
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egory). Also, the interquartile range (spread) of Max Ref is much narrower for +2 category (4 dBZ) than for +1 and +3 
categories (8.5 and 7 dBZ, respectively). There seems to be a wide range of Max VIL values for CDC=+3 (Figure 5b), 
suggesting that severe hail events are not restricted to environments of high Max VIL. However, Max VIL increases with 
increasing severity of hail with median values between 48 kg/m2 and 87 kg/m2 (CDC +1 up to +3).

(a)                                                                                (b)

Fig. 5. Box plot and whiskers plot of a) Max Ref (dBZ) and b) Max VIL (kg/m2). The shaded box covers the 25th-75th 
percentiles, the whiskers extend to the 10th and 90th percentiles, and the median values are marked by the heavy hori-
zontal line within each shaded box. 

Similarly for Max Top height (not shown), a slight increase in the median with increasing CDC category was observed, 
with a more pronounced increase from CDC= +1 to +3. The interquartile range is quite similar for CDC=+2 and +3 
while there is overlap of the data of the three categories, suggesting that hailstorm severity is not restricted to Max Top 
height.

4 Conclusions
An attempt is made to associate the CDC index with the synoptic scale atmospheric circulation in northern Greece dur-
ing the warm period (20th March to 30th September) for the period 2015-2019. Eight synoptic circulation types were 
related to all CDC values presented herein, but the most favorable synoptic types for hailstorm activity appear to be the 
SW and SWT. All three radar parameters examined generally increase with hail size, but no clear thresholds distinguish-
ing different hail sizes have been found. Such a result indicates that hail formation is a complex process affected by 
multiple different factors. In conclusion, the value of the CDC index is summarized in the following:
• It is a useful tool in order to impart to GNHSP personnel the 24-h potential for convective activity aiding the opera-

tional plans for the day.
• It aids the operational forecaster to evaluate the accuracy of his daily weather forecast.
• A CDC database (recorded in GNHSP since 1999) gives more information for climatological studies of hailstorm 

frequency and intensity in the project areas. 
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Abstract: Numerical weather prediction (NWP) and climate models (RCM) consist of many parameterization schemes 
to describe various physical processes, which often include free or poorly confined parameters that constitute a major 
source of uncertainties in both RCM and NWP models. To deal with these uncertainties model developers calibrate 
models manually through a procedure known as ‘expert tuning’. Expert tuning, however, lacks objectivity and requires 
a large number of model simulations which is not achievable directly due to high computational demands. Over the last 
years several studies have been conducted towards substituting expert tuning by objective and automatic methodologies 
to calibrate unconfined model parameters existing in both NWP and RCM model. At the framework of COSMO priority 
projects CALMO and CALMO-MAX, a statistical surrogate of the model originally build for a regional climate model 
has been tested. The steps followed to implement the methodology from RCM to NWP, as well as benefits and deficits 
of the proposed approach are discussed in the present work.  

1 Introduction
Model parameter uncertainty is a major source of errors in regional climate and NWP model simulations (Knutti et al., 
2000, 2002; Webb et al., 2012). State-of-the-art NWP models are commonly tuned using expert knowledge without 
following a well-defined strategy (Duan et al., 2006; 2016, Skamarock, 2004, Bayler et al., 2000). This is also the case 
for the COSMO model where ‘expert tuning’ is typically made once during the development of the model, for a certain 
target area, and for a certain model configuration, and is difficult if not impossible to replicate. It is questionable whether 
such a calibration is still optimal for different target regions (e.g. with a different climate) or for other model configura-
tions (e.g. with an increased grid resolution). Furthermore, the lack of an objective process to re-calibrate the model is 
often a major roadblock for the implementation of new model features.
Neelin et al. (2010, 2010a) proposed a practicable objective multi-variate calibration method that has been applied to 
the COSMO model for regional climate simulations (RCM) by Bellprat et al. (2012a and 2012b). The objective method 
has shown to be at least as good as an expert tuning. Based on these works, two COSMO priority projects (CALMO and 
CALMO-MAX) have been conducted with the aim to transfer this method to NWP applications and use it to calibrate 
COSMO model applied on different resolutions.
The calibration method optimizes a global model performance score by adjusting the values of a set of unconfined model 
parameters. The definition of a global model performance score implies the selection of a suitable set of observations 
and the access to the associated model forward observation operators. A central element of the calibration process is the 
so-called meta-model, which represents with a simple mathematical function the dependency of some representative 
model fields on the selected model parameters. The mathematical function at the core of the meta-model is calibrated by 
a set of full model simulations over a time period long enough to represent the variability of the atmospheric conditions. 
Once fully specified, the meta-model supports a fast sampling of the parameter space to find an optimal combination 
of the model parameters. The question that rises is the selection of an appropriate and robust performance score that 
reflects the forecaster needs and whose maximum will indicate the optimal set of parameters. There are several metrics 
to validate the performance of the NWP model with respect to model variables considered (Murphy, 1988, Wilks 1995). 
Validating and calibrating a model using only one variable might be risky, as targeting to the improvement of a specific 
variable (e.g. maximum temperature) might influence the performance of another one, therefore the selected measure 
should combine all meteorological fields considered.
In CALMO project the calibration method based on the meta-model has been tested for two different resolutions, name-
ly 7 km and 2km that is COSMO-7 and COSMO-2 respectively, while in CALMO-MAX the methodology has been 
applied in a finer resolution of 1km. More specifically in CALMO-phase 1, three parameters over two 20 days’ periods 
have been calibrated using COSMO-7 and for three meteorological fields, namely maximum and minimum temperature 
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and total precipitation. During CALMO-phase 2, six parameters have been calibrated over an entire year while twenty-
one meteorological fields have been considered. In the follow-up project CALMO-MAX, a calibration of COSMO-1 
(1km resolution) with the soil memory switched on, for an entire year and for all fields used in CALMO-phase 2 has 
been performed. In CALMO-phase 1, RMSE was the comparative metric (performance score) to be validated on the 
same cases producing almost similar range of values. In CALMO-phase 2 and CALMO-MAX, the Global Skill Score 
called “COSI” widely used by COSMO since 2007 to judge the long-term trend of the models’ performance (Damrath, 
2009) has been selected. 
Current work deals with the issue raised in CALMO-phase 2 and CALMO-MAX in contrast to CALMO_stage1, where 
the significant extension of the work added some complexity to the performance scores as the number of regions and 
the corresponding grid-points for comparing the model with observations is considered to depend on all the twenty-one 
considered meteorological fields. 

Discussion and results 
As described in detail in Voudouri et al. 2017, 2018, when the meta-model is fitted it can be used as a surrogate to per-
form a large number of simulations, testing several parameter values in order to find the optimum ones. The goal is to use 
the meta-model to obtain the highest performance score that indicates the optimal set of parameters. The performance 
score (PS) calculated for the parameters space is based on a modification of COSMO Index (COSI) (Damrath, 2009) that 
is SCOSI-p of the forecast values (F) against observations (O). The SCOSI score was introduced to quantify the quality of the 
simulation, as it is a combination of root mean square for continuous fields and equitable thread score for precipitation. 
The SCOSI-p score for each parameter set is defined in (Eq. 1) as:

 
    (Eq. 1)

where indices Ψ, r, m, dm refer to field, region, month and day of month m while NΨ, Nr, Nm, refer to their upper limit 
numbers of 21, 6, 12, respectively, and Ndm that stands for the number of days per month, takes the values 31, 30 and 
28 depending on the month. ωΨ=1,...,19 stands for user defined weights to meet the expectations of improving specific 19 
model variables, namely maximum (Tmax)  and minimum 2m temperature (Tmin); 24h accumulated precipitation  (Pr), 
and sixteen fields provided by soundings, that is: Total column water vapor (TCWV); Vector wind shear between the lev-
els of 500mb and 700mb (WS1); Vector wind shear between the levels of 700mb and 850mb (WS2); Vector wind shear 
between the levels of 850mb and 1000mb (WS3); Temperatures at 500mb (T500), 700mb (T700) and 850mb (T850) 
respectively; Relative humidity at 500mb (RH500), 700mb (RH700) and 850mb RH850) respectively; East-west wind 
component at 500mb (U500), 700mb (U700) and 850mb (U850) respectively; South-north wind component at 500mb 
(V500), 700mb (V700) and 850mb (V850). These weight are introduced heuristically with 1=Ψω  standing for ωΤmax , ωψ=2 
standing for ωΤmin., ωψ=3 standing for ωpr, etc. Index p denotes the values of the corresponding specific parameter combi-
nation, where Np stands for the number of parameter combinations.
The categorical variable ETSp,r,m,t for a particular parameter combination p, region r, month m and threshold index t 
is defined in Equation 2 as:

        (Eq. 2)

where H refers to the number of hits (i.e. both the model and the observations where above the given threshold); F to the 
number of “false alarms” (i.e. only the model or the observations where above the given threshold); M to the number of 
misses (i.e. only the model or the observations forecasted any precipitation) and -1/3 < ETS < 1 (1 considered as best) 
is the threshold dependent precipitation score while five averaged 24hr-precipitation thresholds of 0.1, 1.0, 3.0, 7.5 and 
10.0 mm are chosen. Thus, the overall performance score (PS) used by the meta-model is defined as:
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PS = SCOSI-p/SCOSIref-p – 1  (Eq. 3)

where the SCOSIref-p is the score for the reference simulation which stands for model simulation where the default values 
of the parameters are used for the calibration. Therefore, if PS is negative then there is a reduction in the performance 
however, when PS is positive than there is an improvement in the performance of the model.
Once the meta-model is constructed the parameters space is divided into a large number of points, every point corre-
sponding to a combination of parameters and the score for each of the points is calculated in order to find the optimal 
parameters combination. In CALMO-stage1, three parameters were calibrated by dividing the parameters space into 
10000 points, i.e. roughly 21 values for each of the parameters. This was not the case, in CALMO-stage 2, and CALMO-
MAX as the number of calibrated parameters was 6, and 5 respectively, yielding about 216 (~108) points to be evaluated 
in the optimization process through the direct application of the meta-model. Practically this is a task of prohibitive 
computational cost. Therefore, an iterative method was developed to overcome that problem via convergence to the 
optimal parameters combination. This search is performed using a variation of  “Grid Search” algorithm (i.e. Smit and 
Eiben, 2009). For the first iteration only 1000 points are sampled and reveal the optimal region in the N dimensional 
parameters space where “N” is the number of tuned parameters according the spread of the optimal 100 combinations. 
More specifically in each iteration the existence of a convergence is examined, by analysing the distribution of the 
performance score. Convergence is considered when the ratio of difference of maximum (Psmax) minus minimum perfor-
mance PSmin to PSmax in the specific iteration is defined as in equation 4. 
(PSmax - Psmin) / Psmax < 10-5   (Eq. 4)

Figure 1, as an example, illustrates the distribution (blue area) of the 1000 PS of the 1000 combination after the first 
iteration where PSmax =12.4 and PSmin =-219.0. It is evident that the width of the distribution of 1000 combinations 
is very large as there is big uncertainty on the values of the parameter sets. There is also no convergence while there are 
also negative PS which indicate a worse performance score related to the one using default parameter values that gives 
reference simulation, namely PS=0. 

Figure 1: Distribution of the 1000 PS of the 1000 combination in the first iteration

Over the second iteration this region is re-sampled by additional 1000 points and a new, smaller, optimal region accord-
ing to the spread of the new optimal 100 combinations, is evaluated. This iteration process is continued until the solution 
converges to the optimal parameters’ combinations. Roughly 40 iterations are sufficient for convergence to be accom-
plished and the process has been repeated several times to make certain that convergence led to the same parameters’ 
combinations. This process can also be utilized to estimate the uncertainty of optimal parameters combination via the 
score sensitivity when slightly changing the parameters values with respect to the optimal parameters’ combinations. At 
each successive iteration, the distribution of scores of the parameters combinations within the chosen region is provided. 
Every new iteration usually corresponds to better scores distribution. The given distribution is characterized by its worst 
score. During the iterations process, the iteration for which its worst score is 90% of the optimal one (obtained at the 
last iteration) is selected. The region (in parameters space) which corresponds to this iteration defines the parameters 
uncertainty. 
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Figure 2: Distribution of 1000 PS for the 1000 combination in the 40th iteration

Figure 2 shows the distribution of the PS at the 40th iteration, once convergence is achieved according to predefined 
condition in equation 4. After 40 iterations, PS for all 1000 parameters combinations is better than the one using default 
parameter values and the optimal parameters are determined. 
In case convergence is established before the 40 iterations then the iteration process is terminated and the optimal values 
of the parameters are extracted from the last iteration.  

4 Conclusions
In this work, part of the issues addressed once building a quadratic meta-model have been discussed leading to the op-
timization of COSMO model. More specifically, the iteration methodology induced to reduce the computational cost 
in cases where both the number of parameters to calibrate is large and model resolution is high is described. It should 
be noted that, this objective calibration methodology has the potential to bring a transformative change to atmospheric 
model development. More specifically, once computational cost is reduced, the developed methodology could be used 
by any NWP model to define an optimal calibration over the target area of interest, for re-calibration after major model 
changes (e.g. higher horizontal and / or vertical resolution), for an unbiased assessment of different modules (e.g. pa-
rameterization schemes), as well as for optimal perturbation of parameters when run in ensemble mode. Furthermore, 
a better understanding of the sensitivity of the model quality associated with a specific parameter value, as provided by 
the meta-model, could benefit the quantification of the flow dependent model forecast and clarify the impact of a specific 
parameter on the overall model performance.
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Abstract: In this study we construct regional climate networks for Greece (1979-2018) and we investigate the spatial 
synchronization of extreme rainfall. We identify the similarity between the rainfall time series through the count of syn-
chronized occurrences. Seeking causality in the results, we examine whether the identified rainfall patterns agree with a 
climatic classification, derived from geopotential height data (850hpa). We conclude with the explainability and com-
plementarity of the two approaches.

1 Introduction
It is very important that we not only be able to detect extreme weather events, but also be able to know the specific ar-
eas in which extreme rainfall episodes tend to occur at the same time. This can become an indirect indicator of extreme 
weather events alerting us which areas are most commonly associated with extreme weather events, in this case rainfall. 
In Greece, the mountain range of Pindos determine the spatial structure of precipitation. Moreover, Greece is a coun-
try with lots of mountains across its territory, shaping the rainy and windy areas, depending on the dominant weather 
types. In this study we place emphasis on detecting and analyzing concurrent heavy precipitation events. We consider 
as extremes the records with daily rainfall exceeding the 99th percentile at each grid point. We apply complex network 
techniques to the rainfall data for the period 1979-2018 to study the structure of the statistical interrelationships between 
multiple time series and carry out an analysis of extreme rainfall synchronization. Here, nodes represented grid points of 
reanalysis data and they are located on a regular grid in the study region. Furthermore, we interpreted the (locations of) 
synchronous occurrences of heavy precipitation events on the basis of a geopotential height classification at the isobaric 
level of 850hpa. Applying complex network theory to climate time series has proven to deliver novel as well as estab-
lished insights into climate dynamics.

2 Data and Methodology

2.1 Data
The total precipitation at ground level and the geopotential at 850hpa over a domain covering Greece (34˚ to 42˚ N 
latitude, 19˚ to 30˚ E longitude) for a forty-year (1979-2018) period were used in this study. Both gridded datasets were 
acquired from the 0.25° resolution ERA 5 database (Copernicus, n.d.). The geopotential height at 850hPa was evaluated 
from the geopotential at 850hPa, divided with the acceleration of gravity (g = 9.81 ms-2). In-situ measurements from 
the official network are also utilized to cross-validate the presence of statistical similarities between connected locations.

2.2 Networks
A network is mathematically represented by a set of nodes and a set of links connecting pairs of nodes. Also, there was 
the possibility to have some additional weights characterizing the respective importance of nodes and links (Donner et 
al., 2021).
Complex network theory defines some measures in order to quantify the topology of a given network
𝐺 = (𝑉, 𝐸) at the local, meso-, and global scale. Most of the times these measures are defined as algebraic operations on 
the network’s adjacency matrix A. In our case V denotes the set of N = |V| nodes, while E represents the set of links. We 
investigated all the network measures for characterizing binary (unweighted) and undirected climate networks with no 
self-loops i.e. Aii = 0 for every i = 1, … , N. The estimated node characteristics are basically an index of a node’s impor-
tance or centrality and allow for comparing its properties to those of other nodes in the network:
o The degree ki is actually the total number of all nodes in the network that a certain node i is connected to,

𝒌𝒊 =  ∑ 𝑨𝒊 𝒋
          𝒋∈𝑽

If our network is an undirected one with no self-loops, the degree number is an integer between 0 and N − 1.
o The maximum link distance Mi is the largest length of links emerging from a node i,

𝑴𝒊 =  𝐦𝐚𝐱 𝑨𝒊 𝒋𝑫𝒊 𝒋
               𝐢

It is a measure of the maximum reach of strong correlations that node i displays with other nodes. If we have to do with 
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large values of Mi this might means that we may have long-range teleconnections in the climate network (Tsonis et al., 
2008). These two measures we refer to above, are the most important ones. We describe what exactly they represent, and 
we use them in our study to construct and analyze a climate network. The pyunicorn tool was used in the construction of 
the climate network (Donges et al., 2019).

2.3 Weather classification
The relationship between large scale atmospheric circulation and climatic variables is investigated to derive weather and 
circulation type classifications. An open-source software developed within the cost action 733 is used (Andreas Philipp, 
2014). The software package is written in FORTRAN. The code is flexible with several parameter options that could be 
fixed according to the geographical location or potential application, capable of generating classifications from a wide 
number of algorithms. The code produces a catalogue with the associated classification types (Ole et al., 2016; Huth, et 
al., 2008).

3 Results
We constructed climate networks of total precipitation, performed a statistical analysis of each network and cross-
validated the results against weather classification types.
Network view. The analysis of unweighted and undirected climate networks with no self-loops can be characterized usu-
ally on the basis of two parameters, namely the degree and the maximum link distance. In Figure 1 we present three 
climate networks constructed from different aggregations of each nodes’ degree. In the classification based on Pearson 
Correlation (left & center maps), the degree field displays its highest values in the north-west areas and in the Aegean 
Sea whereas the climate network that is based on Spearman’s Correlation (right), places the maximum values over the 
sea area in general. There is a dense climate network connectivity between these regions. Τhe higher the degree values, the 
stronger the synchronization with other areas. Specifically, the areas with high degree values stick out as regions of high 
rainfall synchronization.

Figure 1. Climate Network Based on Pearson Correlation Without Lag and With Fixed Threshold (left), a Climate Net-
work Based on Pearson Correlation Without Lag and With Fixed Link Density (center) and a Climate Network Based 
on Spearman’s Rank Order Correlation Without Lag and With Fixed Threshold (right)

A different interpretation is presented in Figure 2 where the climate networks are constructed from different aggrega-
tions of each nodes’ maximum link distance. We use the next three climate networks in order to examine the statistical 
similarity of the timeseries of each point in the grid to each other. The highest maximum link distance is found for the 
cluster of high degree nodes, for the same regions indicating that these regions synchronize with areas at large spatial 
distances within the study region.

Figure 2. Climate Network Based on Pearson Correlation Without Lag and With Fixed Threshold (left), a Climate Net-
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work Based on Pearson Correlation Without Lag and With Fixed Link Density (center) and a Climate Network Based 
on Spearman’s Rank Order Correlation Without Lag and With Fixed Threshold (right)

Weather classification view. Using the classification of geopotential height at 850hpa and then analyzing the rainfall 
extremes within each class, we could study the synchronization of extreme events in a more standard climatically fash-
ion. For every dominant weather type over Greece identified from the weather classification, we marked the days with 
rainfall exceeding the 99% percentile threshold (estimated from the whole period). We estimated the sum of days we 
have exceeded that threshold at each grid point and within each class and we compare the maps with the visualizations 
generated from the networks. We want to see if there are similarities between the classes we have extracted based on 
geopotential height and the maps showing the synchronization of the rainfall episodes estimated from network theory.

We tried several classification methods in order to find the right ones in terms of physical reasoning. The best results 
were obtained from the methods based on Eigenvectors. The Principal Components in T-mode (PCT) method is the most 
accurate classification method used in this study. Five dominant classes were identified (figure 3) to cluster the weather 
types that occurs more often.

Figure 3. The frequency of the five dominant classes obtained with PCT method.

The five classification maps based on PCT depicting the dominant weather types over Greece are presented in Figure 
4. At each class, we count the number of records with rainfall exceeding the 99% percentile at each grid point. In that 
way, we present our PCT’s classification maps and the corresponding synchronization map for every classification map.
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Abstract: The aim of this study is to identify and examine the spectral and physical characteristics of the storm that hit 
Chalkidiki, Greece, on July 10, 2019, using remote sensing data. Geostationary and Polar Orbiting Satellite Data (MSG-
SEVIRI, GPM) were used in conjunction with ground radar recordings to study and determine the spectral characteris-
tics of the thunderstorm cloud system and extract information on its physical characteristics (height, shape, topography 
of the cloud top, rainfall distribution, etc.) and temporal evolution. The satellite analysis is applied on the channels or 
channel differences of visible, infrared and water vapor. The type of the storm (MCS, multicell or supercell) is deter-
mined based on the storm’s physical characteristics. These findings are assessed in relation to the synoptic atmospheric 
conditions. 

1 Introduction
Severe thunderstorms cells and specifically supercell storms are remarkable and some of the most impressive storms, 
which have been of great interest to meteorologists, both in the past and nowadays. This is due to the complexity of their 
characteristics and the pernicious weather conditions that often accompany these intense convective systems. According 
to Weisman and Klemp (1986), to the extent that the important prestorm environmental conditions can be identified, in 
which the storm grows (including thermodynamic structure, vertical wind profiles and mesoscale forcing influences), 
current knowledge provides valuable guidance on how convection will evolve in a given environment. This knowledge, 
about the storm movement and its dynamic properties, is mainly attributed to the great evolution of radar and satellite 
meteorology. Since Byers and Braham (1949) had identified a classification of three stages in the evolution of none-se-
vere thunderstorms cells: the Cumulus Stage (only with updrafts), the Mature Stage (together updrafts and downdrafts) 
and the Dissipating Stage (only with downdrafts), Browning (1965) revealed an additional and essential stage in which 
vigorous rotation and much more up-and down-drafts persistently co-exist. As a result, the Mature Stage of the storm 
evolves into a better organized Severe Mature stage. Furthermore Browning (1964) showed that most severe storms 
appear to propagate to the right of the mean wind during this stage, an ascertainment which led Browning (1964) to 
name it, the SR Mature stage (S for Severe and R for Right). Therefore, Browning (1965) propounded the structure of 
supercell storms. The supercell storm is potentially the most dangerous of the convective storm types, producing high 
winds, large hail and long-lived tornadoes over a wide path (Weisman and Klemp 1986). Moreover, this type of storm 
(Browning 1964, Marwitz 1972a) is interpreted and described as an isolated, enormous convective cell that propagates 
continuously for relatively long periods of time with a strong meso-cyclone.
Multispectral analysis of geostationary and polar orbit satellites images has proved to play a pivotal role in depicting the 
characteristics of convective storms. These characteristics are spectral features of a cloud top, which extract information 
of the physical features of a cloud such as height, thickness and microphysics. Ground radar recordings and synoptic 
atmospheric conditions of a storm are basic tools in detecting and analyzing the evolution and the track of a convective 
storm system. This study attempts to investigate a supercell that affected Chalkidiki, Greece, on July 10, 2019, using, 
principally, remote sensing data, radar recordings and synoptic maps of the surrounding area.

2 Data and Methodology
The convective system affected Chalkidiki, Greece, on July 10, 2019, causing many severe disasters, mainly, in the 
area of Kassandra and Sithonia. Chalkidiki is a peninsula which is a part of the region of central Makedonia in northern 
Greece. Favorable conditions for the formation of thunderstorms, such as both its intense morphology with the presence 
of mountain range (M. Cholomontas) and with the high humidity in the coastal areas, are provided. The structure and 
the evolution of the system were studied with satellite data, obtained from SEVIRI instrument of the MSG satellite. 
The SEVIRI images, with a 15-min temporal resolution and 3km spatial resolution (except the HRV channel which 
has 1km spatial resolution), were retrieved from the Eumetsat Earth Observation Portal (EOP) and were visualized by 
the NUBES program. GPM data were obtained by the polar orbit GPM Core Observatory of NASA through the multi-
channel Microwave Imager (GMI), choosing the GPM_3IMERGHH Version06 of the IMERG multi-satellite GPM 
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data products, with 0.1 x 0.1 spatial resolution and 30-min temporal resolution. Orbit Viewer THOR tool was used for 
displaying the standard data products for the GPM mission. Synoptic maps were extracted by the Archive of Wetter3.
de, and then analyzed to reveal the atmospheric synoptic conditions of the area where the storm observed. Finally radar 
observations, with spatial resolution over 150km distance around the radar, were obtained by TITAN system to examine 
the storm intensity and track during its lifecycle.

3 Results
The MSG images are provided by the SEVIRI instrument with high spatial resolution (approximately 3km) and high 
temporal resolution (15 min). Each of them displays the spectral features of the storm, such as reflectance (Fig. 1a), 
brightness temperature (BT) (Fig. 1b to 1e) and brightness temperature differences (BTDs) (Fig. 1f to 1h). Through the 
spectral features, the physical characteristics of the cloud top of the storm and the main updraft can be extracted. RGB 
composites are also used, offering better optical attribution of the storm (Fig. 1i and 1j). Apart from the first two images, 
which are referred to 17:42 UTC, the rest of them are emphasized at 18:42 UTC where the storm system is located over 
Chalkidiki.
The high resolution visible (HRV) image, with an improved spatial sampling interval of 1km, can contribute to the 
description of the cloud top features like Ci ice plume and generally the thin Ci anvil, which is looming downwind of 
an overshooting top (Fig. 1a). Images in color enhanced IR10.8 satellite channel can be useful in the identification of 
the temperature structure and the cloud top height, specifically for the thick clouds, as these opaque clouds occurring 
above the core of a thunderstorm are better estimators of the cloud top temperature brightness. Furthermore, in the color 
enhanced IR10.8 images, typical structures of a severe storm with a strong updraft can be revealed, like the overshoot-
ing top (the main updraft) at the temperature of -67℃ (Fig. 1b and 1c), and the V-shaped structure with the warm area, 
around -53℃ (Fig. 1c). In the HRV image (Fig. 1a) and in combination with the color enhanced IR10.8 channel image 
(Fig. 1b), acquired at 17:42 UTC, the overshooting top and the thin Ci anvil plume can be discerned, which were moving 
towards Chalkidiki and were present until the generation of the convective system. At 18:42 UTC, this system, with the 
characteristic structure in the color enhanced IR10.8 image, occupies the whole peninsula, as deep convective clouds of 
elliptical shape are observed, causing severe weather (Fig. 1c). 
In addition, MSG water vapor (WV) images can be used to depict the WV content in the lower and higher middle tropo-
sphere level (Kerkmann et al. 2006). WV6.2 channel can sense the higher levels of water vapor more easily, while the 
WV7.3 channel is a tool for the determination of high semi-transparent clouds (Kerkmann et al. 2006). Therefore, the 
combination of WV6.2 channel (Fig. 1d) with WV7.3 channel (Fig. 1e) at 18:42 UTC, reveals high content in upper-
level humidity with high cold semi-transparent clouds over the region of Chalkidiki. 
Channel differences improve the situation awareness by enhancing a particular phenomenon of interest in a particular 
situation (Kerkmann et al. 2006). Satellite images of difference between brightness temperatures (BTD) channels in 
WV6.2 and WV7.3 at 18:42 UTC, can be used for the detection of very high convective cloud tops that are at or above 
the tropopause (EUMETSAT, 2007). Mean  for the stormy system is above zero, close to two degrees Celsius (Fig. 1f) 
being in fully agreement with the color enhanced IR10.8 image in Figure 1c. This difference denotes the top of deep 
convective clouds.
BTD between the channels WV6.2 and IR10.8 at 18:42 UTC (Fig. 1g) is a good marker for distinguishing high-level 
from mid-level clouds (Lutz et al. 2003) and provide information about the warm moisture distribution above deep con-
vective cloud tops (Schmetz et al. 1997). The mean  for the thunderstorm is around to zero, an indication of thick and 
high-level clouds. Moreover, there are some cloud tops with positive values under two degrees Celsius. These positive  
values indicate deep convective clouds penetrating into the stratosphere and serve as a storm severity indicator. In most 
cases, these maximum positive BTD  values match quite well with the IR10.8 higher cloud tops.
BTD between IR channels 10.8 μm and 12.0 μm at 18:42 UTC (Fig. 1h) serves as a good indicator of the cloud optical 
thickness and can be used to distinguish the optically thick cumuliform clouds from the optically thin cirrus clouds. 
Mean  for the storm is small positive (< 1), which implies that thick cumuliform clouds are observed.
Night Microphysics RGB images aim to detect fog/low clouds and to analyze the cloud convection at night. In this study, 
the Night Microphysics RGB image (Fig. 1i) reveals the very cold thick Cb ice clouds, which are shown in red shades 
with yellow-green dots. Finally, Airmass RGB images focused mainly on distinguishing polar from tropical air masses 
and detection of dynamic processes in the atmosphere. In the Airmass RGB image of Figure 1j, blue-purple color tones 
indicate cold (polar) air masses, and the white shades represent the high-level thick Cb clouds, which are correlated with 
the corresponding shades in the Night Microphysics RGB of Figure 1i.
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Fig. 1. MSG high rate SEVIRI images for 10/07/2019 (a) HRV 17:42 UTC, (b) color enhanced IR10.8 17:42 UTC, (c) 
color enhanced IR10.8 18:42 UTC, (d) WV6.2 18:42 UTC, (e) WV7.3 18:42 UTC, (f) BTD 18:42 UTC between chan-
nels WV6.2 and WV7.3 (5-6), (g) BTD 18:42 UTC between channels WV6.2 and IR10.8 (5-9), (h) BTD 18:42 UTC 
between channels IR10.8 and IR12.0 (9-10), (i) Night Microphysics RGB 18:42 UTC, (j) RGB Airmass 18:42 UTC.

Successive radar images illustrate the movement and the evolution of the storm in different phases of its lifecycle. The cell 
was born in the central-south part of Italy (not shown below), crossed the Adriatic Sea affecting first Albania, then moved 
easterly towards Greece and passed through the Thermaikos Gulf to the region of Chalkidiki. As the storm was develop-
ing, the updraft was becoming stronger and taking an almost vertical inclination, as a result the creation of the vault-weak 
echo region (WER), which penetrates into the heart of the storm beneath its highest top (Fig. 2b) (Browning 1964). Sub-
sequently, at 18:48 UTC the hook echo region was depicted, which implies the convergence area of the storm between the 
main updraft and the rear flank downdraft (Fig. 2f). At 19:04 UTC the radar detected points of strong reflectivity, record-
ing values of over 70dBz (Fig. 2h), indicating the great strength of the thunderstorm and high concentration of hail in the 
clouds. The presence of the weak echo region (vault) justifies the existence of a very intense updraft while the hook echo 
region is identified as an indicator of overall ferocity and possible tornadic activity (Battan 1959). Moreover, the weakness-
dissipation of the storm system happened, around 21:00UTC, near the peninsula of Athos (not shown below). In conclu-
sion, the lifespan of the storm was approximately five to six hours, as afterwards the storm lost its supercell characteristics. 

Fig. 2. Radar reflectivity images from TITAN radar system depicting the storm trajectory in   Chalkidiki, Greece, on 
July 10, 2019, from (a) 16:28 UTC to (j) 19:40 UTC. The color scale illustrates the storm’s intensity in dBZ units. Arrow 
point displays the core of the thunderstorm.



| 947 Remote Sensing

Figures 3a and 3b depict rainfall intensity estimates for the intense convective system in Chalkidiki, on July 10, 2019 for 
the time interval 18:30 to 19:29 UTC. Firstly, significant rainfall intensity of around 50mm/hr was observed in the north-
west part of Chalkidiki (Fig. 3a) between 18:30 UTC and 18:59 UTC. This was the time when an intense windstorm, 
probably associated with the supercell’s gust front, hit northwest Chalkidiki, causing extensive damage and 7 deaths. 
Afterwards, lower rainfall intensity of approximately 37mm/hr, was recorded northerly of the first leg of Chalkidiki, 
between 19:00 UTC and 19:29 UTC (Fig. 3b). 

Fig. 3. IMERG multi-satellite GPM data products, with 0.1 x 0.1 spatial resolution and 30-min temporal resolution. 
Orbit Viewer THOR tool was used for displaying rainfall intensity for the first time span (a) 18:30-18:59 UTC and the 
second time span (b) 19:00-19:29 UTC. The color scale indicates the storm’s intensity in mm/hr approximately.

Regarding the synoptic situation, it is worth mentioning that a long-lasting outbreak of severe convective storms has be-
gun on the 6th of July and continued the next days. According to European Severe Storms Laboratory (ESSL), the reason 
was a stalling frontal zone over the Alpine range, which initiated storms in a very moist air-mass with high convective 
available potential energy (CAPE) that frequently exceeded 2000 J/kg. Specifically, on the 10th of July an extensive 
low-pressure system was present in the north-west of Russia (on the Kola peninsula) with its cold front extended to the 
Balkan Peninsula (Fig. 4a). At the 500 hPa level, a trough was formed between southern Italy and southeastern Albania 
(Fig. 4b). These conditions, in combination with a low-level warm air advection in the boundary between warm and cold 
air masses (Fig. 4c), and a large amount of moisture at the 700 hPa level (Fig. 4d) might have triggered the initiation of 
the storm which early in the same day moved to the territory of Greece. 

Fig. 4. (a) Mean sea-level pressure, (b) Geopotential (gpdm) at the 500hPa level and relative Topography H500-
H1000 (gpdm), (c) Temperature (℃) at the 850hPa level, (d) relative humidity (%) at the 700hPa level, at 18:00 UTC, 
10/07/2019.The material was taken from www.wetter3.de/Archiv/ .

4 Conclusions
The main conclusions of this study can be drawn as follows: 
A combination of HRV and color enhanced IR10.8 images demonstrate the core of the thunderstorm, deep convective 
clouds and the thin Ci anvil plume.
The color enhanced IR10.8 image was used to examine the cloud top structure of the storm, showing structures such as 
the overshooting top, the V-shaped structure and the warm area, which are good indicators for the storm severity.
In water vapor images, high content in upper-level humidity with high cold semi-transparent clouds are detected.
Brightness temperature difference between water vapor channels implies intense convective cloud tops, which are pass-
ing through the level of tropopause, being in fully agreement with the structure revealed in color enhanced IR10.8 image.
BTD between the channels WV6.2 and IR10.8 indicates deep convective clouds penetrating into the stratosphere, docu-
menting not only the high of the top of the supercell and the severity of the system, but also the correlation with the 
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corresponding structure of the storm in the color enhanced IR10.8 image.
BTD in IR channels 10.8 μm and 12.0 μm implies that thick cumuliform clouds are formed, which totally agrees with 
the results of BTDs that was mentioned above.
The RGB composites of Night Microphysics and Airmass contribute to the identification of the very high thick cold Cb 
clouds, which might have been formed due to the presence of strong updraft. 
The radar detects strong reflectivity, with high values of over 70dBZ. Also, the core of the supercell and specific radar 
features, which characterize a supercell like hook echo and weak echo (vault), are indicated.
In GPM images, high rainfall intensity is recorded between 18:30 and 19:29 UTC.
On the 10th of July, the existence of an upper level trough with a warm air advection, a large amount of moisture and 
a stationary front on the surface moving from Adriatic Sea to Greece, triggered the initiation of the supercell that hit 
Chalkidiki and resulted in 7 fatalities, more than 100 injuries and many serious material disasters. 
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Abstract: Rainfall measurement is very crucial for water management, weather prediction, flood warnings, agricul-
ture and many other applications. This paper describes and analyzes a promising method for rainfall measurement in 
Lebanon based on commercial microwave radio links of cellular communication networks. This technique is based 
on the attenuation of signals transmitted between microwave links. It benefits from a low cost and high resolution. 
Calibration of some parameters is performed in order to enhance the accuracy of this method. Comparison between 
our results and classical rain gauge measurements proves the high accuracy and precision of this method. Also, 
this method can be combined with other rainfall measurement techniques to produce more consistent and accurate 
information for rainfall measurement in Lebanon.

Keywords—Rainfall precipitation, Rain gauges, Microwave links, Signal attenuation

1 Introduction
Precipitation can be measured using different techniques and instruments. Classical measurements are based on 
rain gauges, disdrometers, satellite remote sensing and radars. Satellite has very low resolution in time and in space 
(Hossain and Huffman 2008). Weather radars are expensive and cover only 30 to 200 km around the radar with good 
accuracy depending on the geometry measurements (Habib et al. 2008, Seed et al. 2007). Rain gauges and disdrom-
eters provide only a point measurement while precipitation can change from one point to another (Allerup et al. 
1980). Furthermore, the infrastructure implementation and maintenance of all the previous instruments are costly. 
For this reason, an opportunistic sensing technique has been recently developed for rainfall estimation based on the 
attenuation of signals transmitted between microwave links. Indeed, in rainy days, the particles of rain falling on the 
line of sight (LOS) of two antenna absorb and scatter a part of the transmitted signal power. Thus, the rain contrib-
utes to a power signal attenuation which becomes more important when the amount of rain increases. This attenu-
ation information can be simply obtained from the transmitted and received signals powers that are usually recorded 
by mobile operators in order to monitor the quality and the stability of the antennas. Thus, no extra installation is 
required. This new technique has been tested in many countries (Leijnse et al. 2007, Overeem et al. 2011, Chwala 
et al. 2012, Bianchi et al. 2013, Schleiss et al. 2013).
Our study aims to evaluate, validate and optimize this method for future use in Lebanon. Microwave links are eve-
rywhere and cover almost all the country, while, up to this date, the rain gauges coverage is limited and there is no 
operational weather radar.
This paper is organized as follows. Data collection, rainfall retrieval algorithm and the methodology for its optimi-
zation are described in section 2. Results and discussions are presented in section 3. Finally, conclusion is drawn 
in section 4.

2 Data and Methodology
Based on microwave links powers data, rainfall can be estimated as described in (Overeem et al. 2016). In order to 
enhance the accuracy of this method, calibration of some parameters is performed by comparing its results to the 
rain gauge measurements.

2.1 Data

2 Data and Methodology 

Based on microwave links powers data, rainfall can be estimated as described in (Overeem et al. 2016). In 
order to enhance the accuracy of this method, calibration of some parameters is performed by comparing 
its results to the rain gauge measurements. 

2.1 Data 

By collaborating with the Lebanese Agricultural Research Institute (LARI), rain gauge based precipitation 
measurements of Tyre, a city of Lebanon, are collected for a period of 40 days (from January, 14, 2019 to 
February, 13, 2019 and from February, 20, 2019 to February, 28, 2019) with 1-hour time resolution. Also, 
by collaborating with Touch (a mobile telecommunication operator in Lebanon), received signal level 
(RSL) data of two microwave links (Link1 and Link2), operating in the same city, has been recorded and 
collected. For each link, maximum and minimum received powers, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 (in decibels dB), are 
collected with 15-minute time resolution. Assuming a reference level signal 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 (the received power in 
non-rainy period), we start preprocessing RSL data by eliminating samples with incomplete data (samples 
with 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 or 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 are not recorded due to some technical reasons) and samples with erroneous data 
(samples with 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 > 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 or 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 > 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟). Thus, we determine the maximum and minimum 
attenuations, 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 , by subtracting 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 from 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 respectively: 

𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚                                                               (𝐸𝐸𝐸𝐸. 1)

𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚                                                                 (𝐸𝐸𝐸𝐸. 2)

Based on the 𝑅𝑅 − 𝑘𝑘 power-law relationship, (𝑅𝑅 = 𝑎𝑎𝐾𝐾𝑏𝑏), where 𝐾𝐾 = 𝐴𝐴
𝐿𝐿 (𝑑𝑑𝑑𝑑 𝐾𝐾𝐾𝐾−𝟏𝟏) is the rain-induced 

specific attenuation and 𝑅𝑅 (𝐾𝐾𝐾𝐾 ℎ−1) is the rainfall rate, we estimate the minimum and maximum path-
averaged rainfall intensities by:  

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = {𝑎𝑎 (𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚−𝐴𝐴𝑚𝑚
𝐿𝐿 )

𝑏𝑏
  𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 > 𝐴𝐴𝑚𝑚                            

0          𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑓𝑓𝑒𝑒
(𝐸𝐸𝐸𝐸. 3) 

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = {𝑎𝑎 (𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚−𝐴𝐴𝑚𝑚
𝐿𝐿 )

𝑏𝑏
  𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 > 𝐴𝐴𝑚𝑚       

  0         𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑓𝑓𝑒𝑒
                 (𝐸𝐸𝐸𝐸. 4)

Where 𝐴𝐴𝒂𝒂 is a correction term which approximates the attenuation (𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑) due to wet antenna effect 
(humidity), melting precipitation, dew, pollution, etc. 𝑎𝑎 (𝐾𝐾𝐾𝐾 ℎ−1𝑑𝑑𝑑𝑑−𝑏𝑏𝐾𝐾𝐾𝐾𝑏𝑏) and 𝑏𝑏 (−) are the coefficient 
and exponent of the 𝑅𝑅 − 𝑘𝑘 relationship, respectively. Their values depend mainly on the link frequency and 
the rain drop-size (Leijnse et al. 2008). In our simulation, we have used the values of 𝑎𝑎 and 𝑏𝑏 provided in 
(leijnse 2007). Therefore, the mean path-averaged rainfall rate (𝐾𝐾𝐾𝐾 ℎ−1) is calculated by: 

𝑅𝑅𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚 = 𝛼𝛼𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 + (1 − 𝛼𝛼)𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚                                      (𝐸𝐸𝐸𝐸. 5) 

where 𝛼𝛼 is a coefficient such that 0 < 𝛼𝛼 < 1. Thus, the 15-min mean precipitation estimate, 𝑑𝑑𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚 (𝐾𝐾𝐾𝐾), 
is obtained by:  

𝑑𝑑𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚 = 𝑅𝑅𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚 ∗ 0.25                                                         (𝐸𝐸𝐸𝐸. 6) 

These estimates are accumulated to obtain hourly estimates (4 per hour) and daily estimates (96 per day).  
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2 Data and Methodology 

Based on microwave links powers data, rainfall can be estimated as described in (Overeem et al. 2016). In 
order to enhance the accuracy of this method, calibration of some parameters is performed by comparing 
its results to the rain gauge measurements. 

2.1 Data 

By collaborating with the Lebanese Agricultural Research Institute (LARI), rain gauge based precipitation 
measurements of Tyre, a city of Lebanon, are collected for a period of 40 days (from January, 14, 2019 to 
February, 13, 2019 and from February, 20, 2019 to February, 28, 2019) with 1-hour time resolution. Also, 
by collaborating with Touch (a mobile telecommunication operator in Lebanon), received signal level 
(RSL) data of two microwave links (Link1 and Link2), operating in the same city, has been recorded and 
collected. For each link, maximum and minimum received powers, 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 (in decibels dB), are 
collected with 15-minute time resolution. Assuming a reference level signal 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 (the received power in 
non-rainy period), we start preprocessing RSL data by eliminating samples with incomplete data (samples 
with 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 or 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 are not recorded due to some technical reasons) and samples with erroneous data 
(samples with 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 > 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 or 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 > 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟). Thus, we determine the maximum and minimum 
attenuations, 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 , by subtracting 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 from 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 respectively: 

𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚                                                               (𝐸𝐸𝐸𝐸. 1)

𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚                                                                 (𝐸𝐸𝐸𝐸. 2)

Based on the 𝑅𝑅 − 𝑘𝑘 power-law relationship, (𝑅𝑅 = 𝑎𝑎𝐾𝐾𝑏𝑏), where 𝐾𝐾 = 𝐴𝐴
𝐿𝐿 (𝑑𝑑𝑑𝑑 𝐾𝐾𝐾𝐾−𝟏𝟏) is the rain-induced 

specific attenuation and 𝑅𝑅 (𝐾𝐾𝐾𝐾 ℎ−1) is the rainfall rate, we estimate the minimum and maximum path-
averaged rainfall intensities by:  

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = {𝑎𝑎 (𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚−𝐴𝐴𝑚𝑚
𝐿𝐿 )

𝑏𝑏
  𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 > 𝐴𝐴𝑚𝑚                            

0          𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑓𝑓𝑒𝑒
(𝐸𝐸𝐸𝐸. 3) 

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = {𝑎𝑎 (𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚−𝐴𝐴𝑚𝑚
𝐿𝐿 )

𝑏𝑏
  𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 > 𝐴𝐴𝑚𝑚       

  0         𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑓𝑓𝑒𝑒
                 (𝐸𝐸𝐸𝐸. 4)

Where 𝐴𝐴𝒂𝒂 is a correction term which approximates the attenuation (𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑) due to wet antenna effect 
(humidity), melting precipitation, dew, pollution, etc. 𝑎𝑎 (𝐾𝐾𝐾𝐾 ℎ−1𝑑𝑑𝑑𝑑−𝑏𝑏𝐾𝐾𝐾𝐾𝑏𝑏) and 𝑏𝑏 (−) are the coefficient 
and exponent of the 𝑅𝑅 − 𝑘𝑘 relationship, respectively. Their values depend mainly on the link frequency and 
the rain drop-size (Leijnse et al. 2008). In our simulation, we have used the values of 𝑎𝑎 and 𝑏𝑏 provided in 
(leijnse 2007). Therefore, the mean path-averaged rainfall rate (𝐾𝐾𝐾𝐾 ℎ−1) is calculated by: 

𝑅𝑅𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚 = 𝛼𝛼𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 + (1 − 𝛼𝛼)𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚                                      (𝐸𝐸𝐸𝐸. 5) 

where 𝛼𝛼 is a coefficient such that 0 < 𝛼𝛼 < 1. Thus, the 15-min mean precipitation estimate, 𝑑𝑑𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚 (𝐾𝐾𝐾𝐾), 
is obtained by:  

𝑑𝑑𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚 = 𝑅𝑅𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚 ∗ 0.25                                                         (𝐸𝐸𝐸𝐸. 6) 

These estimates are accumulated to obtain hourly estimates (4 per hour) and daily estimates (96 per day).  2.2 Methodology 

To optimize our results, our rainfall estimates values are compared with the rain gauge precipitations 
estimates, considered as the reference values. However, the locations of the links are not given precisely 
(private data private data for Touch operator). Thus, the rain gauge is not necessarily installed under the 
lines of sight of the two microwave links. Also, the R-k relation parameters depend on the droplet size 
distribution. Hence, a significant error between the link-based hourly estimates and the rain gauge 
measurements may result. To limit this representativeness error, we consider to compare the daily estimates.  

Throughout the paper, we will use the following notations: 

- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿1,𝐿𝐿: the 𝑖𝑖𝑡𝑡ℎ daily rainfall depth estimate based on Link1, 
- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2,𝐿𝐿: the 𝑖𝑖𝑡𝑡ℎ daily rainfall depth estimate based on Link2, 
- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿: the 𝑖𝑖𝑡𝑡ℎ daily rainfall depth estimate based on microwave links data, considered as: 

𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 = (𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿1,𝐿𝐿 + 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2,𝐿𝐿)
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- 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿 𝑖𝑖𝑡𝑡ℎ

- 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿,𝐿𝐿: the residual (error) of the 𝑖𝑖𝑡𝑡ℎ day, considered as the difference between 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 and 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿: 
𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿,𝐿𝐿 = 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 − 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿                                                

- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿̅̅ ̅̅ ̅̅ ̅̅ : the average of daily rainfall depth estimates based on the microwave links: 

𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿̅̅ ̅̅ ̅̅ ̅̅ = ∑ 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

𝐿𝐿     ,            where 𝑛𝑛 is the number of days. 
           
-   𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅ : the average of the daily rainfall depth based on the rain gauge: 

 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅ = ∑ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

𝐿𝐿                                                      
- 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅ : the average of the daily residual rainfall depth (bias in the mean depth): 

𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅ = ∑ 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

𝐿𝐿 = 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿̅̅ ̅̅ ̅̅ ̅̅ − 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅                                     
To quantify systematic under- or overestimation, we compute the coefficient of relative mean bias, 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅, given by the ratio of the residual rainfall depth mean, 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅ ,  and the mean depth of the 
reference, 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅, (considered as the rain gauge): 
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅 = 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅ =

∑ (𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 − 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿)𝐿𝐿
𝐿𝐿=1

∑ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

           (𝐸𝐸𝐸𝐸. 7)   
 

To quantify the statistical dispersion of the rainfall estimates errors, we consider the coefficient of variation, 
𝐶𝐶𝐶𝐶, defined as the ratio between the standard deviation of residual rainfall depth, 𝜎𝜎(𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿), and the mean of 
the daily rain gauge-based rainfall depth, 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅:  

𝐶𝐶𝐶𝐶 = 𝜎𝜎(𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿)
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅̅                                                                         (𝐸𝐸𝐸𝐸. 8)   

Optimal values of 𝐴𝐴𝐺𝐺 and 𝛼𝛼 are estimated by those resulting in the lowest coefficient of variation 𝐶𝐶𝐶𝐶 
(defined by Eq. 8), under the condition that the relative bias in the mean, defined (by Eq. 7) is very close to 
zero. These conditions allow us to obtain the most consistent and accurate estimates compared to the 
reference rain gauge results. 
Our 40-day dataset is divided into 2 subsets: a 20-day dataset for training and another 20-day dataset for 
testing. Training dataset is used to fit the optimal values of 𝐴𝐴𝐺𝐺 and 𝛼𝛼. The testing dataset is used to provide 
the evaluation of the method and the parameters. 

2.2 Methodology 

To optimize our results, our rainfall estimates values are compared with the rain gauge precipitations 
estimates, considered as the reference values. However, the locations of the links are not given precisely 
(private data private data for Touch operator). Thus, the rain gauge is not necessarily installed under the 
lines of sight of the two microwave links. Also, the R-k relation parameters depend on the droplet size 
distribution. Hence, a significant error between the link-based hourly estimates and the rain gauge 
measurements may result. To limit this representativeness error, we consider to compare the daily estimates.  

Throughout the paper, we will use the following notations: 

- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿1,𝐿𝐿: the 𝑖𝑖𝑡𝑡ℎ daily rainfall depth estimate based on Link1, 
- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2,𝐿𝐿: the 𝑖𝑖𝑡𝑡ℎ daily rainfall depth estimate based on Link2, 
- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿: the 𝑖𝑖𝑡𝑡ℎ daily rainfall depth estimate based  data, considered as: 

𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 = (𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿1,𝐿𝐿 + 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2,𝐿𝐿)
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- 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿 𝑖𝑖𝑡𝑡ℎ

- 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿,𝐿𝐿: the residual (error) of the 𝑖𝑖𝑡𝑡ℎ day, considered as the difference between 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 and 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿: 
𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿,𝐿𝐿 = 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 − 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿                                                

- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿̅̅ ̅̅ ̅̅ ̅̅ : the average of daily rainfall depth estimates based on the microwave links: 

𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿̅̅ ̅̅ ̅̅ ̅̅ = ∑ 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

𝐿𝐿     ,            where 𝑛𝑛 is the number of days. 
           
-   𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅ : the average of the daily rainfall depth based on the rain gauge: 

 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅ = ∑ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

𝐿𝐿                                                      
- 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅ : the average of the daily residual rainfall depth (bias in the mean depth): 

𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅ = ∑ 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

𝐿𝐿 = 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿̅̅ ̅̅ ̅̅ ̅̅ − 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅                                     
To quantify systematic under- or overestimation, we compute the coefficient of relative mean bias, 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅, given by the ratio of the residual rainfall depth mean, 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅ ,  and the mean depth of the 
reference, 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅, (considered as the rain gauge): 
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅 = 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅ =

∑ (𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 − 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿)𝐿𝐿
𝐿𝐿=1

∑ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

           (𝐸𝐸𝐸𝐸. 7)   
 

To quantify the statistical dispersion of the rainfall estimates errors, we consider the coefficient of variation, 
𝐶𝐶𝐶𝐶, defined as the ratio between the standard deviation of residual rainfall depth, 𝜎𝜎(𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿), and the mean of 
the daily rain gauge-based rainfall depth, 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅:  

𝐶𝐶𝐶𝐶 = 𝜎𝜎(𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿)
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅̅                                                                         (𝐸𝐸𝐸𝐸. 8)   

Optimal values of 𝐴𝐴𝐺𝐺 and 𝛼𝛼 are estimated by those resulting in the lowest coefficient of variation 𝐶𝐶𝐶𝐶 
(defined by Eq. 8), under the condition that the relative bias in the mean, defined (by Eq. 7) is very close to 
zero. These conditions allow us to obtain the most consistent and accurate estimates compared to the 
reference rain gauge results. 
Our 40-day dataset is divided into 2 subsets: a 20-day dataset for training and another 20-day dataset for 
testing. Training dataset is used to fit the optimal values of 𝐴𝐴𝐺𝐺 and 𝛼𝛼. The testing dataset is used to provide 
the evaluation of the method and the parameters. 
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3 Results
Link1 and Link2 are vertically polarized. Link1 of length 3.09 Km operates at the frequency of 22.4 
GHz with a theoretical power 𝑃𝑟𝑒𝑓 = −34.98 𝑑𝐵𝑚. Link2 of length 5.54 Km operates at 18.2 GHz with a 
theoretical power 𝑃𝑟𝑒𝑓 = −32.34 𝑑𝐵𝑚.

Fig. 1 shows the minimum attenuations, defined by (Eq. 1), and the rainfall depth recorded by the rain 
gauge (time expressed in seconds). Fig. 2 shows the maximum attenuations, defined by (Eq. 2). A strong 
correlation between the rain gauge rainfall depth and the links attenuations, especially the maximum 
one, can be noticed.

2.2 Methodology 

To optimize our results, our rainfall estimates values are compared with the rain gauge precipitations 
estimates, considered as the reference values. However, the locations of the links are not given precisely 
(private data private data for Touch operator). Thus, the rain gauge is not necessarily installed under the 
lines of sight of the two microwave links. Also, the R-k relation parameters depend on the droplet size 
distribution. Hence, a significant error between the link-based hourly estimates and the rain gauge 
measurements may result. To limit this representativeness error, we consider to compare the daily estimates.  

Throughout the paper, we will use the following notations: 

- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿1,𝐿𝐿: the 𝑖𝑖𝑡𝑡ℎ daily rainfall depth estimate based on Link1, 
- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2,𝐿𝐿: the 𝑖𝑖𝑡𝑡ℎ daily rainfall depth estimate based on Link2, 
- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿: the 𝑖𝑖𝑡𝑡ℎ daily rainfall depth estimate based on microwave links data, considered as: 

𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 = (𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿1,𝐿𝐿 + 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2,𝐿𝐿)
2                                      

- 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿 𝑖𝑖𝑡𝑡ℎ

- 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿,𝐿𝐿: the residual (error) of the 𝑖𝑖𝑡𝑡ℎ day, considered as the difference between 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 and 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿: 
𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿,𝐿𝐿 = 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 − 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿                                                

- 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿̅̅ ̅̅ ̅̅ ̅̅ : the average of daily rainfall depth estimates based on the microwave links: 

𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿̅̅ ̅̅ ̅̅ ̅̅ = ∑ 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

𝐿𝐿     ,            where 𝑛𝑛 is the number of days. 
           
-   𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅ : the average of the daily rainfall depth based on the rain gauge: 

 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅ = ∑ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

𝐿𝐿                                                      
- 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅ : the average of the daily residual rainfall depth (bias in the mean depth): 

𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅ = ∑ 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

𝐿𝐿 = 𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿̅̅ ̅̅ ̅̅ ̅̅ − 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅                                     
To quantify systematic under- or overestimation, we compute the coefficient of relative mean bias, 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅, given by the ratio of the residual rainfall depth mean, 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅ ,  and the mean depth of the 
reference, 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅, (considered as the rain gauge): 
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑖𝑖𝑅𝑅𝑅𝑅 = 𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿̅̅ ̅̅ ̅̅
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅ =

∑ (𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐿𝐿 − 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿)𝐿𝐿
𝐿𝐿=1

∑ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝐿𝐿
𝐿𝐿
𝐿𝐿=1

           (𝐸𝐸𝐸𝐸. 7)   
 

To quantify the statistical dispersion of the rainfall estimates errors, we consider the coefficient of variation, 
𝐶𝐶𝐶𝐶, defined as the ratio between the standard deviation of residual rainfall depth, 𝜎𝜎(𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿), and the mean of 
the daily rain gauge-based rainfall depth, 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅:  

𝐶𝐶𝐶𝐶 = 𝜎𝜎(𝑑𝑑𝑅𝑅𝐺𝐺𝐿𝐿)
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺̅̅ ̅̅ ̅̅ ̅̅ ̅̅                                                                         (𝐸𝐸𝐸𝐸. 8)   

Optimal values of 𝐴𝐴𝐺𝐺 and 𝛼𝛼 are estimated by those resulting in the lowest coefficient of variation 𝐶𝐶𝐶𝐶 
(defined by Eq. 8), under the condition that the relative bias in the mean, defined (by Eq. 7) is very close to 
zero. These conditions allow us to obtain the most consistent and accurate estimates compared to the 
reference rain gauge results. 
Our 40-day dataset is divided into 2 subsets: a 20-day dataset for training and another 20-day dataset for 
testing. Training dataset is used to fit the optimal values of 𝐴𝐴𝐺𝐺 and 𝛼𝛼. The testing dataset is used to provide 
the evaluation of the method and the parameters. 
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Fig. 1: Maximum attenuations signals (Link1 and Link2) and the rainfall depth (Rain gauge)

Fig. 2: Minimum attenuations signals (Link1 and Link2) and the rainfall depth (Rain gauge)

For this study of 40 days, 37 days are obtained with complete links data (days without any missing value 
of 𝑃𝑚𝑖𝑛 and 𝑃𝑚𝑎𝑥). The residual daily errors, for Link1 and Link2, are shown in Fig. 3.

Fig. 3: Daily precipitation errors for Link1, Link2 and Link1&2

For values of 𝐴𝑎 ranging from 0.1 𝑡𝑜 3 𝑑𝐵, and 𝛼, 0.1 𝑡𝑜 0.9, optimal values for 𝐴𝑎 and 𝛼 have been obtained, 𝐴𝑎 
= 1 .2 and 𝛼 = 0.2. The corresponding optimal relative mean bias (𝑅𝑒𝑙𝑀𝑒𝑎𝑛𝐵𝑖𝑎𝑠), defined by Eq. 7, and the coef-
ficient of variation (𝐶𝑉), defined by Eq. 8, are −0.02 and 0.53, respectively.
The distributions of our daily and hourly estimates compared to the gauge rainfall precipitations are shown in Fig. 
4 and Fig. 5, respectively. To quantify the linear relationship between our link rainfall estimates and the rain gauge 
rainfall precipitations, daily and hourly correlation coefficients are calculated and we obtain respectively 𝐷𝑎𝑖𝑙𝑦𝐶𝑜 𝑟
= 0.967 and 𝐻𝑜 𝑢𝑟𝑙𝑦𝐶𝑜 𝑟 = 0.929. Results confirm the strong relationships for both cases but, as expected, relation-
ship is stronger in the case of daily estimation.
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Fig. 4: Daily estimates compared to the gauge rainfall precipitations

Fig. 5: Hourly estimates compared to the gauge rainfall precipitations

4 Conclusions
In this work, we have described and analyzed a technique based on microwave links power attenuations for precipitation 
measurement in Lebanon. We have enhanced the accuracy by optimizing two parameters included in the equations de-
veloped for this method. To continue and improve this study, we will need a long term RSL data of the microwave links 
covering all over Lebanon with their geographic coordinates (Latitude, Longitude and Altitude). In this way, we will be 
able to draw a complete continuous series of rainfall maps for Lebanon, which is more useful operationally. As perspec-
tive, the fusion of these rainfall estimates with rain gauge measurements and other data sources, like weather radar that 
will be available soon in Lebanon, could lead to more consistent and accurate values for rainfall precipitations.
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Abstract: Contrails and contrail�cirrus clouds have a great eff ect on the atmosphere’s radiation balance and the cli-Contrails and contrail�cirrus clouds have a great effect on the atmosphere’s radiation balance and the cli-
mate. The aim of this study is to analyse the physical properties of contrails and determine the atmospheric conditions 
favoring their formation, with the use of satellite data. The contrails are detected on satellite images obtained by the 
SEVIRI radiometer, using a modified version of the Contrail Detection Algorithm. The area of interest includes central 
and western Europe and the time period is the year 2016. 
Five contrail detection hotspots are located. The length of the detected contrails lies between 225 and 292,5km and the 
mean width between 5,1 and 8,1km. Results of the comparison with the ERA-5 reanalysis database show that contrail 
formation and persistence is favored in ice saturated areas (RHI≈100%), when the temperature is between 204 and 232Κ 
(-69 οC to -41 οC) and the specific humidity between 0,025 and 0,05gr/kg. The favorable wind direction is W-SW(240ο-
260ο) and wind speed between 10 and 30m/s. 

1 Introduction
Condensation trails or contrails, are thin, linear clouds, made up of ice crystalls that are often visible with the naked eye 
behind cruising aircraft (Freudenthaler et al., 1995). They are formed mostly due to the mixing of hot gases and water 
vapor emitted from the jet engines, with the cold air in the atmosphere at cruising altitudes (Schumann, 1996). This mix-
ing can result in the local saturation of the air mass with respect to liquid water, leading to the condensation of the water 
vapor on soot particles and aerosols. If the temperature is low enough the droplets freeze into ice crystals and thus form 
a contrail (Kärcher, 2018; Mannstein et al., 2010). The main process for the formation of ice crystals is the homogeneous 
nucleation and temperatures lower than -40oC are essential (Iwabuchi et al., 2012; Pruppacher, 1995).Usually contrails 
are detected in ice supersaturated areas, where they can persist and evolve into contrail cirrus clouds (Iwabuchi et al., 
2012; Schumann et al., 2012).
Research has shown that contrails have a great effect on the climate and have still many unanswered questions (Rosenow 
& Fricke, 2019; Schumann et al., 2012; Vázquez-Navarro et al., 2015). The main way in which they affect the climate is 
by increasing the total cloud cover and thus changing the natural radiation balance (Penner et al., 2009). On the one hand 
contrails reflect the incoming shortwave radiation during the day and on the other they absorb and reemit the outgoing 
longwave radiation emitted from the earth and the atmosphere during day and night (Meerkötter et al., 1999). The ab-
sorption of the longwave radiation is much stronger than the reflection of the shortwave solar radiation (Bugliaro et al., 
2012; Mannstein et al., 2012). This means that overall the presence of the contrails leads to warming of the atmosphere, 
although there is still uncertainty on the exact value of the radiative forcing by contrails (Schumann et al., 2012).   
The objective of this study is to find out more about the properties of contrails that are detected over Europe, such as 
their geographical distribution and size (length and width) and investigate whether contrail formation depends only on 
air traffic or if there are certain atmospheric conditions that favor the formation of contrails. 

2 Data 

2.1 Satellite data
Satellite data are images obtained by the Spinning Enhanced Visible and Infra-red Imager (SEVIRI) on-board Meteosat 
Second Generation (MSG) satellites. An image of the Earth’s disk is captured by SEVIRI every 15 minutes in 12 chan-
nels. The spatial resolution of SEVIRI is 3km at zenith.
The time period covered in the dataset used in this study is the whole year 2016 with the time-step of 15 minutes. 
The area of interest (D01) is central and Western Europe (Figure 1). Only 3 channels were used: Channel 09 (Ch09) 
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and Channel 10 (Ch10), which captures infrared radiation with a center wavelength of 10.8μm (IR10.8) and 12.0μm 
(IR12.0), respectively, and Channel 06 (Ch06) sensitive to water vapor at 7.3μm (WV7.3). 

2.2 Reanalysis Data ERA-5
The ERA-5 reanalysis dataset was used in order to identify the meteorological parameters at the locations where con-
trails were detected. It provides information with a time-step of one hour, on a  0.25ox0.25o grid. The 250hPa level was 
chosen, as it is the closest one to the mean cruise altitude of jet aircrafts. Five meteorological parameters were selected: 
1. Temperature T(K) 2. Relative Humidity RH(%) 3. Specific Humidity SH(kg/kg) 4. Zonal component of wind U(m/s) 
5.Meridional component of wind V(m/s). Wind speed (m/s) and wind direction (deg) were calculated by the wind com-
ponents.

2.3 Complementary data
Most of the complementary datasets are considered trivial and were kindly provided by Luca Bugliaro, DLR. Data for 
the sun’s zenith angle were provided by the National Oceanic and Atmospheric Administration (NOAA). International 
Civil Aviation Organization (ICAO) air traffic flow data for 2015 were used and mapped with software by G. Lasnier, 
ICAO (Figure 2).

3. Methods

3.1 Contrail Detection Algorithm (CDA)
The contrails were detected  with the use of a modified version of the Contrail Detection Algorithm (CDA) (Mannstein 
et al., 1999). The main difference between the CDA and our modified version is the use of the water vapor channel 
Ch06 WV7.3. The CDA was also translated to Python based on the previous work of Luke Kulik, MIT and some new 
capabilities and output options were added. The detection process of the algorithm can be separated into three phases, 
each of which is based on a different characteristic of contrails: 1) Contrails appear bright in the inverted infrared im-
ages, because of their low temperature and are easily distinguishable in the temperature difference (TD) between IR10.8 
and IR12.0 channels (Lee (1989)creating a field of temperature differences; and 4), because of their small ice-crystals,  
2) they are linear elements and 3) they have a distinct and unique morphology. Thus the algorithm performs a bright-
ness temperature check, a linearity check and a morphological check. An example of a TD image and the output of the 
algorithm are shown in Figure 3.

Figure 47: Area of interest, D01.

Figure 48: ICAO air traffic flow chart for 2015. Gilbert Lasnier, ICAO
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Figure 49: Left: Temperature difference image with detected contrails (red). Right: Exact geographical location of the 
two detected contrails. Both images are from 11/8/2016, 03:30 UTC 

3.2 Identification of atmospheric conditions favoring contrail formation
The exact geographical location of each pixel of every detected contrail was projected on the reanalysis dataset, ERA-5. 
Thus it was possible to identify the value of the chosen meteorological parameters at the locations where contrails were 
detected. 

4. Results
In total 34975 scenes were checked by the modified CDA, and 6636 contrails were detected. There is a balanced dis-
tribution of detected contrails between day and night and a maximum of detected contrails during the months of winter 
(DJF), namely 30.11% of all detected contrails.  

4.1 Geographical distribution – contrail formation hot-spots
Five contrail formation hotspots (SD01 to SD05) are detected using the geographical coordinates of all the pixels of the 
detected contrails (Figure 4). All of them are regions over the sea. This might be a result of the algorithm being more 
capable of detecting contrails over sea. 
 The geographical distribution of the detected contrails (Figure 4) is not in accordance to the air traffic flow pattern (Fig-
ure 2). Areas with very high flight density do not necessarily have a high density of contrails. 

Figure 50: Left: Map with the geographical distribution of all contrail pixels detected during 2016.  Right: 
Locations of the five contrail detection hotspots within D01.  

4.2 Length and mean width of detected contrails
The length of the contrails is calculated as the greatest distance of their pixels. The distribution of detected contrails 
with length is shown in Figure 5. The lower limit is set to 50 pixels in the algorithm. An approximation is taken, that all 
pixels are squares with 4.5 km sides. That way the lengths of the detected contrails are between 225 km and 292.5 km. 
The mean width of the contrail is calculated by its total pixel number and its length. In Figure 5 the distribution of 
contrails according to their mean width is shown. It spans from 1.135 pixels to 1.8 pixels or with the abovementioned 
approximation between 5.1 km and 8.1 km with the most being between 6.5 km and 7.5 km. Differences in the lengths 
and mean widths of contrails detected during day and night and between the seasons were studied (not shown) with no 
significant results.
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Figure 51: Distribution of contrails according to their length (Left) and their mean width (Right). Contrails 
detected in D01 during 2016. 

4.3 Atmospheric conditions that favor the formation of contrails

4.3.1 Temperature
The distribution of contrail pixels according to the ambient temperature (Figure 6) has a relatively small range of 28 
K, between 204 K and 232 K (-69οC to -41οC), common for the 250 hPa level. The higher number of contrail pixels is 
detected in areas with ambient temperatures of 218 K to 226 K (-55οC to -47οC). The hourly, monthly, day-night and 
seasonal comparison showed no significant results. 

4.3.2 Relative and specific humidity
For temperatures below -23oC, the ERA5 dataset contains the relative humidity for saturation over ice, RHI. In Figure 
6 the histogram of the number of contrail pixels with regard to the RHI is shown. Contrails have formed mostly in ice 
saturated areas, RHI ≈ 100%. This is an expected result as ice saturation is necessary for a contrail to have the needed 
lifetime to become visible from SEVIRI. The histogram for specific humidity (Figure 6) shows that contrails can form 
in dry environments since most form in the range 0.025 to 0.05gr/kg. Hourly, monthly, seasonal and day-night studies 
gave no significant results.

Figure 52: Distribution of contrail pixels with regard to the temperature (Top Right,) relative humidity (RHI) (Middle 
Left), specific humidity (Middle Right) wind speed (Bottom Left) and wind direction (Bottom Right) at their location. 
Contrails detected in D01 during 2016.

4.3.3 Wind speed and direction
The distribution of contrail pixels with regard to the prevailing wind speed is presented in Figure 6. Contrails are de-
tected with calm or even no wind and with wind speeds up to 95 m/s, although very few pixels have a wind speed greater 
that 60m/s. This means that although the study is carried out at 250 hPa, contrails do not form close to the jet stream. On 
the contrary most formed with wind speeds between 10m/s and 30m/s which are not strong winds for this level.
The distribution of the contrail pixels with wind direction (Figure 6) shows that contrail formation is favored to  prevail-
ing wind directions ranging from W to SW direction (240o to 260o). At the 250 hPa level this wind direction is common 
due to the general circulation. No significant results came from the hourly, monthly, day-night and seasonal analysis of 
the wind speed or direction.
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5. Conclusions – Discussion  

5.1 Contrail Properties
The study of the geographical distribution of the detected contrails led to the following conclusions:
•	 Five contrail detection hotspots exist in the area of interest. Some of them also detected by others, using various 

data and methods (Dekoutsidis & Feidas 2019, Mannstein et al. 1999 and  Vázquez-Navarro et al. 2015).  
• All five of the contrail formation hots-pots are located over the sea. Increased contrail detection over the sea was 

also noticed by Mannstein & Meyer (1997) and Mannstein et al. (1999). 
•	 There	 is	no	strong	connection	between	air	 traffic	density	and	contrail	 formation. Similar conclusions were 

drawn by Vázquez-Navarro et al. (2015) and Duda et al. (2013) using similar data and method. 
•	 The length of detected contrails lies between 225 km and 292.5 km, with most of them being closer to the lower 

limit. This length is close to the 264 km calculated by Iwabuchi et al. (2012) using data from MODIS. On the con-
trary, Mannstein et al. (1999) calculated a mean length of 20 km using data from the AVHRR and the CDA whereas 
Vázquez-Navarro et al. (2015) calculated a mean contrail length of 130 km using data from SEVIRI and the CDA.

•	 The mean width of the detected contrails is in the range of 5.1 km – 8.1 km with most of them having a mean 
width between 6.5 km and 7.5 km. This width is close to the mean width of 7.8 km,  6.5 km and  8 km calculated by 
Vázquez-Navarro et al. (2015), Iwabuchi et al. (2012) and Duda et al. (2004), respectively.

•	 No diurnal or seasonal variability of length or mean width was found.

5.2 Atmospheric conditions favoring contrail formation
The values of certain meteorological parameters from the ERA5 reanalysis dataset at the location of the pixels of the 
detected contrails lead to the conclusion that the atmospheric conditions that favor contrail formation are:
•	 Ambient temperature between 204 K and 232 K (-69 οC to -41 οC) with the most contrails in the range 218 K – 

226 K (-55oC to -47oC). Significantly lower than the 264 K to 272 K (-9oC to -1oC) calculated by Mannstein et al. 
(1999) but in agreement with the 210 K – 231 K (-63oC to -42oC) calculated by Iwabuchi et al. (2012). These find-
ings are in accordance with temperatures below -40oC needed for the contrail formation mechanism.

•	 Relative	humidity	with	respect	to	ice	RHI	≈	100%. Iwabuchi et al. (2012) and Duda et al. (2004) suggest that 
contrail formation is favored for RHI between 100% and 150%. 

•	 Specific	humidity	in	the	range	0.025	gr/kg	–	0.05	gr/kg.
•	 Wind	speed	between	10	m/s	and	30	m/s, which is moderate for the level of 250 hPa.
•	 Wind direction S-SW (240o to 260o), as expected due to the general circulation.
All of the studied meteorological parameters have no significant variations between daytime and nighttime as well as 
between seasons.

Figure 52: Distribution of contrail pixels 
with regard to the temperature (Top Right,) 
relative humidity (RHI) (Middle Left), 
specific humidity (Middle Right) wind speed 
(Bottom Left) and wind direction (Bottom 
Right) at their location. Contrails detected 
in D01 during 2016.
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Abstract: The Laboratory of Atmospheric Physics, Aristotle University of Thessaloniki (LAP/AUTH), has 30 years 
of experience in the field of remote sensing validation. During this time, a Quality Assessment and Validation Chain 
has been developed and applied within numerous ESA and EUMETSAT projects to most European, as well as Ameri-
can, satellite Ozone monitoring sensors. The Total Ozone Column (TOC) products of multiple satellite sensors, such as 
TROPOMI/Sentinel-5P, GOME2/Metop-A, -B and -C, OMI/Aura and OMPS/Suomi-NPP, are validated against daily 
mean and individual, globally distributed ground-based (GB) Brewer and Dobson TOC measurements. The GB meas-
urements used for the validation are retrieved from the World Ozone and Ultraviolet Radiation Data Centre (WOUDC), 
the European Brewer Network (Eubrewnet) and the WMO Ozone Mapping Centre operated by LAP/AUTH. The satel-
lite TOC data quality and stability are evaluated by the statistical analysis of their comparisons to GB measurements, 
in terms of bias and drift. The dependence of the differences on many influence quantities, such as solar zenith angle, 
clouds, surface albedo, etc. is also investigated. Additionally, an inter-sensor comparison is applied to sensors that use 
the same or similar retrieval algorithms for TOC, to further study the consistency of their measurements, as well as their 
suitability for long-term trend studies.  

1 Introduction
Spaceborne observations of the total ozone content of the atmosphere began in the early 1970s. The quality assessment 
of their measurements has always played a key role to their use in long term studies of the evolution of the ozone layer 
and the detection of any trends. The use of ground-based (GB) measurements of total ozone columns as ground truth has 
been a reliable method to ensure their quality and stability over land. 
The Laboratory of Atmospheric Physics, Aristotle University of Thessaloniki (LAP/AUTH) satellite validation group 
started their activities in the early 1990’s in the frame of various European Space Agency, ESA, and European Mete-
orological Satellite, EUMETSAT, projects. Originally, the focus of our work was total ozone columns (TOCs) and in 
the course of time other species were included in the validation chain, such as SO2, NOx, aerosols and many more. In 
this work, the TOC validation results of eight satellite sensors, namely Global Ozone Monitoring Experiment (GOME); 
Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY); Ozone Monitoring In-
strument (OMI); Suomi NPP OMPS; GOME2-MetopA, -MetopB and -MetopC; and the TROPOspheric Monitoring 
Instrument (TROPOMI) on board S5P, will be statistically analyzed. Our aim is to apply LAP/AUTH’s Quality Assess-
ment and Validation Chain to give a full overview of the sensors’ quality and inter-consistency throughout their years 
of operation. 

2 Data and Methodology

2.1 Ground-based total ozone measurements 
The database of GB total ozone column (TOC) measurements used for this work consists of archived Brewer and Dob-
son total ozone data that are systematically downloaded from the World Ozone and Ultraviolet Radiation Data Centre 
(WOUDC, http://www.woudc.org), which is part of the Global Atmosphere Watch (GAW) program of the World Me-
teorological Organization (WMO). These data are quality controlled, first by each station and secondly by WOUDC. 
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Additionally, the near-real-time TOC dataset that consists of measurements gathered by the WMO Ozone Mapping 
Centre operated by LAP/AUTH, is also used. Furthermore, individual near-real-time TOCs from the EUBREWNET 
(European Brewer Network, Rimmer et al., 2018, http://rbcce.aemet.es/eubrewnet/) database are integrated in LAP/
AUTH’s validation chain to benefit its validation projects. In this work, archived data for the period 1995 to 2020 are 
used for the comparisons, depending on the availability of data for each individual station. This continuously updated 
selection of ground-based measurements has already been used numerous times in the validation and analysis of global 
total ozone records such as the inter-comparison between the OMI/Aura TOMS and OMI/Aura DOAS algorithms (Balis 
et al., 2007a), the validation of ten years of GOME/ERS-2 ozone record (Balis et al., 2007b), the validation of the up-
dated version of the OMI/Aura TOMS algorithm (Antón et al., 2009), the GOME-2/Metop-A validation and evaluation 
(Koukouli et al., 2012; Eleftheratos et al., 2019), the GOME-2/Metop-B validation (Hao et al., 2014), the evaluation of 
the European Space Agency’s Ozone Climate Change Initiative project (O3-CCI) TOCs (Koukouli et al., 2015, Garane 
et al., 2018) and the validation of the TROPOMI/S5P total ozone products (Garane et al., 2019). In all the aforemen-
tioned publications, LAP/AUTH assumes the leading role in the validation efforts.

2.2 Satellite total ozone datasets
The eight sensors that will be validated herein are the following:
• GOME/ERS-2, life-time:1995-2001, TOC retrieval algorithm: GODFIT v4
• SCIAMACHY/ENVISAT, life-time: 2002-2012, TOC retrieval algorithm: GODFIT v4
• OMI/Aura, life-time: 2004-in orbit, TOC retrieval algorithm: GODFIT v4
• GOME2-MetopA, life-time: 2007-in orbit, TOC retrieval algorithm: GODFIT v4 & GDP4.8
• OMPS/Suomi NPP, life-time: 2011-in orbit, TOC retrieval algorithm: GODFIT v4 
• GOME2-MetopB, life-time: 2013-in orbit, TOC retrieval algorithm: GODFIT v4 & GDP4.8
• TROPOMI/S5P, life-time: 2017-in orbit, TOC retrieval algorithm: OFFL & NRTI
• GOME2-MetopC, life-time: 2018-in orbit, TOC retrieval algorithm: GODFIT v4 & GDP4.9
The total ozone product is retrieved from one and in some cases from two different algorithms: (i) The GODFIT v4 and 
TROPOMI OFFL algorithms are identical. They are direct-fitting algorithms developed to retrieve, in one step, total 
ozone columns from satellite nadir-viewing instruments (Lerot et al. 2014). Therefore, all eight sensors processed by 
the two algorithms can be grouped together and their validation results are considered comparable. (ii) The algorithms 
GDP4.8, GDP4.9 and TROPOMI NRTI are based on the DOAS retrieval methodology and have minor differences, 
which is the reason that the respective sensors will also be associated in the validation studies.

2.3 Co-location and comparison methodology
In this section, the LAP/AUTH validation chain is briefly described. The archived and quality-controlled Dobson and 
Brewer daily total ozone measurements are used as ground-truth for the validation of the eight satellite sensors TOCs. 
The satellite datasets are temporally and spatially co-located to GB measurements using the following criteria: 
• the satellite and daily mean GB total ozone measurements must correspond to the same day, and
• the maximum search radius between the ground-based stations and the centre coordinates of the satellite pixel is set 

to 150 km for all sensors, except for TROPOMI/S5P for which the search radius is set to 10 km (Garane et al. 2019) 
due to its pixel size (7 × 5 km2, 3.5 × 7 km2 since August 2019). The spatially closest satellite observation is paired 
with the ground-based station’s daily-mean measurement.

• In the case of individual GB measurements the maximum temporal difference between satellite and GB observations 
is set to 40 minutes (Garane et al. 2019). 

• Finally, the pairs of co-located satellite and daily-mean or individual GB measurements are used to calculate their 
percentage difference. 

The TROPOMI/S5P datasets of percentage differences are then filtered according to the criteria given in the respective 
S5P Mission Performance Centre Product Readme File (PRF, Heue et al. 2018 for the NRTI TOC product and Lerot et 
al. 2018 for the OFFL TOC product). No particular filtering instructions are given for the other sensors.
The monthly means shown in the respective time-series plots are calculated by averaging the total number of available 
co-locations per month. The mean values are always extracted from the averaging of all individual or daily measure-
ments that fall within the bin in question. Finally, only northern hemisphere (NH) Brewer GB stations are considered, 
because the number of stations in the southern hemisphere (SH) is very limited and they are mainly located in Antarctica.
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3 Validation Results

3.1 GODFIT v4 and OFFL TOC retrievals
The time series of the percentage differences between the eight satellite sensors, processed with the GODFIT v4 algo-
rithm, and Dobson (upper panels – NH and SH) and Brewer (bottom-left panel for NH only) GB ozone measurements 
are shown in Figure 1. The excellent inter-sensor consistency is evident in both hemispheres, but it is more pronounced 
for the NH comparisons where the number of stations with available measurements, hence the number of co-locations, 
is higher. The statistical analysis of all time-series showed the following:
• In terms of mean percentage relative bias, all sensors lay within the range of +0.5 to +2 %
• The variability of the comparisons is of the order of 2.5 to 3.5 %, partly attributed to the GB measurements’ un-

certainty and to any remaining sampling and smoothing mismatch mostly for the sounders with larger footprints 
(Verhoelst et al. 2015).

• The peak-to-peak seasonality of the Brewer comparisons ranges between 0.7 and 2%.
• The long-term drift of the comparisons is always less than +0.7 %/decade, showing the long-term stability of all 

sensors.
The latitudinal dependency of the comparisons is shown in Figure 1, bottom-left panel, for which the co-locations of 
each sensor to GB measurements from Dobson stations are averaged in 10° latitude bins. The agreement between the 
sensors is within 2% in the NH but goes up to 5% in the Southern high latitudes, mainly due to the rather limited number 
of stations. The effect of many influence quantities, such as solar zenith angle, cloudiness, albedo etc. was also studied 
and no unexpected features were detected.

Fig. 1: The time series of the percentage differences between TOCs retrieved by the GODFIT v4 algorithm from eight 
satellite sensors and the respective GB ozone measurements from Dobson (upper plots) and Brewer (bottom-left) instru-
ments. Bottom-right: the latitudinal dependency of the percentage differences. Here the co-locations are averaged in 10° 
latitude bins.

3.2 GDP4.8/4.9 and NRTI TOC retrievals
The three EUMETSAT polar sensors, GOME-2A, GOME-2B and GOME- 2C use operationally the GDP4.8/4.9 re-
trieval algorithm for TOC. ESA’s TROPOMI/S5P NRTI TOC product is processed by a very similar algorithm. Their 
validation results with respect to GB measurements are shown in Figure 2. As in Figure 1, the upper plots show the 
temporal evolution of the Dobson comparisons (NH – left, SH – right) and the bottom-left plot depicts the time-series of 
the Brewer comparisons (NH only). The bottom-right plot shows the pole-to-pole graph of the percentage differences to 
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Dobson GB measurements. The statistical analysis of the comparisons resulted to the following points:
In terms of mean percentage relative bias, all sensors lay within the range of +1 to +2 %
• The variability of the comparisons is of the order of 3 to 4 %
• The peak-to-peak seasonality of the Brewer comparisons ranges between 2 and 3%.
• The long-term drift of the comparisons is within ± 0.7 %/decade
The consistency of the four TOC products is excellent, within 2% for mid-latitudes. The NRTI algorithm has a well-
known issue with the surface albedo climatology used for the TOC retrieval, that induces a rather high divergence 
mainly in the Northern high latitudes (Garane et al. 2019). This issue has already been addressed in the current version 
of the algorithm, implemented since July 2020. As in the previous set of TOC products, many influence quantities were 
studied for their effect on the comparisons and, except for surface albedo for the TROPOMI/S5P NRTI TOC, no other 
unforeseen dependencies were found.

Fig. 2: As in Figure 1 for the GDP4.8/4.9 and NRTI processing algorithms. 

4 Conclusions
Eight satellite sensors and their TOC measurements, retrieved with two different types of algorithms, were validated 
using as reference GB TOC measurements from Brewer and Dobson spectrophotometers. The mean bias of the com-
parisons was found to be within +0.5 to +2 % and the variability always less than 4%, containing the satellite and GB 
instruments’ uncertainties, as well as any remaining co-location mismatch errors. The two groups of sensors, associated 
by the type of TOC retrieval algorithm, showed excellent inter-sensor consistency temporally and spatially, with some 
minor exceptions that were already addressed. Additionally, the long-term stability studies of their comparisons to GB 
measurements showed that they are very stable and within the respective product requirements (1-3%/decade). The 
validation results using as reference near-real-time GB measurements from the WMO Ozone Mapping Centre and the 
EUBREWNET database are very similar to the aforementioned findings, therefore for reasons of brevity they are not 
shown here. The very good agreement between all sensors, especially during their common time of operation is a well-
founded evidence of their excellent suitability for long-term studies on the evolution of the ozone layer in the atmos-
phere. Moreover, the LAP/AUTH Quality Assurance and Validation Chain is once more proven to be an added value to 
the quantification of the performance of various remote sensing systems.

Acknowledgments This work was funded by (i) EUMETSAT through the Satellite Application Facility on Atmos-
pheric Composition Monitoring (ACSAF) project, (ii) ESA’s Climate Change Initiative plus (ESA_CCI+) Ozone pro-
ject, Phase I, and (iii) ESA’s “Preparation and Operations of the Mission Performance Centre (MPC) project for the 
Copernicus S5P satellite



| 965 Remote Sensing

References
Antón, M., Loyola, D., López, M., et al. (2009): Comparison of GOME-2/MetOpA total ozone data with Brew-(2009): Comparison of GOME-2/MetOpA total ozone data with Brew-

er spectroradiometer data over the Iberian Peninsula, Annales Geophysicae, 27, 1377–1386, DOI:10.5194/an-
geo-27-1377-2009

Balis, D., Kroon, M., Koukouli, M. E., et al. (2007a): Validation of Ozone Monitoring Instrument total ozone column 
measurements using Brewer and Dobson spectrophotometer ground-based observations, J. Geophys. Res., 112, 
D24S46, doi:10.1029/2007JD008796

Balis, D., Lambert, J.‐C., Van Roozendael, M., et al. (2007b): Ten years of GOME/ERS2 total ozone data—The new 
GOME data processor (GDP) version 4: 2. Ground-based validation and comparisons with TOMS V7/V8, J. Geo-
phys. Res., 112, D07307, doi:10.1029/2005JD006376

Eleftheratos, K., Zerefos, C. S., Balis, D. S., et al. (2019): The use of QBO, ENSO and NAO perturbations in the evalu-
ation of GOME-2 MetOp A total ozone measurements, Atmos. Meas. Tech., 12, 987-1011, https://doi.org/10.5194/
amt-12-987-2019

Garane, K., Koukouli, M.-E., Verhoelst, T., et al. (2019): TROPOMI/S5P total ozone column data: global ground-
based validation and consistency with other satellite missions, Atmos. Meas. Tech., 12, 5263–5287, https://doi.
org/10.5194/amt-12-5263-2019

Garane, K., Lerot, C., Coldewey-Egbers, M., et al. (2018): Quality assessment of the Ozone_cci Climate Research 
Data Package (release 2017) – Part 1: Ground-based validation of total ozone column data products, Atmos. Meas. 
Tech., 11, 1385-1402, https://doi.org/10.5194/amt-11-1385-2018

Hao, N., Koukouli, M. E., Inness, A., et al., (2014): GOME-2 total ozone columns from MetOp-A/MetOp-B and as-
similation in the MACC system, Atmos. Meas. Tech., 7, 2937-2951, https://doi.org/10.5194/amt-7-2937-2014

Heue, K.-P., Verhoelst, T., Lambert, J.-C., J., Zimmer, W., S5P MPC Product Readme NRTI Total Ozone V02.01.03, 
issue 2.0, available at http://www.tropomi.eu/documents/prf, (last access: 26-01-2021), Released at 16-07-2020

Koukouli, M. E., Balis, D. S., Loyola, D., et al. (2012): Geophysical validation and long-term consistency between 
GOME-2/MetOp-A total ozone column and measurements from the sensors GOME/ERS-2, SCIAMACHY/ENVI-
SAT and OMI/Aura, Atmos. Meas. Tech., 5, 2169-2181, https://doi.org/10.5194/amt-5-2169-2012

Koukouli, M. E., Lerot, C., Granville, J., et al. (2015): Evaluating a new homogeneous total ozone climate data re-(2015): Evaluating a new homogeneous total ozone climate data re-
cord from GOME/ERS-2, SCIAMACHY/Envisat, and GOME-2/MetOp-A, J. Geophys. Res., 120, 12296–12312, 
https://doi.org/10.1002/2015JD023699

Lerot, C., Heue, K.-P., Verhoelst , T., et al., S5P MPC Product Readme OFFL Total Ozone V02.01.03, issue 2.0, avail-
able at http://www.tropomi.eu/documents/prf, (last access: 26-1-2020), Released at 16-07-2020

Lerot, C., Van Roozendael, M., Spurr, R., et al. (2014): Homogenized total ozone data records from the European sen-
sors GOME/ERS-2, SCIAMACHY/Envisat, and GOME-2/MetOp-A, J. Geophys. Res. Atmos., 119(3), 1639–1662, 
doi:10.1002/2013JD020831

Rimmer, J. S., Redondas, A., and Karppinen, T. (2018): EuBrewNet – A European Brewer network (COST Action 
ES1207), an overview, Atmos. Chem. Phys., 18, 10347-10353, https://doi.org/10.5194/acp-18-10347-2018

Verhoelst, T., Granville, J., Hendrick, et al. (2015): Metrology of ground-based satellite validation: co-location mis-
match and smoothing issues of total ozone comparisons, Atmos. Meas. Tech., 8, 5039–5062, https://doi.org/10.5194/
amt-8-5039-2015



966 | Remote Sensing

Desert dust episodes in the Mediterranean Basin during the period 2005-2018

Gavrouzou M. 1, Hatzianastassiou N. 1, Gkikas A. 2, Mihalopoulos N. 3,4

1 Laboratory of Meteorology, Department of Physics, University of Ioannina, 45110 Ioannina, Greece
2 Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing, National Observatory of Athens, Athens, 
Greece
3 Institute for Environmental Research and Sustainable Development (IERSD), NOA, Athens, Greece
4 Environmental Chemical Processes Laboratory, Department of Chemistry, University of Crete, Greece

*corresponding author e-mail: gavrouzou.m@gmail.com

Abstract: In the present study a satellite algorithm is used to examine the spatiotemporal patterns of intense dust epi-
sodes taking place over the Mediterranean Basin (MB) during the period 2005-2018. In a first step, the algorithm identi-
fies the presence of dust based on spectral 1°x1° gridded daily Aerosol Optical Depth (AOD) and Aerosol Index (AI) 
data taken from the MODIS-Aqua Collection-6.1 and OMI-Aura (Ozone Monitoring Instrument) datasets, respectively. 
Subsequently, it determines the occurrence of strong and extreme dust episodes on a daily and pixel level basis, consider-
ing that they occur whenever AOD values exceed the corresponding 14-year mean AOD values plus the associated two 
(for strong episodes) and four standard deviations (for extreme episodes). Finally, a day is named “dust aerosol episode 
day” (DAED) whenever dust episodes occur over at least 30 pixels.
According to the algorithm results, 162 DAEDs, 113 strong and 49 extreme ones, took place in the Mediterranean Basin 
(MB) during the period 2005-2018. According to the algorithm results, the maximum frequencies of both strong and 
extreme DAEDs are found in spring (46 and 51% of total number of episodes, respectively) as well as in summer for 
strong DAEDs (46%). The strong Mediterranean DAEDs are mainly observed over the south-western part of the MB, 
while the extreme ones over its central part.

1 Introduction
Dust events are known to take place over the Mediterranean Basin (MB) almost all year round, but with a distinct seasonal 
and spatial variability. They are observed more frequently during the dry period of the year (Gkikas et al., 2015), because 
of stronger emission and weaker deposition mechanisms of dust, and associated with atmospheric circulation that favors 
dust transport from its source areas, i.e. mainly the Sahara and also the Middle-East deserts, towards the Mediterranean 
basin. The atmospheric circulation is also largely determining the spatial distribution of regional dust aerosol episodes. 
During winter, most of the dust emitted from the Sahara Desert in North Africa is transported towards the Gulf of Guinea 
(Kalu, 1979). From January to May, low-pressure systems over the central MB or central Europe combined with the 
anticyclonic circulation prevailing in the eastern Mediterranean create a southwestern wind flow, which favors the trans-
port of dust from the western Sahara to the eastern and central MB (Gkikas et al., 2015). During the summer period, 
anticyclonic conditions (Azores Anticyclone), and the presence of a ridge over the Atlantic Ocean and a trough over the 
western Mediterranean, cause transport of dust from Sahara towards the western MB (Gkikas et al., 2015).
Dust episodes are of high importance for the Mediterranean Sea, and even for Europe, especially its southernmost parts, 
since they affect the particulate matter concentration, the radiation and energy budgets, as well as the characteristics of 
clouds of the region. Although several studies have examined the dust outflows over the MB (e.g. Achilleos et al., 2020; 
Solomos et al., 2018; Kaskaoutis et al., 2019), most of them just refer to specific dust events or they are based on in-situ 
measurements and thus their results are spatially limited. A better and more in-depth understanding of dust aerosol (DA) 
radiative effects and dust-cloud interactions requires a more extended spatial coverage, which can only be studied by 
using satellite data. The present study aims to fulfill this requirement and to provide a climatological assessment of dust 
episodes over the entire MB.
In the present study, a modified version of a satellite algorithm (Gkikas et al., 2013) is used for the determination of 
Dust Aerosol Episodes Days (DAEDs), namely days in which spatially extended dust episodes take place over the MB. 
The algorithm uses as input satellite-based data for aerosol optical properties, i.e. Aerosol Optical Depth (AOD), Aero-
sol Absorption Index (AI) and Angstrom Exponent (α) and identifies the presence of dust aerosols by applying specific 
thresholds. Subsequently, whenever high dust loads (dust aerosol optical depths, DODs) covering an extended area of 
MB occur on a day, this day is defined/named as DAED. The present study has the advantage of covering a long-enough 
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study period (14 years, 2005-2018) and of using the latest available versions of satellite data, i.e. the MODIS-C6.1 and 
OMI-OMAERUV datasets. Also, this version of the algorithm applies stricter thresholds for the identification of dust 
compared to its previous version (Gkikas et al., 2013). The selection of these stricter thresholds was decided based on 
algorithm sensitivity tests that have been performed on a global scale and proved that are more appropriate for properly 
identifying dust and avoiding misidentification under its coexistence with other aerosol types (i.e. biomass burning 
and sea salt) in the atmospheric column (Gavrouzou et al. 2021). Also, the use of the most up to date satellite data in 
the present study, which take advantage of the new MODIS retrieval algorithm (Deep Blue) that enables the retrieval of 
aerosols over highly reflecting desert areas, ensures the coverage of the Saharan and Middle-East deserts by the results of 
the algorithm, which were not covered by the previous version of the algorithm.

2 Data and Methodology
The satellite algorithm uses as input spectral Aerosol Optical Depth (AOD) and Aerosol Absorbing Index (AI) data. The 
AOD data are taken from the MODIS-Aqua Collection-6.1 dataset and the AI data from the OMI-Aura (Ozone Monitor-
ing Instrument)-OMAERUV dataset. Both MODIS and OMI data are available on a daily and 1°x1° latitude-longitude 
resolution. The spectral AOD information is not only used for estimating the loads of dust aerosols, but also for calcu-
lating a third aerosol optical property, used for characterizing the size (and thus the type) of aerosols, i.e. the Ångström 
Exponent (a). It is noted at this point, that α is calculated at 470–660 nm over land and 470–2130 nm over ocean, using 
MODIS spectral AOD.
The present satellite algorithm, in a first step, applies specific threshold values on AI and a in order to identify the pres-
ence of dust aerosols (DA) over a specific pixel on a specific day. The applied thresholds are: (1) AI ≥1 and (2) a ≤ 0.4. In 
a next step, two more criteria are applied in the algorithm, aiming to ensure the occurrence of high aerosol loads with 
a broad spatial extent, which are requirements for the occurrence of extended and intense dust episodes. More spe-
cifically, a “dusty” 1°x1° pixel (satisfying the afore mentioned two criteria) is characterized as episodic, whenever its 
AOD satisfies one of the following criteria: (1) mean_AOD+2·stdv ≤ AOD ≤ mean_AOD+4·stdv (strong episode) or 
(2) AOD>mean_AOD+4·stdv (extreme episode), where mean_AOD and stdv are the climatological (2005- 2018) mean 
AOD value (calculated from daily data over the entire study period) and the associated mean standard deviation. Τhe 
climatological mean AOD value and the associated standard deviation are calculated on a pixel level, thus varying geo-
graphically. Any day with more than 30 episodic dusty pixels is characterized as DAED. The algorithm ran separately for 
every day of each year of the 14-year (2005-2018) study and computed pixel-level dust episodes and DAEDs on a daily 
basis. For any DAED, the algorithm computed the number of strong or extreme episodic pixels along with the associated 
DOD values, and finally, it also computed the monthly, seasonal and annual mean frequency of occurrence and intensity 
of DAEDs, as well as the corresponding climatological (2005-2018) mean values.

3 Results
Figure 1 displays the spatial distribution of the total number of strong (a) and extreme (b) DAEDs over the MB during 
the study period 2005-2018. Most of the strong episodes are observed over the south- western parts of the MB, and 
especially over the north-western Sahara, where the number of DAEDs takes its maximum value (≈34 days/14-years or 
2.4 days/year). The strong DAEDs are less frequent over the eastern MB, as well as over the northern parts of MB, where 
their frequencies are lower than 5 days/14-years (or 0.4 days/year). Slightly higher frequencies of DAEDs (ranging from 
5 to 12 days/14- years, greenish colors) appear over the south-eastern part of the basin (i.e. Israel, Syria). It should be 
noted that white pixels correspond to areas where no episode has taken place during the study period or to areas where the 
algorithm has not operated due to unavailability of sufficient input data. On the other hand, extreme episodes are more fre-
quent over the central (up to 10 days/14-years or 0.7 days/year) and eastern (up to 7 days/14-years or 0.5 days/year) MB. 
These geographical patterns of strong and extreme DAEDs are in a good agreement with those presented in the study 
by Gkikas et al. (2013), where a previous version of the same satellite algorithm was used for the period 2000-2007. 
However, there are also some differences, as for example smaller frequencies of DAEDs in this study, due to the stricter 
criteria applied here (α≤0.4 instead of α≤0.7 for dust aerosol identification) as well as the coverage of desert areas (Sa-
hara) in the present study, which was not the case in Gkikas et al.. Apart from the different thresholds, these differences 
are also attributed to the different study periods as well as to the different collections of the input data in the two studies.
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Fig. 1. Geographical distribution of the total number of strong (a) and extreme (b) dust episode days that occurred over 
the Mediterranean basin during the 14-year period 2005-2018. White pixels correspond to areas where no dust episode 
has taken place during the study period or to areas where the algorithm has not operated due to unavailability of suf-
ficient input data.

The seasonal variability of DAEDs is presented in Figure 2. It is found that both strong and extreme dust episodes are 
rarely observed in winter over the MB, since only less than 3 strong and 4 extreme episodes took place in this season from 
2005 to 2018, mostly over the southernmost parts of the central and eastern MB. During spring, the frequencies of both 
strong and extreme DAEDs become maximum (values up to 18 and 8 strong and extreme DAEDs, respectively) over the 
north-western Libya and have extended spatial coverage. The maximum frequencies of DAEDs in spring are associated 
with frequent transport of Saharan dust taking place in this season, caused by Sharav cyclones moving eastwards along 
the North African coast and turning to the north near the southeastern Mediterranean (Alpert and Ziv, 1989). During 
summer, the frequencies of DAEDs remain high (maximum values 18 and 4 strong and extreme DAEDs, respectively) 
over northwestern Africa, while in the rest of MB no (white pixels) or few dust episodes (up to 6 and 1 strong and ex-
treme DAEDs, respectively) are observed. The high frequencies of DAEDs over northwest Africa are associated with 
the existence of a trough over the eastern Tropical Atlantic Ocean and a ridge over the western MB, causing a south-
western air flow (Gkikas et al,.2015). Finally, in autumn, very low frequencies of both strong and extreme DAEDs 
(up to 2 DAEDs, bluish colors) are observed over limited areas of the MB. The seasonal variability of Mediterranean 
dust episodes is also depicted in Table 1, where it is clearly shown that most of strong (46% of total annual number of 
DAEDs), extreme (51%) and all (strong plus extreme, 48%) DAEDs are observed over the MB in spring. The season with 
the secondary highest frequencies of occurrence of DAEDs is summer (relative percentage frequencies equal to 46% for 
strong, and 37% for all DAEDs) and winter (22% for extreme DAEDs).
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Fig. 2. Geographical distribution of the total number of strong (left) and extreme (right) dust episodes days that occurred 
per season over the Mediterranean basin during the 14-year period 2005-2018. 

Table 1. Total number of strong (blue shaded columns), extreme (yellow shaded columns) and all (strong plus extreme, 
grey shaded columns) DAEDs that took place per season over the Mediterranean Basin during the period 2005-2018 (first 
row) and the associated relative percentages with respect to the corresponding annual frequencies (second row).

4 Conclusions
In the present study, a satellite algorithm initialized with contemporary satellite data of spectral aerosol optical proper-
ties, is used for identifying the occurrence of DAEDs, i.e. extended and intense dust episodes over the Mediterranean 
Basin on a daily and pixel level basis, during the period 2005-2018. According to the algorithm results, 162 DAEDs, 113 
strong and 49 extreme ones, took place over the broader MB from 2005 to 2018. Most of DAEDs occurred in spring (77 
out of 162 or 48%) and summer (60 out of 162 or 37%). This is also the seasonality of strong DAEDs (46% in spring and 
45% in summer), but not of the extreme ones, which are more frequent in spring (26 out of 49 or 51%) and winter (11 
out if 49 or 22%). On an annual basis, strong DAEDs are more frequent over the southwestern part of the basin (northwest 
Africa), while extreme DAEDs occur most frequently over the central and less over the eastern parts of the basin. Such 
intense and extended dust episodes affect the weather patterns and energy balance of this climatically sensitive world 
region, characterized by high aerosol loads and intensity of solar radiation.
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Abstract: Until now, the spatial resolution and data quality of satellite sensors allowed for monitoring tropospheric 
NO2 enhancements only over the busiest shipping routes after averaging at least several months of data. Here, we ob-
serve for the first time the NO2 pollution plumes of individual ships with the TROPOspheric Monitoring Instrument 
(TROPOMI) onboard the Copernicus Sentinel 5 Precursor (S5P) satellite (central Mediterranean; on 2 July 2018). The 
synergistic use of TROPOMI/S5P tropospheric NO2 column measurements, Automated Identification Signal (AIS) ship 
data and near surface wind field data from the European Center for Medium range Weather Forecasts (ECMWF), and 
the application of a simple “morphing” technique showed that the vast majority of the NO2 plume-like structures seen 
in the TROPOMI/S5P data can be attributed to the plumes of the largest ships or groups of ships that were sailing in 
the area the last three hours prior to the TROPOMI/S5P overpass. The low winds and the fact that the TROPOMI/5P 
measurements were taken under sunglint conditions (higher signal to noise ratio) favor the detection of such structures. 
Finally, the use of an emission proxy (Es) based on ship length and speed shows that the projected plumes of the largest 
and fastest ships, which are expected to emit more, indeed coincide with higher tropospheric NO2 levels.  

1 Introduction
Ships emit large amounts of nitrogen oxide (NOx) and sulphur oxide (mostly SO2). The global shipping fleet emitted a 
total of 6.4 Tg N to the atmosphere in the year 2015 according to recent estimates (Johansson et al. 2017). Ship emis-
sions increase the concentrations of pollutants such as NO2, SO2, and particulate matter (e.g. Viana et al. 2014) leading 
to air quality degradation which is damaging to human health and contributes to excessive nitrogen deposition over 
ecosystems. The International Maritime Organization (IMO) in order to reduce the negative impact of ship emissions, 
has implemented progressive regulations to decrease the emissions from ships in the open ocean, as well as even stricter 
measures in four special emission control areas close to densely populated coastal regions.
The IMO regulations require that ships constructed after 1999 use engines that are compliant with NOx emission limits 
(IMO MARPOL ANNEX VI - regulation 13, 2020), and that all ships burn fuel with a sulphur content smaller than 0.5% 
(by mass) and smaller than 0.1% since 1 January 2020 within the so-called NECA and SECA (nitrogen and sulphur 
emission control areas). This effectively prohibits the burning of low-grade quality ship fuels that were traditionally 
used in international shipping (Lack and Corbett 2012). However, it has to be noted that fuel high in sulphur content is 
considerably cheaper than low sulphur fuels, inciting ship owners to circumvent the IMO regulations. Hence, monitor-
ing ship emissions and enforcing regulations on a global scale remains an outstanding question. 
Compliance monitoring currently includes port state authorities conducting checks of engine room logs and bunker 
delivery notes, and taking fuel samples for a limited number of ships. Some of the methods currently used are on-board 
measurements at the ships exhaust pipes (Agrawal et al. 2008), land- or ship-based downwind measurements of emis-
sion plumes using sniffer techniques (Pirjola et al. 2014) and the DOAS (Differential Optical Absorption Spectroscopy) 
approach (Schreier et al. 2015). Other methods comprise ship plume measurements from airborne platforms such as 
helicopters, small aircrafts, and drones. It is obvious that all the aforementioned methods require proximity to the ships 
monitored, are deployed infrequently, and are thus impractical or prohibitively expensive for checking the large number 
of ships sailing the world’s oceans.
Earth observation satellites have the potential to play a key role. So far, the spatial resolution and data quality of satellite 
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sensors allowed for monitoring tropospheric NO2 enhancements over the busiest shipping routes only after averaging 
months or years of data (e.g. Vinken et al 2014). However, the capacity of satellite measurements to attribute observa-
tions to individual ships has not been demonstrated yet.
Since October 2017, the TROPOspheric Monitoring Instrument onboard the Copernicus Sentinel 5 Precursor satellite 
(TROPOMI/S5P) (Veefkind et al. 2012) observes global pollution at a much higher spatial resolution than its space-
borne precursors. The unique resolution and superior data quality have proven TROPOMI/S5P capable of pinpointing 
small local NO2 sources such as individual power plants (Beirle et al. 2019) and gas compressor stations (van der A et 
al. 2020).
Here we show for the first time that satellite-based tropospheric NO2 measurements from TROPOMI/S5P provide suf-
ficient detail on NO2 pollution to be traced back to the emissions from individual ships (see Georgoulias et al., 2020 for 
more details). By combining ship location data in the hours before and up to the satellite’s overpass with wind direction 
and wind speed in the marine boundary layer along with an emission proxy based on ship length (Ls) and speed (us) we 
show that we can identify the individual ships or groups of ships that cause the observed NO2 plumes.

2 Data and Methodology

2.1 Data
TROPOMI/S5P was launched on 13 October 2017, the operational phase starting in April 2018. The instrument meas-
ures the top-of-the-atmosphere solar radiation reflected by and radiated from the Earth between 270-500 nm and 675-
775 nm, and in the shortwave infrared. The two dimensions of the detector allow to simultaneously measure 450 spectra 
over the entire 2600 km strip, corresponding to a spatial resolution for individual pixels of 7 km (along) × 3.5 km 
(across) at nadir (5.5 km × 3.5 km since 6 August 2019). The equator crossing time is ~13:30 local solar time. For the 
scopes of this research, we use level-2 tropospheric NO2 column data (version 1.2.2 and 1.3 data publicly available via 
https://s5phub.copernicus.eu/) (van Geffen et al. 2019).
IMO adopted in 2000 the requirement for all ships to carry Automatic Identification Systems (AIS). All vessels involved 
in commercial operations at sea are required to broadcast an AIS signal (including the ship’s identity, type, position, 
course, and speed among others). These data are frequently updated and broadcasted, typically every few seconds. The 
broadcasted VHF signal can be received by land-based stations and satellites. Due to limited range of ground-based 
stations and the focus of this study on ship operations in the open sea, the most important data source is AIS signals 
received by satellites. Within the scope of this research, the Human Environment and Transport Inspectorate (ILT) was 
granted access to AIS data which are available only commercially. 
Along with the NO2 and AIS data, here we use 10 m wind data from the European Center for Medium range Weather 
Forecasts (ECMWF). More specifically, wind fields (direction and speed) were taken from the ECMWF operational 
model analyses at a 0.25° resolution at 6-hourly timesteps (https://www.ecmwf.int/).

2.2 Methodology
In this work, AIS ship location data in conjunction with quality assured tropospheric NO2 data from TROPOMI/S5P 
are used to attribute observed NO2 enhancements on 2 July 2018 over a region in the central Mediterranean to specific 
ships. This scene is selected from a large number of TROPOMI/S5P tropospheric NO2 and ECMWF near surface wind 
field images for the one-year period 7/2018 � 6/2019. The observed features which are located in an area of busy ship-
ping routes and point directly to ship plumes along with an absence of clouds, calm wind conditions and the fact that 
the TROPOMI/S5P measurements in the area were taken under sunglint viewing conditions make this day a perfect 
candidate for the scopes of this study. 
Sunglint is observed in satellite data when the satellite viewing zenith angle and solar zenith angle is such that the sun-
light is directly reflected towards the sensor, and the sea surface is sufficiently calm, so the ocean “acts” like a mirror. 
Satellite measurements taken in sunglint geometries have a significantly increased sensitivity to NO2 compared to non-
glint geometries taken over a low albedo sea surface.
The spatial correspondence between NO2 satellite-based measurements and ship locations is not trivial. The plume 
emitted by each ship will be advected by the prevailing winds and hence the NO2 plume observed by TROPOMI/S5P 
will not necessarily coincide with the ship’s track over the past hours. To attribute a plume to a particular ship, a simple 
“morphing” technique is applied on the ship position data in order to calculate the position of the pollution plume at the 
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time of S5P overpass. Assuming a NOx lifetime of a few hours we use AIS ship coordinate data for the past three hours 
prior to the S5P overpass (around 11:43 UTC) and wind speed and direction data at 10 m above sea level (asl) from the 
ECMWF for 12:00 UTC. The ship coordinates are collocated with the corresponding wind data. We assume that the 
plume emitted at each ship position has travelled a distance s=u·|Δt| in the direction of the wind (the earth›s curvature is 
taken into account) with a speed u equal to the wind speed at the ship location for a time period Δt (difference between 
the AIS time at the ship position and the S5P overpass time). Plume dispersion and chemistry have not been accounted 
for and wind is assumed not to change with time and height. Despite these simplifications, it is shown that our simple 
ship emission plume projections align well with the tropospheric NO2 patterns observed by TROPOMI/S5P.
Finally, we match up the projected ship plumes with the TROPOMI/S5P tropospheric NO2 column fields. This allows us 
to quantify the overall NO2 pollution burden associated with each individual ship.

3 Results
Figure 1a shows the AIS ship coordinates located within the area of interest during the last three hours before and up to 
TROPOMI’s overpass time. A total of 185 ships were found to sail in the greater area. The sailing direction of the ships 
can be identified, as dark magenta colors are used for the ship positions close to TROPOMI’s overpass time and brighter 
magenta colors for earlier ship positions. Most of the ships follow two shipping routes (from and towards the Suez chan-
nel and the Black Sea), that do not exactly coincide with the observed TROPOMI/S5P NO2 enhancements. 

Fig. 1. (a) TROPOMI/S5P tropospheric NO2 patterns (under sunglint viewing conditions), 10-meter wind fields from the 
ECMWF operational model analyses, and AIS ship locations the last three hours before and up to TROPOMI’s overpass 
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time. Dark magenta colors are used for the ship positions close to the satellite’s overpass time and brighter magenta 
colors for earlier ship positions. (b) An example of the original AIS locations (dots) and the projected plume locations 
(crosses) of a ship (Ship 6) at the time of  TROPOMI’s overpass. (c) The same as (a) but for the projected plumes of the 
40 ships with Ls > 200 m. The ships are numbered according to their NO2 levels. Dark magenta colors are used for ship 
plumes emitted close to the satellite’s overpass time and brighter magenta colors for earlier ship plumes.
This is to be expected as the plume originating from each ship is advected by the prevailing winds. The projected 
plumes, based on the AIS ship positions in the last 3 hours, the ECMWF wind data, and our simple morphing technique, 
coincide much better with the observed NO2 enhancements than the original AIS positions (Figure 1a). A striking ex-
ample is shown in Figure 1b where the original AIS locations and the corresponding projected plume for a large fast 
traveling container ship are shown.

Despite the generally good colocation of the calculated plume locations of all the ships and the TROPOMI/S5P NO2 en-
hancements, there are still a large number of ships that do not coincide with high NO2 values; these are mostly small ves-
sels (e.g. fishing boats). In order to identify which ships are indeed responsible for the observed NO2 plumes we filtered 
the ships according to their length. Only ships with Ls > 200 m were taken into account as smaller ships are expected to 
emit significantly less (see equation 1). A total of 40 ships were identified in our study domain, mostly container ships 
and crude oil tankers (Figure 1c). Details about all those 40 ships were retrieved (length, vessel type, year built, gross 
tonnage, deadweight, and width usually referred as breadth). 
Each calculated ship plume location was matched to the corresponding tropospheric NO2 values seen in Figure 1. The 
spatial average of the tropospheric NO2 values coinciding with the plume of each ship was calculated and subsequently 
the ships were ranked according to their NO2 levels. Figure 2c shows that many of the observed NO2 enhancements can 
be attributed to the pollution emitted by the 40 largest ships in the hours before the TROPOMI/S5P overpass. Figure 2c 
also shows that TROPOMI detects relatively high NO2 concentrations over areas where the plumes of more than one 
ship coincide or cross and in mixed cases of clusters of ships. In these cases, it is difficult to disentangle the relative con-
tribution of the individual ships to the observed NO2 levels. However, apart from those cases there are ships (e.g. Ships 
9 and 18) which are totally isolated, and their projected plumes coincide well with the observed NO2 plumes. Taking this 
into account, the 40 largest ships were separated into three classes: 1) isolated ship plumes, 2) plumes in close proximity 
to other ships’ plumes (clusters) and 3) plumes crossing other ships’ plumes.
To gain more insight into the sensitivity of TROPOMI/S5P for detecting ship emissions we use a NOx emission proxy 
Es which is given by:

                                                                        Es=Ls
2 × us

3  (1)

The average Es values for the 40 major ships in the area are calculated. Obviously, there are other factors affecting 
emissions which are not incorporated in equation 1, such as engine age, propulsion efficiency, fuel type and the loading 
level (ships emit more when fully loaded and maintaining the same speed). Here, Es is used as a proxy for ship emission 
intensity bearing in mind the aforementioned uncertainties. 
We saw that there is a good correlation between the observed tropospheric NO2 and Es (R = 0.85) for isolated ships, for 
clusters of ships and for ships with crossing tracks (see Georgoulias et al., 2020 for more details). The overall good cor-
relation between TROPOMI/S5P NO2 and Es for all the three cases (R = 0.85) suggests that the enhanced NO2 columns 
observed here are indeed due to emissions from the largest and fast-sailing ships in the area. It should be noted that the 
younger ships examined here (built after 1/1/2011; Tier II) are on average larger and sail faster exhibiting higher NO2 
levels.

4 Conclusions
We show here for the first time that NO2 pollution plumes can be observed in single overpass TROPOMI/S5P tropo-
spheric NO2 column data under favorable conditions (cloud-free skies, low winds and sunglint) and can be attributed to 
emissions from large individual ships as well as groups of ships sailing in close proximity (see Georgoulias et al., 2020 
for more details). Our findings open up a new avenue for analysis and development of applications, including ship emis-
sion monitoring for regulation compliancy. This is particularly important, as there are global efforts underway to define 
regulations to reduce air pollution emissions from shipping.
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Abstract: An advanced lidar method to decompose an aerosol profile into three aerosol components as a function 
of height is presented. The method is applied to synthetic lidar data to discuss the potential of the technique. For the 
decomposition we use vertically resolved particle backscatter and extinction coefficient as well as the linear particle de-
polarization ratio at the same wavelength. The method requires assumption of the depolarization ratio of pure dust and 
non-dust components as well as the lidar ratio of pure marine and dust aerosols. The lidar ratio of pure biomass burning 
aerosols is not assumed but it is a product of the retrieval method.

1 Introduction
Despite an increasing number of laboratory and field aerosol studies over the last years (IPCC, 2007), the uncertainty 
associated with the estimated radiative forcing attributed to aerosols and aerosol−cloud interactions has not decreased, 
owning to the high spatial and temporal variability of aerosol properties (IPCC, 2007). A number of atmospheric studies 
have targeted to address this issue by providing the mean values of aerosol optical properties of each type as inputs to 
the radiation and the numerical weather prediction models (Jacobson, et al., 2005).
One such technique is the active remote sensing of the atmosphere (Weitcamp, et al., 2005). Lidar has received quite an 
attention, because of the many possibilities to retrieve near real time information about the structure and the constitu-
tion of the atmosphere with a high vertical and temporal resolution. Specifically, multi-wavelength Raman/depolariza-
tion lidars can be used for aerosol detection and characterization (i.e. dust, smoke, continental, etc.) as they provide 
vertically-resolved information of extensive (particle backscatter and extinction coefficient, volume depolarization ra-
tio) and intensive (lidar ratio (LR), Ångström exponent (AEλα/λβ), linear particle depolarization ratio (LPDR)) optical 
properties (Burton, et al., 2012), (Groß, et al., 2013), (Nicolae, et al., 2015), (Giannakaki, et al., 2016), (Soupiona, et 
al., 2018). In the light of the above, polarization lidar technique has been developed to separate the desert dust aerosol 
component from other aerosol components (Tesche et al., 2009). Desert dust causes high depolarization of backscattered 
light, whereas typical nondesert aerosol mixtures, like marine aerosols, lead to very low depolarization. The technique 
requires only two aerosol components and is the base of the POLIPHON algorithm for ground-based lidars (Ansmann 
et al., 2019), and it has also been applied to CALIPSO aerosol profiles either on selected case studies (Giannakaki et al., 
2011) or on a statistical basis (Marinou et al., 2017).
 In this contribution we propose a novel method to decompose an aerosol profile into different aerosol components in 
case of three aerosol components and we  present results of its application on synthetic extinction, backscatter coefficient 
and particle depolarization lidar profiles.

2 Data and Methodology

2.1 Synthetic aerosol optical profiles
The method makes use of the particle backscatter and extinction profile and the vertically resolved linear particle depo-
larization ratio measurement at the same wavelength. Synthetic data are used in this study to present our methodology. 
The values are referring to 532 nm wavelength.
In the ideal example of Figure 1, five layers are considered. The 1st layer, 0-0.5 km, is a pure marine layer with low 
values of both particle depolarization ratio (5%) and lidar ratio (20 sr). In the 2nd layer, 0.5 – 1 km, a mixture of marine 
and biomass burning aerosols is considered. In this 2nd layer the particle depolarization ratio is the same to the value of 
the 1st layer while the lidar ratio is larger due to absorbing properties of smoke. The 3rd layer, 1 – 1.5 km, is a mixture of 
marine, biomass burning and dust particles. Larger lidar ratio and linear depolarization ratio are considered due to lower 
contribution of marine aerosols and non-spherical shape of dust particles. The 4th layer, 1.5 – 2.5 km, is a mixture of 
biomass burning and dust particles. Finally, the 5th layer, 2.5 – 3.5 km is considered to be a pure dust aerosol layer with 
large depolarization ratio (33%) and lidar ratio of 55 sr.
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Fig. 1 Synthetic optical data. From left to right: Backscatter coefficient, extinction coefficient, lidar ratio and particle 
depolarization ratio. All values correspond to 532 nm wavelength. In the last column the aerosol types for each synthetic 
layer are presented.

2.2 Input parameters
For the decomposition of the aerosol profile it is necessary to know the depolarization ratio of dust and non-dust com-
ponents as well as the lidar ratio of pure marine, dust and polluted continental aerosols. The input parameters assumed 
in this study is based on literature values for 532 nm and are presented in Table 1.

Table 15. Input parameters for the decomposition of aerosol mixture profile. 

Particle depolarization ratio of Saharan dust of 0.33 at 532 nm [4] is in good agreement with the one of Asian dust of 
0.35 as found from long-term observations over China and Japan [5,6]. According to the literature, non-dust depolari-
zation ratios can vary from 0.02 to 0.15 with an accumulation around 0.05 [7,8,9]. The dust lidar ratio assumed in this 
study is in well agreement with both SAMUM-1 campaign [3] and Saharan dust observed in Europe based on EARLI-
NET aerosol dust layers [2]. Lidar ratio for marine is assumed to be 20 sr based on ACE 2 and INDOEX campaigns [2]. 
Lidar ratio for biomass burning aerosols is not well defined from literature since it depends on the varying absorbing 
characteristics of the pollution layer. In this study a value of 88 sr is taken as will be discussed in section 2.4.

2.3 Decomposition of an aerosol profile
For the decomposition of the aerosol profile it is necessary to know the depolarization ratio of dust and non-dust compo-
nents as well as the lidar ratio of pure marine, dust and polluted continental aerosols. The input parameters assumed in 
this study is based on literature values for 532 nm and are presented in Table 1. In the first step we separate the aerosol 
mixture to dust and non-dust backscatter components. The dust backscatter coefficient (βd) can be calculated based on 
the measured values of particle depolarization ratio (δp) and particle backscatter coefficient (βp) according to eq. 1 [3].
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3 Results
In Figure 2 we provide the decomposition of the aerosol profile is presented in two steps. Firstly the backscatter of dust 
and non-dust component is calculated based on equation 1 and is presented in Decomposition I panel of Figure 2 (left). 
The non-dust backscatter contribution is being calculated by equation 3, and it is then splitted to marine and biomass 
burning aerosols as shown in the Decomposition II panel of Figure 2 (right) applying the sequence of equation scheme 
presented in detail in section 2.3. As seen, dust component is maximized in the upper part of the profile and it is the only 
type above 3 km, since the particle depolarization ratio equals the value of pure type assumed (0.33).
Marine component is successfully reconstructed in layers 1, 2 and 3 with the maximum contribution of marine aero-
sols in the 1st layer, compared to initial synthetic profile of Fig. 1. Marine aerosol contribution reduces as the height 
increases, following the values of lidar ratio in the synthetic aerosol profile. This mean, that the first 0.5 km only marine 
particles were found, since the lidar ratio of the synthetic profile equals the assumed value of marine particles. Lidar 
ratio is increasing with height while the depolarization ratio faces small changes and thus the biomass burning particles 
contributes with a larger share. This contribution of biomass burning and marine particles aerosols correctly attribute the 
non-dust component as retrieved in the 1st decomposition step. 

Fig. 2 Decomposition of the aerosol profile into the three aerosol components (Dust, Marine and biomass burning aero-
sols).
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3.1 Lidar ratio of biomass burning aerosols
The third aerosol type can be of any aerosol type. In our case, biomass burning aerosols have been considered, but it 
could be continental (clean or polluted) aerosols or volcanic aerosols, as well.
To calculate the contribution of biomass burning backscatter coefficient to the non-dust backscatter component we 
should know the lidar ratio of the ‘pure’ biomass burning aerosol type as shown in eq. 7. Lidar ratio for this aerosol type 
is not well defined and can vary a lot, in contrast to pure marine or dust lidar ratios. However, the proposed methodology 
can be used to estimate a value for biomass burning aerosols that can be further used to decompose the aerosol profile 
as shown.
This is possible when some part in our profile is a mixture of only two aerosol types, one of which are continental parti-
cles. In our synthetic data this is true in the 4th aerosol layer  which is considered to be a mixture of polluted continental 
and dust particles. Thus, for this layer we can assume that the non dust lidar ratio is actually the lidar ratio of continental 
polluted aerosol. Here, the non dust lidar ratio can be easily estimated from the ratio of non dust extinction coefficient 
to the non dust backscatter coefficient (eq. 9). 

What is particularly important in this calculation is that the nondust extinction coefficient is computed based on both 
Raman extinction calculation and Decomposition step I, while the nondust backscatter coefficient is based only on the 
Decomposition step I.

After applying eq. 9 the lidar ratio of biomass burning aerosols was found equal to 88 sr. This value depends on the 
structure of the synthetic aerosol data. Considering a different value for lidar ratio of polluted continental aerosol would 
result into a non-zero value in the numerator of eq. 7 and thus a contribution of marine aerosols in the 4th layer would be 
found, which is not true considering our synthetic aerosol profile.

Fig. 3 Estimation of the biomass burning lidar ratio.

4 Conclusions
Knowledge of aerosol type is important for determining the magnitude and assessing the consequences of aerosol 
radiative forcing, and can provide useful information for source attribution studies. However, atmospheric aerosol is 
frequently not a single pure type, but instead occurs as a mixture of types, and this mixing affects the optical and radia-
tive properties of the aerosol. An advanced methodology to vertically decompose an aerosol lidar profile to its aerosol 
types is proposed. The methodology uses backscatter and extinction coefficients along with depolarization ratio at the 
same wavelength combined with depolarization ratio and lidar ratio values of pure aerosol types based on the literature. 
The method so far has been applied to synthetic lidar data.  To this end, this method can be only applied in well-defined 
aerosol mixtures. Additionally, in free-tropospheric aerosol layers a 2-layer structure is possible to be observed and thus 
the unknown lidar ratio (of the 3rd aerosol type) could be estimated. Future work will focus on the application of the 
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proposed methodology in real lidar data. We aim to perform a sensitivity study of the input parameters to determine the 
conditions under which the proposed methodology can be applied.

Acknowledgments The research work was supported by the Hellenic Foundation for Re-
search and Innovation (H.F.R.I.) under the “First Call for H.F.R.I. Research Projects to sup-
port Faculty members and Researchers and the procurement of high-cost research equipment 
grant” (Project Number:16645). 

References
Ansmann, A., et al. (2019), Dust mass, cloud condensation nuclei, and ice-nucleating particle profiling with polar-

ization lidar: updated POLIPHON conversion factors from global AERONET analysis, Atmosperic Measurement 
Techiques, 12, 4849�4865, https://doi.org/10.5194/amt-12-4849-2019. 

Burton S.P., et al. (2012), Aerosol classifi cation using airborne High Spectral Resolution Lidar measurements � meth-(2012), Aerosol classification using airborne High Spectral Resolution Lidar measurements � meth-
odology and examples. Atmospheric Measurement Techniques, 2012: 73-98.

Intergovernmental Panel on Climate Change, Climate change 2007: The physical science basis. Contribution of work-
ing group I to the fourth assessment report of the intergovernmental panel on climate change, 1-18

Giannakaki, E., et al., (2016), Optical and microphysical characterization of aerosol layers over South Africa by 
means of multi-wavelength depolarization and Raman lidar measurements. Atmospheric Chemistry and Physics, 
8109–8123.

Giannakaki, E., et al., (2010), Optical properties of different aerosol types: seven years of combined Raman-elastic 
backscatter lidar measurements in Thessaloniki, Greece. Atmospheric Measurement Techniques, 569�578.

Marinou, E., et al., (2017), Three-dimensional evolution of Saharan dust transport towards Europe based on a 9-year 
EARLINET-optimized CALIPSO dataset, Atmospheric Chemistry and Physics, 17, 5893–5919, https://doi.
org/10.5194/acp-17-5893-2017.

Müller D., et al., (2007) Aerosol-typedependent lidar ratios observed with Raman lidar. Journal of Geophysical Re-
search 112: D16202. doi:10.1029/2006JD008292

Tesche, M. et al., (2009) Vertically resolved separation of dust and smoke over Cape Verde using multiwavelength Ra-
man and polarization lidars during Saharan Mineral Dust Experiment 2008. Journal of Geophysical Research 114: 
D13202, doi:10.1029/2009JD011862

Freudenthaler V. et al., (2009) Depolarization ratio profiling at several wavelengths in pure Saharan dust during SA-
MUM 2006. Tellus B: Chemical and Physical Meteorology, 61: 165–179.

Jacobson, M. (2005) Fundamentals of atmospheriv particles, Cambridge: © Cambridge University Press.
Sugimoto N, et al. (2003) Record heavy Asian dust in Beijing in 2002: Observations and model analysis of recent 

events. Geophysical Research Letters, 30(12): 1640, doi:10.1029/2002GL016349
Shimizu, A, et al. (2004) Continuous observations of Asian dust and other aerosols by polarization lidars in China and 

Japan during ACE-Asia. Journal of Geophysical Research, 109: D19S17, doi:10.1029/2002JD003253
Fiebig M, et al. (2002) Optical closure for an aerosol column: Method, accuracy, and inferable properties ap-

plied to a biomass-burning aerosol and its radiative forcing, Journal of Geophysical Research, 107(D21): 8130, 
doi:10.1029/2000JD000192

Grob, S., et al. (2013) Aerosol classification by airborne high spectral resolution lidar observations, Atmospheric 
Chemistry and Physics, 2487–2505

Murayama T, et al. (2004) Characterization of Asian dust and Siberian smoke with multiwavelength Raman lidar over 
Tokyo, Japan in spring 2003. Geophysical Research Letters, 104: 31781–31792

Soupiona, O., et al. (2018) “Long-term systematic profiling of dust aerosol optical properties using the EOLE NTUA 
lidar system over Athens, Greece (2000–2016).” Atmospheric Environment, 165-174.

Weitkamp, (2005), C. Lidar, Range Resolved Optical Remote Sensing of the Atmosphere. Germany: Springer



| 981 Remote Sensing

First validation of AEOLUS L2A products over PANACEA sites

Gkikas A.1*, Gialitaki A.1, 4, Binietoglou I.2, Proestakis E.1, Paschou P.1, 4, Siomos N.1, Kampouri A.1, 
Solomos S.1, Kosmopoulos P.3, Marinou E.1, Voudouri K.A.4, Papanikolaou C.5, Mylonaki M.5, Balis 
D.4, Papayannis A.5 and Amiridis V.1 

1 Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing, National Observatory of Athens (IAASARS/
NOA), Athens, Greece
2 National Institute of R&D for Optoelectronics, Bucharest, Romania
3 Institute for Environmental Research and Sustainable Development, National Observatory of Athens (IERSD/NOA)
4 Laboratory of Atmospheric Physics, Physics Department, Aristotle University of Thessaloniki, Thessaloniki
5 Laser Remote Sensing Unit, Physics Department, School of Applied Mathematics and Physical Sciences, National Technical 
University of Athens (NTUA), Athens, Greece

*corresponding author e-mail: agkikas@noa.gr 

Abstract: AEOLUS satellite, developed by the European Space Agency (ESA), provides vertical wind profiles, since 
August 2018, acquired by the UV Doppler wind lidar ALADIN. The particle (aerosol or cloud) backscatter and extinc-
tion coefficients retrieved separately at 355 nm, relying on the high spectral resolution lidar technique, are spin-off 
products. The current study constitutes the first attempt to evaluate the performance of the Aeolus L2A aerosol retrievals 
versus ground-based measurements performed at three Greek sites (Athens, Thessaloniki, Antikythera) of the PAN-
hellenic infrastructure for Atmospheric Composition and climatE chAnge (PANACEA) Research Infrastructure (RI). 
Overall, 32 cases of collocated satellite and ground-based vertically resolved backscatter coefficient retrievals have been 
identified. According to our preliminary results, large positive biases and root-mean-square-error (RMSE) levels reveal 
a poor performance when the raw Aeolus profiles are considered. Nevertheless, the agreement between spaceborne and 
ground-based profiles improves substantially when ancillary data are jointly processed in order to remove cloud con-
taminated satellite retrievals. Finally, focus is given on specific cases in which different aerosol conditions prevail, aim-
ing to highlight the capabilities and the drawbacks of Aeolus L2A observations as well as considerations which should 
be taken into account in relevant Cal/Val studies.  

1 Introduction
The launch of Aeolus, the fifth Earth Explorer mission of the European Space Agency (ESA), on the 22nd August 2018 
was a major step forward for Earth Observations (EO) and atmospheric sciences. The key scientific mission of Aeolus is 
to improve numerical weather forecasts and to facilitate our understanding about atmospheric dynamics and their associ-
ated impacts on climate (Isaksen and Rennie 2019). ALADIN (Atmospheric LAser Doppler INstrument), the first-ever 
Doppler Wind Lidar (DWL) placed on a satellite platform, acquires wind profiles, along the Line-Of-Sight (LOS) and up 
to 30km, all over the globe thus upgrading substantially the existing poor observational capabilities over oceanic regions 
and remote continental areas (Andersson 2018). 
Along with wind profiles, ALADIN, via the High Spectral Resolution Lidar (HSRL) technique, also retrieves aerosol 
and cloud optical properties (Flamant et al. 2008) within the troposphere and the lower stratosphere. ALADIN emits 
monochormatic UV light at 355 nm and detects photons backscattered by particulates (aerosols or clouds) and molecules 
in the Mie and Rayleigh spectral channels, respectively. Thanks to its HSLR configuration, it is feasible to retrieve 
independently the vertical profiles of the aerosol backscatter and extinction coefficients, consisting the main spin-off 
products, without requiring an a priori assumption of the lidar ratio profile. 
The scope of the current study is to assess the performance of the Aeolus L2A backscatter profiles obtained by the 
Standard Correct Algorithm (SCA; Flamant et al. 2008) and provided at 24 (regular vertical scale) or 23 (mid-bin verti-
cal scale) range bins of increasing thicknesses, from bottom (250-500 m) to the upper atmospheric layers (up to 2 km). 
Ground-based profiles of the backscatter coefficient at 355 nm, acquired at three lidar stations of the PANACEA RI, are 
utilized as reference. Finally, focus is given on specific cases, in the surrounding area of the Antikythera island, under 
different aerosol regimes related to particles’ origin and loads’ horizontal homogeneity. Both aspects, among others, 
are critical for understanding the capabilities and limitations of Aeolus in terms of depicting the vertical structure and 
properties of the aerosol layers.          
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2 Data and Methodology
PANACEA is an integrated Research Infrastructure for atmospheric composition and climate change, acting as the 
Greek component of ACTRIS/ESFRI (Aerosols, Clouds and Trace gases Research Infrastructure) and ICOS/ESFRI 
(Integrated CO2 Observation System). In Figure 1-i the locations of the major stations contributing to the PANACEA RI, 
are depicted, whereas with the red circles the sites in which lidar measurements are performed as part of the EARLINET 
network are highlighted. The aforementioned aerosol vertical profiling observations are acquired at: (i) Antikythera 
(ANT) from the PollyXT-NOA 24/7 multi-wavelength Raman-polarization lidar system, (ii) Thessaloniki (THE) from 
the THELISYS lidar system employing three backscatter, two nitrogen Raman channels and one depolarization channel 
and, finally, (iii) Athens (ATH) from the EOLE lidar system equipped with three backscatter, two nitrogen Raman chan-
nels and one depolarization channel. 

Figure 53: (i) Ground stations contributing to the PANACEA network. With red circles we present the stations which 
have been utilized for the assessment of the Aeolus L2A profiles. (ii) The white stripe indicates the ALADIN’s mea-
surements track and the red rectangle corresponds to the BRC (its sampling time is given on the title of the plot) falling 
within a circle (dashed black line) of 100 km radius centered at the ΑΝΤ station coordinates (black dot), whereas the 
orange arrow shows the Aeolus flight direction (ascending orbit). FLEXPART: The solid (dashed) lines correspond to the 
backward (forward) trajectories arriving (departing) at seven altitudes (denoted with different colors) above Antikythera 
station. METEOSAT second generation (MSG) SEVIRI instrument data (spatial coverage of low, middle and high-level 
clouds) at the nearest time of Aeolus overpass are also shown (shaded areas).  

At each station, are identified the Aeolus L2 Basic Repeat Cycles (BRCs or observations; red rectangle) falling within a 
circle of 100 km radius (black dashed circle) centered at the station coordinates (black dot), as illustrated in the example 
of Figure 1-ii for the Antikythera station. Aeolus L2A retrievals, at each BRC, are representative for a distance of ~90 
km along the ALADIN measurement track (white stripe). The number of BRCs, residing within the defined circle, can-
not be higher than three according to the spatial collocation criterion. Aeolus, flying in a sun-synchronous polar orbit, 
provides measurements twice per day along its ascending (dusk orbit) and descending (dawn orbit) flight directions 
(orange arrow in Fig. 1-ii). For the ground-based observations, a time window of ± 1hour, centered at the satellite over-
pass (given in the title of the plot in Fig. 1-ii), is applied for the derivation of aerosols extinction/backscatter profiles 
above the station. Nevertheless, this temporal collocation criterion can be relaxed or shifted (only for few cases in the 
current study) depending on the homogeneity of the atmospheric scene aiming to improve the quality of the ground-
based retrievals as well as to increase the matched pairs with Aeolus L2A profiles. Overall, 32 cases satisfy the defined 
spatiotemporal collocation criteria in the vicinity of the urban sites of Athens (4) and Thessaloniki (22) and the remote 
site of Antikythera island (6). 
A critical component for the Aeolus Cal/Val studies is the inclusion of ancillary data in order to characterize, as much as 
possible, the probed atmospheric scene by ALADIN. This step is mandatory since such information is not yet available 
in the L2A files. Here, in order to overcome this issue, we are processing cloud coverage (high, middle, low; shaded 
areas in Fig. 1-ii) data from the SEVIRI instrument mounted on the METEOSAT second generation (MSG) geostation-
ary satellite, air-masses backward/forward trajectories simulated by FLEXPART (solid/dashed colored curves in Fig. 
1-ii), columnar total/speciated aerosol optical depth (AOD) derived by reanalysis products (MERRA-2, CAMS) and 
AERONET sun-photometric observations. Cloud coverage data are used for the removal of cloud-contaminated Aeo-
lus BRCs which can cause overestimations with respect to the cloud-free ground-based aerosol retrievals. Backward/
forward trajectories are used for the identification of air masses crossing ALADIN’s track and arriving (departing) at 
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(from) the station and the optimum selection of BRC(s) (if possible) which will be compared with the ground-based 
retrievals. Reanalysis AODs are able to depict the horizontal patterns in the surrounding station area, thus facilitating the 
interpretation of the potential departures between satellite and ground-based retrievals, while AERONET AODs serve as 
reference for the columnar load in the UV spectral region. 

3 Results

3.1 Overall assessment of Aeolus aerosol backscatter coefficient against ground-based retrievals
An overall assessment is performed only for the aerosol backscatter retrievals since the volume of the satellite-ground 
matched pairs, in contrast to the extinction coefficient retrievals, is sufficient enough to extract meaningful conclusions. 
The evaluation analysis has been made first for the raw L2A data (Figure 2) and then it has been repeated for the filtered 
ones (i.e., removal of cloud contaminated and noisy Aeolus profiles), presented in Figure 3. It must be clarified that for 
the calculation of the bias and RMSE scores all the available BRCs have been taken into account. Moreover, it must be 
noted that the range bin indices are used in the left y-axis instead of the altitude heights which vary both along the Aeolus 
orbit as well as among the studied cases. For the unfiltered Aeolus profiles, it is revealed a large overestimation of the 
beta values (up to 8 Mm-1 sr-1) near the ground (up to 1 km) and in the free troposphere (4-6 km), being more pronounced 
at the mid-bin vertical scale with respect to the regular one. These two atmospheric layer bands are also evident in the 
RMSE values, which can reach at extremely high levels (16 Mm-1 sr-1, Fig. 2i-b), thus indicating a poor performance by 
Aeolus and, at the same time, highlight the necessity of a better quality screening of the raw L2A profiles. This is justi-
fied by the remarkable improvement of the bias and RMSE metrics, both converging towards the ideal scores, when the 
“cloudy” and “noisy” profiles are removed from the collocated sample. This positive tendency is mainly evident above 
the planetary boundary layer (PBL) in contrast to the bottom bins which are affected by surface returns acknowledging 
also the reduced representativeness of the ground instruments near the surface (overlap).          

Figure 54: Bias (defined as satellite � ground retrievals; (a) and RMSE (b) metrics computed from the comparison of 
the raw Aeolus backscatter coefficient profiles against the corresponding ground-based retrievals acquired at the PANA-
CEA lidar stations. The obtained results are given separately for the: (i) regular and (ii) mid-bin Aeolus vertical scales. 
On the left y-axis it is indicated the index of the Aeolus range bin (up to 24 and 23 for the regular and the mid-bin verti-
cal scales, respectively) whereas on the right y-axis it is provided the number of BRCs considered for the calculation of 
the evaluation metrics. 
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Figure 55: As in Figure 2 but for the filtered Aeolus backscatter coefficient profiles. 
3.2 Assessment analysis under different aerosol scenes

In this section, emphasis is given on specific cases, over the Antikythera island, characterized by different aerosol 
conditions. Since ALADIN emits circular polarized light and detects only the co-polar component of the return lidar 
signal, appropriate conversions (Paschou et al. 2020) must be applied on the ground-based linear products, thus ensur-
ing a fairer comparison. The magenta and blue PollyXT-ΝΟΑ profiles in Figure 4 represent the linear-derived (cross plus 
co-polar component) and the Aeolus-like backscatter (i.e., circular co-polar component), respectively. In addition, the 
step-like profiles correspond to the Aeolus backscatter coefficient reported at the regular (brown) and mid-bin (black) 
vertical scales.

The first case refers to a dust outbreak that took place on 10th July 2019 (Fig. 4-i) when depolarizing (i.e., non-spherical 
shape) mineral particles are probed by ALADIN. Under such conditions, the neglection of the cross-component of the 
backscattered light explains the departures between the magenta and blue profiles, with the latter ones residing closer 
to those given by Aeolus. Apart from the beta magnitude, Aeolus is also capable of reproducing the shape of the verti-
cal profile of the dust plume in the free troposphere. In the second case (Fig. 4-ii), fine particles, confined below 2 km 
over Antikythera, are transported from distant metropolitan areas and biomass burning regions, under the prevalence 
of the Etesian winds. Based on MERRA-2 and CAMS reanalysis products, homogenous weak aerosol loads, in agree-
ment with the AERONET sun-direct measurements as it concerns the intensity, dominate in the broader area. For this 
atmospheric scene, an excellent agreement between Aeolus and PollyXT is evident. Similar atmospheric circulation pat-
terns prevail for the case of 8th July 2020 (Fig. 4-iii). Nevertheless, the intensity of the recorded aerosol loads, consisting 
of sea-salt and sulphate particles, is stronger (AERONET UV AODs up to 0.5) whereas steeper horizontal gradients 
are evident around the station. At the vertical dimension, a contrasting behavior appears with Aeolus being capable to 
capture satisfactorily the shape and the magnitude of the backscatter profile below 2 km in contrast to the upper levels 
in which a misalignment of the local maximum it is observed. On the case of 5th August 2020 (Fig. 4-iv), due to the 
convergence of air masses carrying particles of different nature, mixing aerosol loads of moderate-to-high intensities, 
decreasing from west-to-east, are observed. A very good agreement between Aeolus and PollyXT it is revealed above 1 
km height while the comparison at the lower-most tropospheric layers is questionable due to the absence of complete 
vertical coverage from the ground (i.e., overlap).       
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Figure 56: Aeolus L2A SCA algorithm backscatter profiles, in the surrounding area of Antikythera, reported on two dif-
ferent vertical grids (atmospheric bin and atmospheric mid-bin vertical scales). PollyXT profiles, acquired at Antikythera, 
for the linear total (magenta) and the circular co-polar (i.e. Aeolus-like; blue) backscatter coefficient. The evaluation 
results are given separately for: (i) 10/7/2019 (dusk orbit), (ii) 3/7/2019 (dawn orbit), (iii) 8/7/2020 (dusk orbit) and (iv) 
5/8/2020 (dawn orbit).  

4 Conclusions
A first assessment of the Aeolus L2A products, focusing on the aerosol backscatter coefficient retrieved at 355 nm, with 
respect to ground-based measurements acquired at three lidar stations of the PANACEA RI, has been presented in the 
current study. The performed Cal/Val analysis contributes to the ongoing relevant works assigned to several research 
groups by the European Space Agency. A robust and comprehensive analysis requires the implementation of appropri-
ate conversions of the ground linear to circular optical products for consistency with Aeolus retrievals. Moreover, it is 
mandatory to apply a synergistic implementation of ancillary data towards characterizing the probed atmospheric scene, 
which currently is not feasible by Aeolus.
According to our findings, Aeolus’ performance in terms of reproducing the backscatter vertical profiles is remarkably 
improved after the elimination of cloudy and noisy profiles. However, strong deficiencies (i.e., overestimation) still 
remain within the PBL attributed mainly to the signal contamination by surface returns, but also to challenges faced by 
the ground-based lidar systems at this region. A better view of Aeolus capabilities and limitations has been enabled by 
emphasizing on specific cases under various aerosol scenarios. As expected, the reliability of Aeolus backscatter coef-
ficient degrades (i.e., underestimation) when non-spherical particles are recorded in the atmospheric scene due to the 
lack of detection of the cross-component of the received light by ALADIN. Similar findings are expected for volcanic 
ash particles and cirrus crystals. The agreement between spaceborne and ground-based retrievals depends at a large de-
gree on the particles’ shape as well as on the observational geometries. It must be mentioned that the current work will 
serve as a pilot for an ongoing more extended Cal/Val study in the framework of the EARLINET network. Finally, the 
optimum evaluation of Aeolus’ L2A retrievals can be achieved only versus the EVE mobile reference lidar system, co-
developed by the National Observatory of Athens, the Ludwig-Maximilians-Universität and Raymetrics SA, providing 
well-characterized fiducial reference measurements. Thanks to its architecture, EVE mimics ALADIN’s observational 
geometry and concept, whereas can justify the validity of the conversion formulas for the derivation of circular optical 
products from the linear ones and vice versa. 
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Abstract: This study examines the spatio�temporal distribution of wildfire occurrence and characteristics in the Medi-
terranean Basin, relying on remote sensing data, as well as their correlation with fluctuations of the biomass burning 
aerosol load, during the last 19 years (from 2001 to 2019). For this purpose, a fully automated process for the calcula-
tion of the Normalized Burn Ratio (NBR) Index, based on Moderate Resolution Imaging Spectroradiometer (MODIS) 
Surface Reflectance, has been developed. We examine the relation between carbonaceous (organic and black carbon) 
aerosol optical depth, obtained from MERRA-2 (Modern-Era Retrospective analysis for Research and Applications, 
Version 2), and the difference between pre- and post-fire NBR. 

1 Introduction
One of the most serious environmental hazards, with severe effects not only on environment, but also on modern society 
and economy, are fires (Bowman et al., 2009). Fires are closely linked with a wide variety of ecological disturbances, 
as well as climate change. Fire aerosols, originating from burning of biomass and fossil fuel, contain rich carbonaceous 
compounds (organic and black carbon; Hatzianastassiou et al. 2019, Fujii et al., 2014), which can directly or indirectly 
affect climate (Hatzianastassiou et al. 2019). The extension of fire season combined with an observed increase in fire 
frequency, burned area and fire severity have risen awareness within both the society and the scientific community 
(Koutsias et al. 2013).
The Mediterranean basin is a climatically sensitive region, since it is threatened by desertification (IPCC, 2007, 2013) 
and therefore the study of the wildfires and biomass-burning aerosols is of particular interest. This study examines the 
spatio-temporal distribution of wildfires in the Mediterranean basin, during 2001 � 2019, as well as their correlation with 
carbonaceous aerosols (organic and black carbon) using remote sensing data. 

2 Data and Methodology
Burned area data and fire ignition dates are calculated from Moderate Resolution Imaging Spectroradiometer (MODIS) 
Terra and Aqua combined MCD64A1 Version 6 Burned Area product. In particular, monthly gridded burn area data for 
the period 2001-2019, with a spatial resolution of 500 m, are used to estimate the date on which the burn occurred and 
classify this date as “burning date” within each calendar month. Furthermore, the Terra and Aqua MCD43A4 Version 6 
Nadir Bidirectional Reflectance Distribution Function (BRDF)-Adjusted Reflectance (NBAR) daily dataset on the same 
spatial resolution is employed for the calculation of the Normalized Burn Ratio (NBR), using reflectances in the near 
infrared (NIR) and short-wave infrared (SWIR) bands, according to the formula:

NBR=(NIR-SWIR)⁄(NIR+SWIR) 
For each pixel considered as burned, we estimate the burn severity by the difference between pre-fire and post-fire NBR, 
as: 

ΔNBR=NBRpre-fire-NBRpost-fire 
where NBRpre-fire and NBRpost-fire are the ΝBR 8 days before and 8 days after the fire ignition date, respectively. This 16-
day difference between pre-fire and post-fire NBR is required to account for the inversion moving window (16 days) 
used in the MCD43A4 product and to ensure that the pre-fire and post-fire NBR values are respectively calculated only 
from the inversion of pre-fire and post-fire reflectances (Melchiorre and Boschetti 2018). In the analysis, we consider 
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that the detected fires are of moderate to high severity when ΔNBR is larger than 0.44 (Lutes et al., 2006). 
The monthly carbonaceous (organic and black carbon) columnar aerosol optical depth (AOD) at the wavelength of 550 
nm is taken from Modern–Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2, Gelaro et 
al. 2017). These data are provided on a horizontal resolution of 0.5° x 0.625°. 
All the data used for this study spans from January 2001 to December 2019 and our study region is the broader Mediter-
ranean basin extending from 30° N to 48° N and from 10° W to 40° E. 

3 Results
In order to provide an overall assessment of the interannual variation of fires in the Mediterranean basin (MB), we com-
puted the total burned area per month for the MB during our study period. In addition, we computed the total MB burned 
area based only on fires characterized by moderate to high severity according ΔNBR. Both datasets are compared with 
the regional average AOD of carbonaceous aerosol particles (Fig. 1). A large month-by-month and year-by-year vari-
ability of both burned area and AOD is evident.
As indicated by the MODIS-identified monthly burned area, much more extensive biomass burning (mostly wildfires) 
occurs during summer, with the maximum in August. A small secondary maximum is observed during spring (mainly in 
March), possibly associated with agricultural activities in the eastern parts of our study region (Balkans and Ukraine). 
The highest carbonaceous aerosol load is also observed during summer (maximum in August), with relatively high AOD 
values also during spring, possibly associated with both agricultural fires and biogenic emissions. During winter, the 
very low biomass burning in combination with the effective removal of aerosol particles by rainout and washout pro-
cesses, result in relatively low AOD. The main sources of carbonaceous particles in the atmosphere during this season 
are urban/industrial activities.

Fig. 1. Time-series of monthly burned area (red) and MODIS carbonaceous AOD (blue) averaged over the Mediterra-
nean basin. Upper: total burned area. Lower: burned area associated with moderate to severe fire events (ΔNBR>0.44). 

Very extensive biomass burning occurred in 2017 (mainly in the Iberian Peninsula) with a total of 2,000,000 ha burned 
during August, of which almost 200,000 ha are associated with severe wildfires (Fig. 1). Moreover, in October 2017, 
despite the lower total burned area over the broader Mediterranean basin, significant fire events occurred in Portugal 
(200,000 ha of moderate to severe burned areas). The maximum organic and carbonaceous AOD in 2017 is observed 
during August and reached 0.05 (regionally averaged value over the study region), being the highest value between 2001 
and 2019. During summer 2007 extensive biomass burning occurred mainly in the eastern parts of our study region and 
especially Greece. According to MODIS, moderate to severe burned areas reached 180,000 ha in August 2007, the ma-
jority of them due to large wildfires in Greece. During the western European heatwave of 2003, strong biomass burning 
occurred, resulting in up to 150,000 ha (August) of moderate to severe burned areas, mostly in Portugal. 
It is evident in Fig. 1 that the carbonaceous particles aerosol load is not very well correlated with the burned area. This 
is due to the fact that significant amounts of biomass burning aerosols observed in the Mediterranean basin are not lo-
cally produced, but rather advected under suitable synoptic conditions from remote sources, such as wildfires in western 
Russia in summer 2010 and 2013 and Quebec, Canada in summer 2002 (results not shown here). It is also worth men-
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tioning that, biomass burning aerosols produced locally can be transported away from the study region. Moreover, small 
fire-events does not affect significantly the biomass-burning aerosol load. For example, the pronounced maximum of 
total burned surface area during August 2008 (Fig. 1, upper panel) is mainly associated with a large number of relatively 
small fire events (mainly agricultural fires in Ukraine) and its influence on the AOD is rather limited. The carbonaceous 
AOD is slightly better correlated with fire events characterized by at least moderate to high severity, with a correlation 
coefficient of about 0.5.
There is no statistically significant trend of the burned area in the Mediterranean basin during 2001-2019. However, the 
carbonaceous aerosol load increase by 0.003 per decade and this trend is found to be statistically significant at the 95% 
confidence level according to the Mann-Kendall test. These results indicate that the increased presence of carbonaceous 
particles may be associated with increased biomass burning outside our study region (such as in Russia). 
In order to illustrate the fire severity according to ΔNBR values and their effect on the increase in the carbonaceous 
aerosol load in the broader study region, we selected and analyzed two cases (August 2007 and October 2017) with very 
intense biomass burning.                                                                                                                            

Fig. 2. MODIS based ΔNBR (i) and MERRA-2 carbonaceous AOD at 550 nm (ii) in August 2007                                                

Fig. 3. MODIS based ΔNBR (i) and MERRA-2 carbonaceous AOD at 550 nm (ii) in October 2017.
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During the fire season of summer 2007, Greece experienced the worst natural hazard in its modern history and one of 
the worst ones at the European level (Molina-Terrén et al, 2019). More specifically, in August 2017 the MODIS based 
ΔNBR was found to be larger than 0.4 in the burned areas of southern Greece indicating a very high fire severity (Fig 
2-i), while carbonaceous AOD, according to MERRA-2, reached 0.12 (Fig. 2-ii). In general, relatively high carbona-
ceous AOD was observed in the eastern Mediterranean basin, including the Black Sea region, due to biomass burning in 
the eastern Balkan Peninsula and Ukraine. The latter events were mostly agricultural fires.
In summer and autumn 2017 significant fire events occurred in Portugal. The October 2017 wildfire events were among 
the worst at the European level during the last two decades, with a significant number of deaths and injuries (Molina-
Terrén et al, 2019). Indeed, as shown in our results, the ΔNBR value of October wildfires exceeded 0.6 in many 500 m 
cells (Fig. 3-i). Due to these events, the biomass burning AOD reached values as high as 0.22 (Fig. 3-ii). Nevertheless, in 
the rest of the Mediterranean basin, the biomass burning during this month was relatively low, resulting in low biomass 
burning AOD values over the study region (deep blue colors in Fig. 3ii) and smaller regional mean biomass burning 
AOD in October 2017 than August 2007 (Fig. 1).

4 Conclusions
A fully automated process for the calculation of the pre- and post- fire Normalized Burn Ratio (NBR), based on MODIS 
Surface Reflectance, has been developed and implemented. We examined the relation of wildfires events and associated 
burned areas with carbonaceous (organic and black carbon) aerosol optical depth, in the broader Mediterranean basin, 
obtained from MERRA-2 reanalysis. The wildfires were also characterized with regards to their severity using the dif-
ference between pre-fire and post-fire Normalized Burn Ratio. We found that in general there is some co-variability of 
the two parameters, namely the regional mean total burned area and carbonaceous AOD. They both follow a similar 
annual cycle, with higher values in summer. Indeed, in cases with strong biomass burning within our study region, the 
carbonaceous AOD was higher. Yet, we did not find a strong correlation between AOD and total burned area, although 
the correlation was stronger for the total burned area associated with fires of moderate and high severity. The absence of 
a stronger correlation is due to the fact that significant amounts of biomass burning aerosols observed over the Mediter-
ranean basin are advected from sources outside the study region. The increased wildfires events outside our study region 
is possibly the main cause of the increasing trend of the carbonaceous AOD, which is not found for the total Mediter-
ranean burned area. 
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Abstract: The METEO unit at the National Observatory of Athens operates the NWC SAF (Support to Nowcasting 
and Very Short Range Forecasting Satellite Application Facility) system since 2016. NWC SAF combines satellite and 
numerical weather prediction (NWP) data along with certain auxiliary datasets to generate meteorological products 
that can be used for the support of nowcasting and very short-range forecasting. In the present work, the 2016 version 
of the NWC SAF software, driven by the HERMES (based on the WRF model) operational forecasts, is utilized. We 
employ the daytime algorithm of the Convective Rainfall Rate (CRR) and Convective Rainfall Rate based on Cloud 
Physical Properties (CRR-Ph) products with Meteosat Second Generation Spinning Enhanced Visible and InfraRed 
Imager (MSG SEVIRI) imagery, to estimate instantaneous convective rainfall rates every 15 minutes over the Greek 
territory for 2018. These estimations are compared against rainfall measurements provided by the dense network of 
surface automated weather stations operated by the National Observatory of Athens. Both products tend to overestimate 
the precipitation areas and present deviations from the recorded precipitation totals, but in general CRR-Ph outperforms 
CRR, especially under good illumination conditions. Some seasonal variations were identified with the most prominent 
being the worst performance during spring.  

1 Introduction
The use of satellite infrared, visible and water vapor imagery, lightning imagers and spaceborne passive microwave 
receivers and radars are widely used towards the estimation of meteorological, climatological and environmental pa-
rameters like temperature, humidity and wind at the surface or pressure levels, precipitation, cloud properties, vegeta-
tion cover and wildfires detection. Especially for the estimation of precipitation, numerous methodologies have been 
developed (e.g. Roebeling and Holleman 2009, Chadwick et al. 2010, Feidas and Giannakos, 2011, Ricciardelli et al. 
2014, Kühnlein et al. 2014).
NWC SAF provides operational services to ensure the optimum use of meteorological satellite data in Nowcasting and 
Very Short Range Forecasting. The software packages for geostationary and polar satellites are offered to interested par-
ties through the website http://www.nwcsaf.org. The METEO unit at the National Observatory of Athens operates the 
NWC SAF system since 2016. The “Convective Rainfall Rate” (CRR) and “Convective Rainfall Rate based on Cloud 
Physical Properties” (CRR-Ph) are widely used by NOA’s forecasting unit. Instantaneous rain rates of the CRR-Ph prod-
uct can be found in https://www.meteo.gr/meteomaps/ under the menu “SATELLITES” (Europe: Convective Rainfall 
/ Greece: Convective Rainfall). The reader can find information about the NWC SAF and the two products in Marcos 
et al. (2015), Marcos et al. (2016a, b, c), Le Gléau (2016a, b), Kerdraon and Le Gléau (2016), Pelajić (2016), Tapiador 
et al. (2019) and Hill et al. (2020).
In the present work we assess the estimation skill of the CRR nighttime and CRR-Ph algorithm of v2016 NWCSAF, 
without distinction between convective and non-convective events. The assessment of the overall reliability of the 
products is essential in every-day operational forecasting. The identification of an air-mass and the associated precipita-
tion as convective or non-convective or of mixed nature is an often difficult and certainly time-consuming task. In fact, 
sometimes air masses and the associated precipitation could be characterized as convective or non-convective, depend-
ing on the criteria used. So, the overall assessment of the skill of the products can indicate whether these products should 
be used in forecasting and nowcasting operations without a-priory knowledge of the convective properties of the air 
masses, and also in borderline situations between convective and non-convective events.

2 Data and Methodology
We compare the CRR and CRR-Ph instantaneous rain rates against rain gauge measurements from the dense network of 
surface automated weather stations operated by the National Observatory of Athens (NOA) for a full year. 375 stations 
with over 85% availability of data are used in the analysis. More about the weather stations network can be found in 
Lagouvardos et al. (2017). 
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2.1 The CRR and CRR-Ph products
The CRR instantaneous rain rate estimations of the CRR nighttime algorithm and the CRR-Ph are computed every 15 
minutes. CRR uses the 10.8 μm brightness temperature (IR) and 6.2 μm brightness temperature (WV) to compute the 
rain rate according to the symmetric bell-shaped curve formulae:

where RR is the rainfall rate in mm/h and H(IR), C(IR) and W(IR) are coefficient functions computed using IR data. The 
Cloud Top Height (CTTH) product is used as a mask to exclude non-cloudy pixels from the CRR analysis. 
For the computation of CRR-Ph estimations, information of other NWC SAF products (namely the Cloud Top Phase 
(CTP), the Effective Radius (Reff) and the Cloud Optical Thickness (COT)) are used. The Cloud Water Path (CWP) is 
computed from Reff and COT following the formulae: 

Finally the instantaneous CRR-Ph rainfall rate (RR) is computed according to the equation:

Reff and COT require visual channels, so the CRR-Ph product is computed only for cloudy pixels during daytime. A 
quality parameter, namely the illumination quality flag (crrph_iqf) is also computed and it provides information about 
the reliability of the estimations in relation to the sun illumination conditions. Higher crrph_iqf values that correspond to 
lower Solar Zenith Angles (SZA), indicate better illumination conditions. Parallax correction is applied to the products.

2.2 The Weather Research and Forecasting model (WRF)
NWC SAF products require numerical weather prediction (NWP) data fields as input. These data are provided by the 
version 3.9.1 of Weather Research and Forecasting (WRF) model (Skamarock et al. 2008). These fields include surface, 
2 m above ground, and pressure level parameters, like temperature, humidity, wind speed, pressure, geopotential height 
and stability indices.
Initial conditions are extracted by the daily 00:00 UTC 0.5° × 0.5° spatial resolution and 6-h temporal resolution Global 
Forecast System (GFS) data, which are provided by the National Centers for Environmental Prediction (NCEP). High-
resolution (0.083° × 0.083°) sea-surface temperature analyses, provided by NCEP, are also used for the initialization. 
The model forecasts are initialized daily at 00:00 UTC (t + 0) and they extend to t + 84 h, allowing for a 12-h spin-up 
of the WRF model.

2.3 Data preparation and statistics computation
All data were spatially and temporally resampled. First, a time shift of 10 minutes was applied to each SEVIRI time slot 
to take into account the time required by the instrument to scan the Greek area. Then, each weather station was matched 
with the closest SEVIRI pixel, making 375 station-SEVIRI pixel pairs. Figure 1 presents the sites of the rain gauges and 
their paired SEVIRI grid point.

Fig. 1. POD for CRR (a) and CRR-Ph (b) for increasing 30 minutes rain gauge totals thresholds.
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The rain gauges of the weather stations are  reporting rainfall totals every 10 minutes starting at 00:00 UTC. In order to 
make theme comparable to the NWCSAF estimations, the HH:10, HH:20 and HH:30 totals were added to compute the 
HH:00-HH:30 total, while HH:40, HH:50, (HH + 1):00 totals were added to computed the HH:30-(HH + 1):00 total. 
In order to compute the CRR and CRR-Ph precipitation estimation totals, each 15 minutes precipitation rate was divided 
by a factor of 4. Then the HH:10 and HH:25 totals were added to compute the HH:00-HH:30 CRR/CRR-Ph total and 
HH:40 and HH:55 totals were added to compute the HH:30-(HH + 1):00 CRR/CRR-Ph total. 
After the computation of the 30 minutes values for rain gauges and CRR/CRR-Ph data, a series of error and categorical 
statistics were computed. Mean Observed Value (MEAN), Mean Error (ME), Mean Absolute Error (MAE) and Mean 
Absolute Error to Mean Observed Value ratios (ME/MEAN) are analyzed to highlight the quantitative success of the 
products, while Probability of Detection (POD) and False Alarm Rate (FAR) are analyzed towards an assessment of the 
success in the delineation of precipitation areas. 

3 Results
Τhe categorical and error statistics for the CRR nighttime algorithm are presented in Table 1. Pairs of 0 mm values for 
CRR and rain gauges data were excluded from the computation of the error statistics.

Table 1. Categorical and error statistics for CRR on annual and seasonal basis.

According to the error statistics, the performance of the estimation of CRR precipitation totals is rather poor, as indicated 
by the fact that MAE presents values higher than the MEAN. ME is negative, suggesting that an overall underestima-
tion of the precipitation exists, except during spring when ME is very close to zero suggesting that the errors are more 
randomly distributed over and under the MEAN. The worst performance is found during spring, when the ratio of MAE/
MEAN is 1.9 while for the rest of the datasets ranges from 1.1 to 1.3.
Regarding the categorical statistics, POD is rather low, implying that a lot of precipitation cases are not identified by the 
CRR product. The increased FAR suggests that the product identifies large areas as precipitating, but no precipitation is 
recorded. The higher values of POD are during summer, while FAR peaks during spring.
The annual and seasonal verification statistics for crrph_iqf ≥80% for the CRR-Ph are presented in Table 2. Statistics for 
0%, 20%, 40% and 60% crrph_iqf thresholds where also computed but are not presented here. 

Table 1. Categorical and error statistics for CRR-Ph for crrph_iqf ≥80% on annual and seasonal basis.

The comparison of the statistics between different thresholds of crrph_iqf revealed some differences with a definite 
improvement towards the better illumination conditions, which suggests that better illumination conditions lead to 
improved estimations of the CRR-Ph rainfall rates. MAE is higher than the MEAN, indicating a relatively poor per-
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formance of the algorithm regarding the precipitation totals. An overestimation of precipitation totals is suggested by 
the positive ME. The MAE/MEAN ratio is higher during spring, implying that the worst estimation occurs during this 
season. 
POD is rather high, suggesting a good performance of CRR-Ph regarding the precipitation pixel counts. FAR presents 
high variability with and the higher values found during spring. Overall, these results imply that the product is successful 
enough in identifying the precipitation areas but it tends to overestimate their extent.
POD and FAR statistics were computed for increasing threshold values of the 30 minutes totals of rain gauge data for 
CRR and CRR-Ph. As shown in Figures 2a and 2b, a rapid increase of POD until the 2-3 mm / 30 minutes threshold is 
evident followed by a more gradual increase afterwards. The decreased performance of the algorithm for low precipita-
tion rates could be related to events of stratiform precipitation. FAR, which is not shown here, also increases with the 
increase of the precipitation threshold. Overall CRR and CRR-Ph present increased detection skill for precipitation rates 
over 3 mm / 30 minutes but their selectivity is rather low. 

Fig. 2. POD for CRR (a) and CRR-Ph (b) for increasing 30-min rain gauge totals thresholds.

4 Conclusions
Precipitation rate estimations of CRR nighttime and CRR-Ph algorithms of the NWC SAF v2016 were validated using 
rain gauge observations in the Greek area for a 1-year period (2018). The results are summarized in the following:
• CRR nighttime algorithm

• Identifies a significant proportion of the precipitation areas.
• Identifies successfully most of the heavy precipitation events.
• Overestimates the extent of the precipitation areas.
• Underestimates the precipitation rates.
• Overestimates the occurrence of heavy precipitation events.

• CRR-Ph
• Identifies most of the precipitation areas.
• Identifies almost all of the heavy precipitation events.
• Overestimates the extent of the precipitation areas.
• Overestimates precipitation rates.
• Overestimates the occurrence of heavy precipitation events.

Overall, both products present some shortcomings, mainly regarding the accuracy of the estimation of precipitation rates 
and the overestimation of occurrence of heavy precipitation events. However CRR-Ph was found to be successful in the 
delineation of precipitation areas, especially under good illumination conditions.
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Abstract: Operational monitoring of atmospheric gaseous and particular species of both tropospheric as well as strato-
spheric provenance are performed routinely by the Laboratory of Atmospheric Physics, Thessaloniki, Greece, using a 
suite of different ground based instruments including two Brewer spectrophotometers, multiple MAX-DOAS instru-
ments, a multi-wavelength Depolarization Raman lidar as well as a NILU-UV sun photometer, an FTIR spectrometer, 
a CIMEL photometer, etc. All instruments operate on the rooftop of the Physics Department in the Aristotle University 
of Thessaloniki, located in the city center of Thessaloniki. Most of the data records provided by these instruments span 
the better part of two decades. In the following we present the validation efforts of nearly three years of TROPOMI/S5P 
total ozone columns, total and tropospheric NO2, total HCHO, CO and CH4 columns as well as the cloud fraction. The 
high spatial resolution of the TROPOMI/S5P measurements permit the investigation on the effect of the spatiotemporal 
difference between the measurements, as well as other contributing factors. Overall, all operational TROPOMI/S5P 
products are covered by spatiotemporally collocated observations performed, or ingested, by the Laboratory of Atmos-
pheric Physics providing a comprehensive Synergistic Data Center for dedicated validation purposes.

1 Introduction
The TROPOspheric Monitoring Instrument (TROPOMI) onboard the Sentinel-5 Precursor (S5P) Sun-synchronous 
polar-orbiting satellite, was launched on 13 October 2017 to provide the atmospheric composition for atmosphere and 
climate research. The TROPOMI instrument is a space-borne, nadir-viewing, imaging spectrometer covering wave-
length bands between the ultraviolet and the shortwave infrared. As such, it provides daily global coverage of the major 
atmospheric constituents, such as total ozone, tropospheric columns of NO2, SO2, HCHO, total columns of CH4, CO, 
as well as aerosol and cloud products. The TROPOMI swath is 2600 km wide, and the ground resolution for most data 
products is 3.5 × 7 km2 (3.5x5.5 km2 since August 2019) at nadir.
The products are publicly available via the Sentinels Scientific Data Hub, https://s5phub.copernicus.eu/, and are rou-
tinely validated via the Mission Performance Center (MPC) Sentinel-5P Validation Data Analysis Facility portal, https://
mpc-vdaf.tropomi.eu/. The Routine Operations Consolidated Validation Report (ROCVR) is published quarterly and 
contains the validation findings for all operational TROPOMI products (ROCVR #9, 2020.)
The Laboratory of Atmospheric Physics, Aristotle University of Thessaloniki, LAP/Auth, is in a unique position to 
contribute with validation analyses, which are routinely submitted to the ROCVR as part of the MPC, since the suite of 
ground-based instrumentation, as well as other analysis tools, covers almost all the operational TROPOMI products. In 
the following, we present the validation between space-born and ground-based observations performed within the LAP/
Auth Synergistic Validation Data Center. 

2 Data and Methodology

Total ozone column validation
One of the two Brewer spectrophotometers operating at the Thessaloniki station (Brewer #005, single monochromator, 
type MKII), has been performing total ozone column measurements since 1982 (Bais et al., 1993). Its data record is 
rigorously quality-controlled (Fountoulakis et al., 2016) and extensively used for satellite total ozone validation studies 
(Garane et al., 2019). In Figure 1 the percentage difference of Brewer #005 total ozone measurements to TROPOMI/
S5P OFFL ozone product is shown for almost three years of continuous operations. The mean bias of the comparisons is 
-0.01 ± 1.92 % and the correlation coefficient between satellite and ground-based measurements is 0.975, showing the 
excellent quality of both sources of measurement. 
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Figure 1. The relative percentage difference between total ozone columns measured by TROPOMI/S5P and the Brewer 
spectrophotometer #005. 

The DOAS system, developed at LAP/AUTh, is a spectrograph with a CCD detector and is used for continuous simulta-
neous solar spectral radiance observations in a spectral range sufficient to retrieve total column densities of atmospheric 
trace gases (Drosoglou et al., 2017, Gkertsi et al., 2018). In Figure 2, left, the mean monthly percentage differences 
between S5P/TROPOMI- and DOAS-derived TOCs show a mild seasonal dependency, with positive differences dur-
ing the winter months and negative differences for the summer months. The associated scatter plot of the daily TOCs 
is shown in Figure 2, right. It appears that the data are evenly distributed close to the x=y line with a high correlation 
coefficient of 0.98 and slope of 1.01. 

Figure 2. Left. Time series of monthly mean percentage differences between S5P/TROPOMI and DOAS TOCs over 
Thessaloniki. Right. Scatter plot of the daily comparisons for the entire common period of observations between No-
vember 2017 and June 2020. 

Methane and carbon monoxide columns validation
Column-averaged dry air mole fractions of XCH4 and XCO are being measured in LAP/Auth since the 15th of January 
2019, using the Bruker EM27/SUN portable, ground-based, solar-viewing low resolution Fourier Transform spectrom-
eter provided by Karlsruhe Institute of Technology (KIT) (Topaloglou et al., 2020.) Total columns of CO2, O2, CH4 
and H2O can be retrieved from the spectral range 5500 to 12000 cm-1. The EM27/SUN spectrometer allows precise 
measurements of abundances of greenhouses gases, contributing to the COllaborative Carbon Column Observing Net-
work (COCCON), aiming to increase the global density of greenhouse gas observations. The dual-channel EM27/SUN 
FTIR instrument covers the same spectral range used by TROPOMI short-wave band used for CO and CH4 retrievals. 
Compared to TROPOMI measurements, the FTIR spectrometer CO and CH4 observations verify that the satellite data 
are within the official product requirements with a mean bias of 3.5±5.5% for CO (Figure 3, right) and 0±0.5% for CH4  
(Figure 3, column). 
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Figure 3. Scatter plots between S5P/TROPOMI and FTIR observations for CH4 (left) and CO (right). 

Tropospheric nitrogen dioxide column validation
Two mini MAX-DOAS systems operate at the LAP/AUTH since 2015. MAX-DOAS is a measurement technique that 
has proven to be a useful tool for the determination of vertical profiles and the integrated vertical column densities 
(VCDs) of various trace gases within the lower troposphere. Due to their high temporal resolution, MAX-DOAS mea-
surements can be used as reference data for the validation of satellite trace-gas measurements. Figure 4 shows a com-
parison between the OMI/Aura and S5P/TROPOMI-derived monthly mean tropospheric NO2 and HCHO VCDs and the 
respective MAX-DOAS VCDs. An underestimation of both satellite products is observed compared to the ground-based 
retrievals, while a very good and good correlation is found for S5P/TROPOMI NO2 (R=0.9) and HCHO (R=0.57), re-
spectively). Similar results were found in recent studies (Pinardi et al., 2020; Verhoelst et al., 2021) reporting that satel-
lite sensors tend to underestimate tropospheric NO2 columns, especially over large cities and major emission sources.

Figure 4. Monthly mean comparisons between the tropospheric VCDs reported by the satellite sensors OMI/Aura (in 
blue) and S5P/TROPOMI (in red) against corresponding values from ground-based MAX-DIAS instrument, for NO2 in 
the left and HCHO in the right, over Thessaloniki. 

Total nitrogen dioxide column validation
Comparisons between the S5P/TROPOMI total NO2 column and corresponding measurements by the DOAS instru-
ment between June and September 2020 are shown in Figure 5; left, where the diurnal variability of NO2 total column 
over Thessaloniki (green) is shown superimposed with the satellite observations (purple.) The DOAS system follows 
the expected and known diurnal variability, while, for the common hours of observation, the S5P/TROPOMI reports on 
average higher values of 10% ± 28.2%. In Figure 5, right, the scatter plot of the common observing times shows higher 
variability by the ground system (values range between 0 and 0.4 D.U.) compared to the satellite instrument (~0.2 D.U.)
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Figure 5. Left. Diurnal variation of the total NO2 column over Thessaloniki seen by the ground-based DOAS system 
(green) and S5P/TROPOMI (purple) between June and September 2020. Right. Scatter plot of the common hours of 
observation. 

Cloud fraction validation
The S5P/TROPOMI effective radiometric cloud fraction (CF) data, analysed by the OCRA/ROCINN CAL model with 
UPAS version 1, are validated against daytime surface synoptic observations, SYNOP, performed by an expert meteor-
ologist in the international airport of Thessaloniki. Comparisons are performed for the time period between November 
2017 and June 2020, allowing for an up to 3h difference between satellite overpass and ground-based observation. There 
is a good correlation between the two observational methods, shown in Figure 6, with a slope close to 0.9 and a linear 
correlation coefficient of 0.788. A constant bias between the two sets (18±21%) show an underestimation of the satellite 
algorithm, which however may also partly be attributed to the fact that the SYNOP observations are geometric and not 
radiometric. 

Figure 6. Density plot of the daily comparisons between S5P/TROPOMI and SYNOP cloud fraction over Thessaloniki, 
Greece.

3 Conclusions
LAP/Auth routinely contributes to the validation of the Level-2 data S5P/TROPOMI products using external and in-
dependent datasets to ensure the long-term monitoring of the TROPOMI instrument sensor performance and ageing as 
well as the S5P operational products. 
Overall, we report that the validation of the S5P/TROPOMI products to ground-based instrumentation in Thessaloniki, 
Greece, meets the product user requirements; the total ozone column comparisons with the Brewer spectrophotometer 
show a mean bias of -0.01±1.92% while the correlation to the DOAS observations is equally excellent, with R2 of 0.98. 
The tropospheric NO2 column comparisons to the MAX-DOAS system correlate well to the 0.9 R2 level, while the total 
NO2 column shows an overestimation of 10± 28%. The FTIR greenhouse gases observations compare excellently with 
TROPOMI, with a mean bias of 3.5±5.5% for CO and 0±0.5% for CH4.  Finally, the SYNOP cloud fraction observations 
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show an underestimation of the satellite cloud fraction, at the 18±21% level, however with a good linear correlation of 
0.79. 
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Abstract: Volcanic eruptions eject large amounts of ash and trace gases such as sulphur dioxide (SO2) into the atmos-
phere. The ability to quantify the spatial extent and magnitude of these ejecta has a considerable impact on air traffic 
safety. A significant difficulty in mitigating the impact of volcanic SO2 clouds on aviation is that these gas emissions 
can be rapidly transported over long distances. The use of space-based instruments enables the global monitoring of 
volcanic SO2 emissions in an economical and risk-free manner. The European Space Agency Sentinel-5p+ Innovation 
project (S5P+I) aims to develop novel scientific products to exploit the potential of the S5P/TROPOMI capabilities. We 
will present the SO2 Layer Height (S5P+I: SO2 LH) project activities which are dedicated to the generation of an SO2 

LH product and its extensive verification with collocated ground- and space-born measurements. On June 22nd, 2019, 
a vast plume of ash and volcanic gases with more than 1300 DU of SO2 was emitted during the eruption of the Raikoke 
volcano, Kuril Islands. This eruption could be detected even two months after the end of eruptive event, highlighting the 
importance of knowing the concentrations of airborne hazard at flight levels.  

Introduction
Volcanic eruptions eject large amounts of ash, aerosols and trace gases such as sulphur dioxide (SO2) into the atmos-
phere. The ability to quantify the spatial extent and actual magnitude of these ejecta was shown to have a considerable 
impact on air traffic safety as well as on human health. Regular and comprehensive ground-based monitoring, i.e. with 
the ability for proper quantitative forewarning on the eruptive magnitude, is carried out at only a limited number of 
volcanoes, for example Mt Etna, Italy. The vast amount of continuously erupting volcanoes are remotely located and 
hence ground-based monitoring is very limited. Hence, near-real-time (NRT) global observations of sulphur dioxide 
layer (SO2) amount, SO2 layer height (henceforth, SO2 LH) and aerosol load derived from satellite measurements provide 
unique and important information to quantitatively assess the possible impact of volcanic eruptions on air traffic control 
and public safety. The need for operational as well as accurate (≤2km in altitude) SO2 LH information became quite 
pronounced shortly after the Eyjafjallajökull (2010) and Grimsvötn (2011) eruptions.

The S5P+I: SO2 LH project is dedicated to the generation of a near-real-time driven SO2 layer height product for Sen-
tinel-5p taking into account data production timeliness requirements. Efremenko et al. (2017) have developed an algo-
rithm called ‘Full-Physics Inverse Learning Machine’ (hereafter referred to as FP_ILM) for the retrieval of the SO2 LH 
based on GOME-2 data. They have used a Principal Component Analysis (PCA) to reduce the dimensionality of the 
training reflectance spectra and a Principal Component Regression (PCR) scheme to train an inversion operator based 
on a training spectra dataset. In this way they create a mapping between the spectral radiance and SO2 LH using ma-
chine learning methods. They have applied their algorithm to the strong volcanic eruption of Mt. Kasatochi (in 2008) 
and Eyjafjallajökull (in 2010) detected by GOME-2. Hedelt et al. (2019) have improved the FP_ILM algorithm from 
Efremenko et al. (2017) and applied it to Sentinel-5 precursor/TROPOMI data. Instead of using a PCR scheme, they 
have used a Neural Network (NN) approach. When referring to the FP_ILM algorithm, we will hereafter always refer to 
the improved FP_ILM version of Hedelt et al. (2019).
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Figure 1. The Raikoke eruptive plume of June 22nd and 23rd, 2019, seen from the International Space Station, Credit: 
NASA Earth Observatory. 

Figure 2. Left. The Raikoke SO2 plume [D.U.] of June 23rd 2019, rising into the atmosphere as seen by S5P/TROPOMI. 
Right. The Raikoke SO2 plume [D.U.] of July 10th 2019, over Europe, as seen by S5P/TROPOMI.
The Raikoke June 2019 eruption 

On 22 June 2019 at 04:00h local time, the Raikoke stratovolcano located on the Kuril Islands (Russia, 551 m summit 
elevation) erupted explosively (VEI ≥ 4) after being dormant since 1924. There were several strong distinct explosions, 
producing a dense ash and SO2 plume that rose until about 13 km altitude the first days and was entrained into the strato-
sphere (Figure 1). This was the strongest volcanic eruption since the Merapi eruption in 2011, producing a colossal SO2 
plume with an SO2 loading of more than 900 DU on 22 June 2019 (Figure 2, left), that was dispersed by strong winds 
over Russia and North America, and was detectable even two months after the volcanic eruption (Figure 2, right). 

S5P/TROPOMI	Volcanic	SO2 Layer Height 



1004 | Remote Sensing

Figure 3. The evolution of the Raikoke SO2 layer height as seen by S5P/TROPOMI on the 22nd and 23rd [upper row], the 
24th [bottom left] and the 25th of June 2019 [bottom right.] The location of the volcano is also marked.

The evolution of the Raikoke SO2 layer height as analysed by the FP_ILM algorithm is shown in Figure 3, with the 
initial eruption on the 22nd and the 23rd of June shown in the upper row, the 24th of June in the bottom left and the 25th of 
June in the bottom right. Most of the SO2 plume rose higher than 10km and remained so for many days after the original 
eruptive event [Hedelt et al., 2020].

Comparison	with	CALIOP/CALIPSO	and	IASI/Metop	observations
As an independent satellite source for the validation of the ash layer height the Cloud‐Aerosol Lidar with Orthogonal 
Polarization (CALIOP) instrument on board the CALIPSO mission is used. CALIPSO is the first polarization lidar to 
provide global atmospheric measurements and is able to identify volcanic eruption plumes and data from its instruments 
have been used in numerous publications (see for e.g. Carn et al., 2015; Carboni et al., 2016).  For the validation of the 
TROPOMI/S5P SO2 LH products level 2 data different CALIPSO products are used which consist of three basic types 
of information: layer products, profile products and the vertical feature mask (VFM). Layer products provide layer‐
integrated or layer-averaged properties of detected aerosol and cloud layers (Figure 4, left), profile products provide 
retrieved extinction and backscatter profiles within these layers and the VFM was developed to provide information on 
cloud and aerosol locations and types (Figure 4, right.) 

Figure 4. Left. The total attenuated backscatter profile reported by CALIPSO on the 23rd of June 2019 includes strong 
signals from clouds as well as the Raikoke ash plume. Right. The aerosol typing provided by CALIPSO clearly identifies 
the ash particles [red circle.]
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Figure 5. Left. An example of the collocation between the S5P/TROPOMI SO2 layer height and the CALIPSO overpass, 
denoted as a red line with colour-coded circles for the retrieved ash height for June 28th. Right, upper. Scatter plot of 
the layer height reported by the two sensors for four days after the eruption. Right, lower. Histogram representation of 
the differences, including statistics. 

In Figure 5 an example of the spatiotemporal collocation between CALIPSO and S5P observations is shown in the left 
for June 28th, 2019. The layer height retrieved by both sensors is colour-coded, with the far narrower swath of CALIPSO 
depicted by the thin red line, superimposed with coloured circles denoting the retrieved layer height. In Figure 5, right, 
the comparison for all collocations between the two sensors for the 23rd, 24th, 25th and 28th of June 2019 is shown. The 
mean difference is found to be ~0.5±2 km while the spread of the retrieved height is quite similar, between 12 and 15km, 
with S5P reporting a few cases exceeding this range. 

The University of Oxford employs an optimal estimation scheme (Carboni et al., 2012; 2016) to estimate SO2 column 
amount, the height of the SO2 profile, and the surface radiating temperature as observed by the Infrared Atmospheric 
Sounding Interferometer, IASI, aboard the EUMETSAT/ESA MetOp satellite fleet. The IASI spectral range encom-
passes three SO2 absorption features two of which are used in the SO2 retrievals. These are centred at about 8.7μm (ν1 
band) and 7.3μm (ν3 band) bands. The SO2 ν1 band is located within an atmospheric window. This allows the radiation 
from the surface to reach the satellite from deep within the atmosphere enabling the retrieval of SO2 amount down to the 
surface. In the algorithm, the SO2 concentration is parametrized as a Gaussian profile in pressure with a 100mb spread.
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Figure 6. SO2 layer height retrieved by IASI/MetopA of the 23rd of June 2019. Left. Morning overpass. Right. Evening 
overpass [~2h later.] 

Figure 7. Scatter plot for spatiotemporal collocations between S5P/TROPOMI and IASI/�etopB for the morning over-�etopB for the morning over- for the morning over-
passes of June 22nd [left] and June 23rd [right] 2019. The error bars are reported by the IASI dataset.

In Figure 6, IASI/MetopA observations of the Raikoke SO2 layer height is shown for the morning overpass in the left 
and the evening overpass in the right pane. The fact that IASI senses in the infrared permits a dual observation during 
a single day, however for the comparisons with TROPOMI which is a UV-VIS sensor, only morning IASI observations 
are included in the comparisons performed. 

An example of the validation performed between TROPOMI and IASI SO2 layer height is shown in Figure 7 for the 
morning overpasses of June 22nd [left] and June 23rd [right] 2019. Overall, the range of layer heights reported by IASI 
is far wider, with heights between 5 and 20 km, while TROPOMI reports a more compact plume between 10 and 15km 
for the days in question. In order to try and exclude the temporal difference between the Metop and the S5P visit times, 
the NOAA Hybrid Single Particle Lagrangian Integrated Trajectory Model, HYSPLIT, will be used in the near future to 
compute air parcel trajectories and deposition or dispersion of the volcanic plumes and forecast the altitude that the IASI 
[morning orbit] plume have reached by the time of the S5P [afternoon orbit] observations. 

Conclusions
In this work, the SO2 layer heights reported by the FP_ILM SO2 LH algorithm applied on S5P/TROPOMI observations 
as part of the European Space Agency S5P+ Innovations project have been compared to independent observations for 
the 2019 major volcanic eruption of the Raikoke stratovolcano, Kuril Islands, Russia. Overall, we confirm the initial 
study by Hedelt et al., 2019, who reported that in general, a very good agreement between the IASI and TROPOMI re-
sults is found and an excellent agreement with the CALIOP/CALIPSO LIDAR data, measuring the Raikoke ash plume. 
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Abstract: The strict enforcement for near total lockdown of the Greek population due to the Severe Acute Respira-
tory Syndrome CoronaVirus-2 (COVID-19) pandemic in March 2020 has offered a unique opportunity to study the 
contribution of vehicular nitrogen dioxide (NO2) emissions to the country’s air quality. S5P/TROPOMI monthly mean 
NO2 observations show an average decrease of -3% to -26% [-1% to -27%] with an average of -22% [-11%] for March 
and April 2020 respectively, compared to the previous year, over the six larger Greek metropolitan areas, attributable 
mostly to vehicular emission reductions. Furthermore, significant effects for shipping emissions over the Aegean Sea 
as well as surrounding major Greek ports were observed, of approximately -12% [-5%]. For the capital city of Athens, 
weekly analysis was possible which revealed a marked decline in NO2 load between -8% and -43% for seven of the 
eight weeks studied. Chemical transport modelling, provided by the LOTOS-EUROS CTM, shows that the magnitude 
of these reductions cannot solely be attributed to the difference in meteorological factors affecting NO2 levels. Taking 
this factor into account, the resulting decline was estimated to range between 0% and -37% for the largest Greek cities, 
with an average of ~ -10%.

1 Introduction
In the following paper we will discuss the decline in tropospheric nitrogen dioxide (NO2) levels over Greece during 
the lockdown enforced by the Severe Acute Respiratory Syndrome CoronaVirus-2, commonly known as COVID-19, 
pandemic, observed by the satellite instrument space-borne S5P/TROPOMI, here after TROPOMI. We demonstrate the 
improvement in local and regional air quality due to the reduced nitrogen oxides (NOx) emissions by comparing the 
relative NO2 levels for March and April 2019 and 2020, while accounting for differences due to meteorological factors 
using a Chemical Transport Model, CTM, simulations. 
2 Data and Methodology

2.1. TROPOMI NΟ2 observations
The TROPOMI instrument flying on the Sentinel-5 Precursor (S5P) mission (Veefkind et al., 2012) has been providing, 
since early 2018, global observations of ozone, nitrogen dioxide, carbon monoxide, sulfur dioxide, formaldehyde, and 
methane, as well as aerosol and cloud properties. Its very high spatial resolution [3.5 × 7 km2, 3.5 × 5.5 km2 since August 
2019] and improved signal-to-noise ratio compared to previous space-borne instruments, allows the study of tropo-
spheric pollution from small-scale emission sources and the estimation of very localized emissions from anthropogenic 
activities. For the purposes of this work, we use the publicly available TROPOMI offline v1.2 and v1.3 for March-April 
2019 and for March-April 2020 tropospheric NO2 data accessed via the Copernicus Open Data Access Hub. Orbital files, 
between 19° and 30°E and 34° and 42°N, were gridded onto a 0.10x0.05° grid using the Atmospheric Toolbox® for dif-
ferent temporal scenarios. The data have been filtered, using the quality flag indicator ≥ 75 assuring the data under this 
flag is restricted to cloud-free (cloud radiance fraction < 0.5) and snow-ice free observations

2.2. LOTOS-EUROS CTM NO2 simulations
The open source chemical transport model LOTOS—EUROS v2.2.001 is used to simulate NO2 columns over Greece 
for March and April 2019 and 2020. The LOTOS-EUROS model is the national air quality model for the Netherlands 
(Vlemmix et al., 2015) and is aimed at air pollution studies in the troposphere simulating gases as well as aerosols. 
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LOTOS-EUROS also participates at the operational Copernicus Atmosphere Monitoring Service (CAMS) consisting 
one of the seven CTMs that provide the official ensemble air quality forecasting service while it has already been used 
to investigate NO2 values (Timmermans et al., 2011; Curier et al., 2012). A detailed evaluation of the LOTOS-EUROS 
NO2 simulations over Greece (Skoulidou et. al., 2021) have showed that the simulations for the surface NO2 concentra-
tion compare favourably to situ concentration measurements,  with coefficients between 0.42 to 0.55 for the different 
air quality stations studied. Furthermore, the simulated NO2 tropospheric columns show a satisfactory correlation to 
ground-based MAXDOAS columns, with coefficients between 0.41 and 0.55 for the urban and between 0.58 and 0.64 
for remote directions In this work, the simulations follow the domain chosen for the satellite observations, i.e. between 
19° and 30° East and 34° and 42° North, with a grid resolution of 0.1°×0.05° (longitude × latitude). 

2.3. Comparative Methodology
One would assume it would be sufficient to simply compare the NO2 levels over Greece for the two periods, assuming 
that the emission sources have not changed dramatically between 2019 and 2020. However, meteorological conditions, 
such as wind speeds, temperature inversions and the depth of the boundary layer, often play pivotal roles in local air 
quality levels (Jacob and Winner, 2009), and hence the effects that various meteorological parameters have on NO2 lev-
els cannot be disregarded. To ascertain that the observed decrease in NO2 levels was not due to different meteorological 
conditions, relative differences of the simulated NO2 columns provided by the LOTOS-EUROS model have been cal-
culated and their average magnitude is assumed to be the expected contribution by meteorology. This magnitude hence 
gives a standard level above which we expect COVID-19 related, i.e. emission-related, reductions. The idea of this 
thinking is that differences in the satellite observations will contain the intertwined effect on concentrations by differenc-
es in emissions as well as by differences in meteorology. For the CTM, the emissions are assumed to be constant for the 
two periods while the meteorology changes in the input files. In this manner we can isolate the impact of meteorology 
on the simulated concentrations. We cannot of course exclude the possibility that the LOTOS-EUROS model has biases 
in the resulting NO2 column which depend on the meteorological conditions, for example due to uncertainties in mixing 
under stable conditions, however we expect those to smear out for the spatiotemporal scales studied. In this point we 
should also note that the satellite observations do not usually cover the entire domain, especially in spring-time months, 
since in the suggested quality assurance screening only cloud-less observations remain. Even in typically sunny-Greece, 
spring-time months are rainy months which means that a one-to-one comparison of the satellite observations for the two 
periods, even on a weekly basis, is most times not possible. 

3 Results
The monthly mean TROPOMI tropospheric NO2 columns, in 1015 molecules/cm2, have been calculated for the two ma-
jor cities in Greece, the capital city of Athens [37.98° N, 23.72° E] and the second largest city, Thessaloniki [40.64° N, 
22.94° E]. These two cities hold approximately half of the country’s population, at 4.45 out of 10.8 million inhabitants 
in Greece and are considered the major traffic emissions hotspots of the country. In Fig. 1 these are depicted for March 
2019 [left column] and 2020 [right column] for six major cities in Greece top to bottom, namely, Athens [37.98° N, 
23.72° E], Thessaloniki [40.64° N, 22.94° E], Larisa [39.63° N, 22.41° E], Volos [39.36° N, 22.95° E], Patra [38.24° N, 
21.73° E] and Heraklio [35.33° N, 25.14° E].
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Fig. 1 Monthly mean TROPOMI tropospheric NO2 columns, in 1015 molecules/cm2, for March 2019 [left] and March 
2020 [right] for the six largest cities in Greece. 

For comparative purposes, all six major cities in Greece, from left to right, Athens, Thessaloniki, Larisa, Volos, Patra 
and Heraklio, are analysed in Fig. 2 where the monthly mean TROPOMI tropospheric NO2 columns, in 1015 molecules/
cm2, for March [left] and April [right] for the 2019 [blue] and 2020 [orange] are presented. Overall, the NO2 levels are 
proportional to each city’s population, with Athens and Thessaloniki in the lead and the remaining four presenting simi-
lar air quality conditions. 
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Fig. 2. Monthly mean TROPOMI tropospheric NO2 columns, in 1015 molecules/cm2, for March [left] and April [right] 
for the 2019 [blue] and 2020 [orange] for the five major cities in Greece, from left to right, Athens, Thessaloniki, Larisa, 
Volos, Patra and Heraklio.

As was expected, from the average weekly NO2 load over Athens sensed by TROPOMI shown in Fig. 3, left panel, we 
can infer that the highest decrease due to the COVID-19 preventive measures is indeed observed over the Greek capital 
city of Athens (Koukouli et al., 2021). The contribution of the meteorological factors to these estimates can be assessed 
by the equivalent LOTOS-EUROS weekly averages, shown in the right panel of Fig 3. In both panels, the 2019 averages 
are shown in blue and the 2020 ones in orange, for the eight weeks of March and April.

Fig. 3. Weekly mean TROPOMI (left) and LOTOS-EUROS (right) tropospheric NO2 columns, in 1015 molecules/cm2 
for Athens.

4 Conclusions
In this work, Sentinel-5P/TROPOMI tropospheric NO2 observations were studied in order to examine the possible 
positive effect on Greek air quality caused the recent COVID-19 pandemic lockdown. The time period between March 
and April 2020, and the equivalent weeks in 2019, were analyzed and compared for six, largest in population, cities 
in Greece. In order to eliminate the expected meteorological effects on the observed NO2 levels, Chemical Transport 
Modelling simulations, provided by the LOTOS-EUROS CTM, show that the magnitude of these satellite-sensed reduc-
tions cannot solely be attributed to the difference in meteorological factors affecting NO2 levels during March and April 
2020 and the equivalent time periods of the previous year. Taking this factor into account, the resulting decline due to 
the COVID-19 related measures was estimated to range between 0% and -37% for the five largest Greek cities, with an 
average of -10%.
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Abstract: Clouds play an important role in the Earth’s climate, by modulating the radiation budget and the water 
cycle. The observation of clouds is crucial to study their formation, evolution, properties, radiative effect, as well as to 
evaluate and improve their representation in climate and weather forecast models. Nevertheless, high-quality vertically-
resolved cloud observations above the Eastern Mediterranean are sparse. In this work, collocated lidar/radar observa-
tions are used to retrieve the vertical profiles of cloud properties above the Eastern Mediterranean. The study utilizes the 
measurements collected during the Pre-TECT experiment, between 1st and 30th April 2017, at the Greek atmospheric 
observatory of Finokalia, Crete (University of Crete). We investigate three cases with clouds formed in (i) a cyclone, 
(ii) the area between two air masses with different thermodynamic characteristics, and (iii) the presence of an intense 
dust event. The cloud geometrical and microphysical properties are derived using the Cloudnet target classification 
algorithm over Finokalia, and using the MSG-Seviri cloud top temperature product over the Mediterranean. Statistics 
on the clouds thermodynamic phase (ice, water, mixed-phase) at different temperatures during the Pre-TECT campaign 
are provided. The study demonstrates the advantages of the synergistic use of lidar and radar observations to derive the 
vertically resolved cloud properties with high spatio-temporal resolution. The high-resolution vertical distributions of 
clouds and their thermodynamic phase derived in this study can be used, in combination with further Cloudnet cloud 
products and lidar-retrieved aerosols properties, for studying aerosol-cloud interactions and evaluating their parameteri-
zations in models. 

1 Introduction
Clouds play a vital role for our weather and climate, affecting precipitation and the Earth’s radiation budget. Nonethe-
less, the processes that govern their formation, evolution, geometrical and microphysical properties, as well as their 
radiative effects are far from being well understood. As stated in the recent report of the Intergovernmental Panel on 
Climate Change: “complexinteractions between aerosols and clouds (ACI), under the dynamic changes of global cli-
mate, along with theeffect of clouds on Earth’s Radiation Budget, are the least certain factors of climate interactions and 
are stillpoorly handled by current climate and forecast models” (Seinfeld, et al. 2016). The main knowledge gaps and 
limitations in currentstate-of-the-art Global Climate Models (GCMs) are attributed to the inability to correctly describe 
the ice content in clouds globally. The uncertainty is higher for the quantification of ice and/or water content in Mixed 
Phase Clouds (MPC; clouds consisting of water vapor, ice particles, and supercooled liquid droplets). These limitations-
significantly affect the estimation of the cloud albedo in GCMs, altering the equilibrium climate sensitivity up to 2°C 
(Tan et al., 2016).
 Our limited knowledge on the MPC is mainly due to their complexity, as they are affected by processes of multiple 
spatial and temporal scales with various feedback mechanisms. For example, the formation and evolution of a MPC is 
influenced (amongst others) by the availability of aerosol particles that can act as cloud condensation nuclei (CCN) and 
ice nuclei (IN) (primary ice nucleation). On top of that, other parameters should be also considered, such as the prevail-
ing meteorological conditions and especially the supersaturation level, the small-scale turbulent motions, the deposition 
growth that removes water vapor from the cloud, the fall-out of ice particles under gravity and the nucleation of ice 
crystals (primary and secondary ice nucleation) (Barahona and Nenes, ACP, 2009). All these processes strongly influ-
ence the MPC macro- and micro-physical properties, such as the partitioning between liquid and ice phase, the number 
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and size distribution of droplets and ice crystals and the ice-crystal growth. These alterations in MPC properties will 
affect their reflectivity, lifetime and precipitation, defining their role in extreme weather phenomena and climate change.
Despite the significance of clouds over the Mediteranean basin, there are only limited in situ and laboratory studies on 
this topic, addressing the effect of different aerosol types on cloud condensation processes (e.g. Bougiatioti et al. 2016; 
Kalivitis et al., 2015), while there are no studies on the macroscopic or microphysical characteristics of the clouds in 
the region, mainly due to the lack of cloud measurements, which narrows our ability to improve the theories and model 
parameterizations (Matus and L’Ecuyer, 2017). In this work, active remote sensing techniques are used to study the 
ambient geometrical cloud properties and derive statistics on the cloud phases above the Eastern Mediterranean region.

2 Data and Methodology
The study concentrates on the time period of the Pre-TECT experiment (http://pre-tect.space.noa.gr/). The experiment 
was organized by the National Observatory of Athens (NOA) in the framework of ACTRIS (Aerosol, Clouds and Trace 
Gases Research Infrastructure) and D-TECT ERC projects, and took place between 1st to 30th of April 2017 at the 
Greek atmospheric observatory of Finokalia, in Crete. During the experiment, continuous observations of aerosols and 
clouds were collected with high vertical and -temporal resolution, using collocated measurements from the PollyXT 
lidar system of NOA (Engelmann et al., 2016) and the MIRA36 cloud Doppler radar system (Madonna et al., 2011) of 
CNR-IMAA (Italian National Research Council’s Institute of Methodologies for Environmental Analysis ).The lidar and 
radar measurements  are processed  with the Cloudnet (https://cloudnet.fmi.fi/) target classification algorithm (Hogan 
and O’Connor, 2004). 
The algorithm combines the vertical profiles of the lidar attenuated backscatter coefficient at 1064 nm, the radar reflec-
tivity and Doppler velocity and ECMWF thermodynamic variables (temperature, pressure, humidity and horizontal 
wind) to provide information on the phase of  clouds (e.g. ice, cloud droplets only, ice and supercooled droplets). Com-
plimentary, the information on the lidar and radar detection status is provided. 

Figure 1: Left: Observations of the radar reflectivity (top), the radar Doppler velocity (middle) and the lidar attenuated 
backscatter coefficient (bottom) measured on 4 April 2017 above Finokalia, Crete. Right: Cloudnet target classification 
(top), radar/lidar detection status (middle) and lidar volume depolarization ratio (bottom) on the same day. The dotted 
lines in the Cloudnet target classification plot are the modeled temperature levels of 0, -10, -20, -30, -40 and -50°C.

An example of the inputs and outputs of the algorithm are shown in Figure 1 for the observations above Finokalia on 
04/04/2017. The figure highlights the advantage of the combination of the two instruments for the identification of the 
cloud boundaries and phase. Radar and lidar have complementary properties. Radar signal is able to penetrate even opti-
cally thick clouds, while it is less sensitive to tiny cloud particles, typically forming fog and optically thin clouds. On 
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the other side, lidar signal is more sensitive to small particles and optically thin clouds, while is rapidly attenuated in 
optically thick clouds. In the example of Figure 1, the cloud radar was able to detect the complete cloud structure above 
the station, with a vertical extension of up to more than 4 km, while the lidar was able to penetrate only in the first 1.5 
km inside the cloud. On the contrary, the lidar has detected some thin layers with high attenuated backscatter coefficient 
values at altitudes between 5 and 7 km from 04:00 to 12:00 UTC, which are not visible on the radar observations, as they 
have small cloud particles. The complimentary lidar volume depolarization ratio observations show that the majority of 
the particles in these layers are spherical, in contrast to the surrounding targets, where non-spherical particles prevail. 
The combination of the lidar and radar observations indicate the coexistence in these layers of ice particles and water 
droplets. The model temperature fields indicate that these layers are in subzero conditions, hence the presence of super-
cooled droplets. The Cloudnet target classification has correctly classified these layers as “ice and supercooled droplets” 
and shows the presence and time evolution of these mixed-phase layers above Finokalia station on that day. Hereon, 
three cases are discussed and the general Pre-TECT statistics are provided.

3 Results

3.1 Case study 1: 4 April 2017
On 4 April 2017, a low-pressure system is present above Sicily, with strong support from the upper levels of atmosphere. 
Its center is almost aligned at the surface, 500hPa and 850hPa. The cyclone moved slowly to the east and in the positive 
vorticity advection area mesoscale clouds formed with a frontal cloud band above Greece. Figure 2 shows the synoptic 
situation on that day (left panel) and the cloud top temperatures and abundance above the region (right panel). Mostly 
high and mid-level clouds formed above the Eastern Mediterranean. 

Figure 2:GFS model at 500hPa Geopotential Height (black lines) and Mean Sea Level Pressure (white lines) (http://
www1.wetter3.de/archiv_gfs_dt.html) (left) and MSG-Seviri cloud top temperature (right) on04/04/201706:00 UTC.

The Cloudnet classification above Finokalia station (Fig. 1) and the MSG-Seviri cloud top temperature (Fig. 2), indi-
cates the presence of ice clouds during all day between  4 and 9 km of altitude at temperatures from  -10 °C to -50 °C. 
Although the majority of the observed clouds are ice clouds, mixed-phase clouds (a.k.a. “ice and supercooled droplets” 
and “cloud droplets only” at T < 0 °C) are also observed from 04:00 to 12:00 UTC. During that period, the clouds ranged 
from 5 to 8 km, and the majority of the mixed phase clouds were observed from -15° to -35° C with the highest occur-
rence at -20°C and � 27°C. Indicatively, the observations of mixed phase clouds represent the 3.8% (at � 20 °C) and 8.1 
% (at � 27 °C) of the total cloud observations in this day.

3.2 Case study 2: 9-10 April 2017
On 9 and 10 of April 2017, a high pressure system above central Balkans in combination with a low pressure system 
above the Libyan coast led to cloud formation in the area between the two air masses with different thermodynamic char-
acteristics (Fig.3, left panel). In contrast to the clouds formed on 4 April, the clouds on 10 April were formed due to the 
mixture of the warm air masses from Africa with the cooler air masses from central Europe, and were transported above 
Finokalia, along with low aerosol concentrations with dust mixtures, as indicated by the lidar volume depolarization 
ratio values (Fig. 4, lower panel). The instantaneous MSG-Seviri cloud top temperature plots, as well as the products of 
radar and lidar measurements show that the outflow of this formation overpassed Finokalia from 10:00 and 12:00 UTC 
on 9/4/2017 and later on from 18:00 UTC on 9/4/2017 and 21:00 UTC on 10/4/2017 (Fig.3 right panel, and Fig.4). 
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Figure 3:GFS model at 500hPa Geopotential Height (black lines) and Mean Sea Level Pressure (white lines) 
on10/04/201712:00 UTC (left) and MSG-Seviri cloud top temperatureon09/04/201718:00 UTC (right).

The Cloudnet classification above Finokalia (Fig.4, upper panel) shows at around 12:00 UTC on 9/4 the presence of a 
cloud formation relatively small (in time and vertical extent) at temperatures between -30 °C to -50 °C , with a signifi-
cant presence of mixed phase clouds. Later on, from 18:00 UTC on 9/4 to 04:00 UTC on 10/4 high level clouds mainly 
in ice phase were present at altitudes between 7 and 11 km and temperatures from -30 °C to -60 °C. Below these clouds, 
a thin elevated layer of aerosol particles was detected (Fig.4, lower panel). The aerosol layer is not visible in the daytime 
depolarization plots on 10/4 because of the low signal-to-noise-ratio of the lidar measurements above 2km up to cloud 
base. On the same day, clouds formed within the aerosol layer from 06:00 to 21:00 UTC. In the clouds formed in the 
presence of the aerosol layer, a significant presence of mixed phase cloud was observed. The majority of the mixed-
phase clouds observed during that period were at temperatures from -13 °C to -26 °C. In this case, the mixed phase 
clouds represent the 38.3% (at � 14 °C) and the 18.4 % (at � 24 °C) of the total cloud observations in this day.

Figure 4: Cloudnet target classification (up) and lidar volume depolarization ratio (bottom) on 09 to 10 April 2017. 
The dotted lines in the Cloudnet target classification plot are the modeled temperature levels of 0, -10, -20, -30, -40 and 
-50°C.

3.2 Case study 3: 19-20 April 2017
On 19 and 20 of April 2017, a deep low-pressure system over central Europe affected the circulation of many countries, 
including Greece, with tropospheric temperatures lower than average (Fig.5, left panel). The circulation led to Saharan 
advection from Africa towards Finokalia, and from the instantaneous MSG-Seviri plots we see that clouds formed on 
top of the Saharan layers with the support of weakened frontal activity (Fig.5, right panel and Fig. 6). Figure 6 shows 
the time evolution of the dust advection above the station and the clouds that formed on top of the dust layer. At the 
beginning of the event, clouds formed at altitudes between 3 and 5 km and temperatures from 0 °C to -20 °C. Later on 
the cloud formation continued, extending up to higher latitudes, above 5 km, and temperatures lower than -20 °C. Some 
rainfall in Finokalia is observed. Significant presence of mixed phase layers is observed in this case study. The majority 
of temperatures of the mixed phase clouds observed in this case were higher, between -8 to -17 °C, and up to -26 °C, than 
in the previous cases. In this case, the mixed phase clouds represent the 21% (at � 16 °C) of the total cloud observations 
in this day, with a significant contribution (10% at -16 °C) of “supercooled droplets” only (a.k.a. cloud droplet only in 
sub-zero temperatures). 
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Figure 5: GFS model at 500hPa Geopotential Height (black lines) and Mean Sea Level Pressure (white lines) on 
19/04/2017 06:00 UTC (left) and MSG-Seviri cloud top temperature on19/04/2017 14:30 UTC (right).

Figure 6: Cloudnet target classification (up) and lidar volume depolarization ratio (bottom) on 19 to 20 April 2017. 
The dotted lines in the Cloudnet target classification plot are the modeled temperature levels of 0, -10, -20, -30, -40 and 
-50°C.

3.2 Overall statistics during Pre-TECT
Within the one-month period of Pre-TECT, there were 25 days of collocated lidar/radar measurements above Finokalia. 
Cloudy cases were observed in 17 days, including 9 days with additional rainfall. In this dataset, complex and varied 
cloud structures were observed, under complex and varied meteorological conditions. Mixed phase clouds were fre-
quently observed (in 13 days) with and without the presence of aerosols in their boundaries. The aerosol layers in the 
vicinity of the clouds were mainly dust, dust mixtures and pollution. Analyzing the complete dataset the Cloudnet target 
classification statistics above the area for each modeled temperature level with vertical resolution of 1 °C was derived. 
The results are shown in Figure 7 (left panel: number of observations for all-target categories, right panel: percentage of 
observations for only-cloud categories). We see that the clouds observed at altitudes with temperatures below 0°C are 
dominated by pure ice phase, with frequent observations of thin layers of (a) ice coexisting with supercool droplets and 
(b) supercool droplets. From the observations of all cloud profiles, pure ice phase was observed in 66% of the cases , ice 
coexisting with supercooled droplets was  observed in 7% of the cases and pure supercooled droplets were  observed in 
7.2% of the cases. The mixed phase clouds were observed at [-45, 0] ℃. The pure supercool water layers have the high-
est occurrences at [-10, -1] °C, representing the 9.6% and 15% of the cloud observations at -6 °C and -3 °C respectively, 
while their abundance in lower temperatures are less than 2%. The ice coexisting with supercool water layers were found 
to have two regions of maximum abundance, at temperatures in the ranges [-10, 0] °C and [-20, -10]°C, representing the 
14%  and 7%  of the cloud observations at -3 °C and -15 °C respectively. Their overall abundance in lower temperatures 
was less than 3%. 
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Figure 7:Cloudnet target classification statistics (left) and statistics of the cloud phase (right) per 1 °C as observed dur-
ing the Pre-TECT campaign above Finokalia.

4 Conclusions
We used lidar and radar observations collected during the Pre-TECT experiment, along with the Cloudnet target classifi-
cation algorithm, with the scope to study the cloud microphysical and geometrical properties formed above the Eastern 
Mediterranean. We found  that varied atmospheric conditions prevailing above the region during the study period re-
sulted to complex cloud structures and a statistical study on the clouds thermodynamic phase observed above the Eastern 
Mediterranean region was provided for the first time. The study demonstrates the advantages of the synergistic use of 
lidar/radar observations to characterize the cloud profiles with high vertical and temporal resolution.The results from 
this study can be used in synergy with further Cloudnet-derived cloud products and lidar-derived aerosol properties to 
study the effect of aerosol on the clouds formed above the region.
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Abstract: A severe storm developed over the central east mainland parts of Greece during the evening of August 8 and 
lasted until the early morning of August 9, 2020. The storm caused fatalities, injuries, and significant damages to the lo-
cal society due to severe flash floods over several parts of the central Evia. A remote sensing analysis is presented using 
radar products from Hellenic National Meteorological Service Radar Network database. Although that, only data from 
Larisa radar station (160km from the area of interest) were available during the storm lifetime, Constant Altitude Plan 
Position Indicator and Height of Maximum Vertical Reflectivity products depicted very well the severity of the storm. 
Remote sensing analysis based on geostationary and polar orbit satellite products are also included in the analysis, il-
lustrating the severity and the evolution of the storm, along with nowcasting and hydrology satellite application facilities 
products from the European Organization for the Exploitation of Meteorological Satellites.

1 Introduction
A Mesoscale Convective System (MCS) is an organized collection of two or more cumulonimbus clouds that interact 
to form an extensive region of precipitation (Zipser 1977). Contiguous precipitation (especially at the leading edge of 
the system) and its time scale, which is significantly longer than the life cycle of an individual cumulonimbus, are a few 
characteristics to distinguish MSC.  That longevity suggests a relative importance of the Coriolis force as well as of the 
pressure gradient and buoyancy forces in the equations of motion (Parker and Johnson 2000), as a convenient MCS time 
scale is f−1, which at midlatitudes is ∼3 h, although MCSs are known to have lifetimes thrice this amount. Another im-
portant characteristic is its length scale L of ∼100 km and is often defined by the contiguous leading-edge precipitation.
Remote sensing data have been used for decades in order to collect data of higher spatial and temporal characteristics 
against in situ scattered observation platforms. Indeed, weather radars have been used as the ultimate remote sensing 
tool to collect data on high spatial scale taking into consideration the scan ability of a storm. Weather radars on fixed 
site locations, on airborne platforms and on mobile platforms have been used to identify the structure and the dynamic 
of storms (e.g. Wakimoto et al. 1996, Bluestein and Gaddy 2001, Bluestein et al. 2010).
The goal of this study is to present the analyses of data in terms of remote sensing that captured the evolution of a MCS 
developed during the late evening hours over the central parts of Evia island, in central Greece, on August 8, 2020. The 
MCS triggered significant flash flood events that caused 8 fatalities and significant damage in more than 2.500 residen-
cies in the urban areas of central Evia island. Data and methodology are presented in Section 2, Results and Discussion 
are presented in section3. Finally, section 4 depicts the conclusions.

2 Data and Methodology
MCS evolution was captured using satellite data from the European Organization for the Exploitation of Meteorological 
Satellites (EUMETSAT) and from Hellenic National Meteorological Service (HNMS) Radar Network.
In particular, data from the closest radar station of HNMS Radar Network (Larisa Radar Station - LGLR, lat: 39.64 N, 
lon: 22.45 E) was used to monitor the evolution of MCS. The effect of the Earth’s curvature on weather radar’s ability to 
detect weather features is well known as a limitation of weather radars. The radar’s beam travels in a generally straight 
line, and due to the earth’s curvature, the radar cannot detect low level features of storm that is far away from the radar 
station. In addition, the radar’s beam also widens with distance, thus the narrower the beam, the more detail that can be 
detected. The storm triggered at a distance of 160km SE from the radar site, thus the radar was able to detect all echoes 
captured above height of 5 km, capturing a portion of the volume of MCS and the analysis is based on that upper portion 
of the MCS.



1020 | Remote Sensing

LGLR radar is a WSR-74S band (wavelength 10.7cm) doppler radar that scans a full circle of azimuth with a speed of 10 
deg/s in 12 angles (elevations from 1.1 deg. to 26.1 deg.). Its beam width and pulse width are 2 deg. and 1 deg., respec-
tively. Sigmet Interactive Radar Information System (IRIS) was used to process and visualize all radar data into outputs 
that depicted the spatio-temporal distribution of maximum reflectivity, Plan Position Indicator and echo tops reflectivity. 
Satellite images were also used to capture MCS evolution, scale and longevity. Specifically, satellite data from EUMET-
SAT Meteosat Second Generation (MSG) satellite (Meteosat-11) in 12 channels of electromagnetic spectrum were used 
along with several Red-Green-Blue (RGB) satellite image outputs. Combined infrared/microwave EUMETSAT Satel-
lite Application Facility on Support to Operational Hydrology and Water Management (H-SAF) precipitation products 
H05B were also used.

3 Results and Discussion
Regarding the synoptic conditions that triggered the MCS, at the isobaric level of 500 hPa (not shown), at 12:00 UTC 
on August 08, 2020, a low-pressure center is located over the central part of Greece (5820 gpm), accompanied by tem-
peratures as low as -10 °C. At 00:00 UTC on August 09, 2020, the low center moved S-SE with a significant deepening 
change (5745 gph). 
Regarding the Mean Sea Level analysis (MSL), at 12:00 UTC on August 08, 2020 (not shown), a low-pressure system is 
over central Turkey (1000 hPa) and at the same time, a secondary shallow cyclonic circulation (1008 hPa) is created over 
the area of Attica, Greece. The low-pressure system, in its south-eastward movement, is combined with a high-pressure 
system that is located in central and eastern Europe (1025 hPa). The meeting of the low with the high-pressure system 
creates a packing of isobars in the east part of continental Greece with NE winds. At 00:00 UTC on August 09, 2020, 
MSL analysis depicted that the low-pressure center moved further to S-SE without any significant change.
The maximum reflectivity (MAX) radar product from LGLR radar indicated a value more than 45 dBz over Evia Island 
at 20:00 UTC, on August 08, 2020 (Fig.1a). Gradually, the area affected was extended over the island and multicore 
targets were detected over the area at the central and northern parts of Evia island (Fig.1b). During that time, the MAX 
radar product illustrated values greater than 55 dBz. Starting from 02:30 UTC, August 09, 2020, that extended area of 
reflectivity gradually started to shrink and vanished from the radar range. Regarding the echo tops reflectivity radar 
product of 50 dBz, the radar showed the gradual convective evolution of the storm and at 20:00 UTC (August 08, 2020) 
the echo tops of 50 dBz appeared at the height of 14km (Fig.2a). The echo tops radar product revealed that the MCS 
extended further and reached its 50 dBz reflectivity at the height of more than 17km (Fig.2b) at 01:00 UTC (August 09, 
2020). The values of Echo Tops radar product of 50 dBz remained at high levels (>16km) until 04:00 UTC (August 09, 
2020), limited to the southern parts of the area (not shown). 

Fig. 1. The maximum reflectivity (MAX) radar product from LGLR radar (a) at 20:00 UTC, on August 08, 2020 and (b) 
at 01:00 UTC, on August 09, 2020 indicated a value more than 45 dBz and 55 dBz, respectively.
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Fig. 2. As Fig.1 but for the echo tops reflectivity radar product of 50dBz.

Fig.3 depicts the evolution of the MCS, starting from 19:00 UTC on August 8, 2020 with a time step of 2 hours. Reddish 
spots at (b), (c), (d) and (e) frames depict the multicell cores and significant updrafts of the MCS. The storm initiated 
over the eastern continental parts of central Greece and was developed in a multicell storm that lasted for more than 9 h, 
over the central parts of Evia. Cloud-top features resembling a cold ring shape in the IR color enhanced indicating the 
storm severity. The MCS started its decaying process at 05:00UTC and gradually propagated further to southern parts 
of central Greece.
The complex topography in Greece, combined with the alternation between land and sea induced by the large coastlines, 
consists a challenge to evaluate remote sensing rainfall products based on satellite onboard sensors. Several validation 
studies based on satellite rain estimation algorithms have been conducted over Greece (Feidas 2006, 2010, Feidas et al. 
2007, 2009a, 2009b, Kamarianakis 2008). H-SAF produces and archives high-quality data sets and products for opera-
tional hydrological applications starting from the acquisition and processing of remote sensing data from geostationary 
and polar meteorological satellite orbits that operated both by EUMETSAT and other satellite organization.  H-SAF 
H-05B product depicts the accumulated precipitation by merging micro-wave satellite sensor data (images) from op-
erational sun-synchronous satellites and IR data (images) from geostationary earth observation satellites. Integration of 
accumulated precipitation is performed over 3, 6, 12 and 24 h. 

Fig. 3. Evolution of the MCS, captured by Meteosat-11, at IR 10.8 μm enhanced satellite image at (a)19:00, (b) 21:00, 
(c) 23:00 on August 08, 2020, (d) 01:00, (e) 03:00 and (f) 05:00 on August 09, 2020 over Evia island
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Fig.4 depicts the accumulated precipitation (mm) at 06:00 UTC (August 09, 2020) for the time period 00:00 - 06:00 
UTC (August 09, 2020) and 18:00 UTC (August 08, 2020) to 06:00 (August 09, 2020). Thus, Fig.4a and Fig.4b, il-
lustrate the accumulated precipitation (mm) that was estimated at 06:00 UTC for the past 6 and 12 hours, respectively. 
Black solid-lines illustrate the borders of municipalities and local communities of the eastern-central parts of Greece, 
while red-solid lines depict the borders of municipalities and local communities that faced significant damage, due to 
flash-flood events.
H-05B product depicts a maximum of 40-45mm over the central parts of Evia island (Fig 4a) during the period 00:00 
and 06:00 UTC on August 09, 2020. The accumulated precipitation based on H-SAF H-05B product for the period 
18:00-06:00 UTC reveals an area of maximum 60-70mm over the same area. Regarding the period 00:00 – 03:00 UTC 
(August 09, 2020), H-SAF H-05B product (not shown) captured a maximum of 30-35mm over the same high terrain rain 
area. H-SAF H-05B spatio-temporal distribution of accumulated precipitation captured the intensifying period of MCS 
that was also revealed by the ground remote sensing platform (LGLR radar station). Over that mountain area, HNMS do 
not have any available meteorological station, however Steni meteorological station of National Observatory of Athens 
recorded a maximum of 299.6mm (from August 8, 20:20 UTC to August 9, 04:30 UTC) accumulated precipitation. 
That area is characterized by high mountain terrain and it is drained by two major catchments with westwards and south-
westwards flow through two different municipalities of Evia. Catchments morphology was also important due to high 
inclination at their upstream parts, leading to high flow velocities, increased erosion and mass movement phenomena 
towards the lower levels.

Fig. 4. H-SAF H-05B product of accumulated precipitation (in mm) at 06:00 UTC on August 09, 2020 for the last (a) 6 
and (b) 12 hours. Black solid-lines illustrate the borders of municipalities and local communities of the eastern-central 
parts of Greece and red-solid lines depict the borders of municipalities and local communities where the MCS caused 
significant damage due to flash-flood events.

4 Summary and Conclusions
A MSC developed over the central parts of Evia island, in central Greece, during the late evening on August 8, 2020, 
and lasted until the early morning hours on August 9, 2020. The MCS caused 8 fatalities and tremendous damage in the 
municipalities of central Evia.
Remote sensing data from ground and satellite platforms captured the duration and the intensity of the MSC. Radar data 
from the closest HNMS radar network revealed the evolution of the MCS in terms of reflectivity while MSG-4 satellite 
images at IR 10.8 μm also depicted MCS long-live characteristics and MCS top temperature spatio-temporal distribu-μm also depicted MCS long-live characteristics and MCS top temperature spatio-temporal distribu-m also depicted MCS long-live characteristics and MCS top temperature spatio-temporal distribu-
tion. The analysis of HSAF H-05B products illustrated their ability to detect the intensifying period of the MCS, however 
they did not capture the maximum accumulated precipitation against to the only available gauge over the mountain area.
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Abstract: A severe storm developed over the northern parts of Greece during the evening on June 16, 2020 and lasted 
until the first hours on June 17, 2020. The storm burst out with significant hail fall and caused damages in Drama city. 
A remote sensing analysis using the closest radar (Thessaloniki Radar Station) and satellite products is presented illus-
trating the evolution and severity of the hailstorm. A numerical modeling simulation of the local environment using the 
COnsortium for Small-scale Modeling (COSMO) model over Greece is also presented in terms of spatial and temporal 
resolution of the precipitation totals.

1 Introduction
Once initiated, convective clouds may evolve into severe storms associated with significant high accumulated precipi-
tation, intense rain rate, hail and sometimes tornadoes. The duration, intensity and type of the storm may vary and is 
related to the atmospheric conditions triggering that storm.
Remote sensing data have been used for decades in order to collect data of higher spatial and temporal characteristics 
against in situ scattered observation platforms. Indeed, weather radars have been used as the ultimate remote sensing 
tool to collect data on high spatial scale taking into consideration the scan ability of a storm. Weather radars on fixed 
site locations, on airborne platforms and on mobile platforms have been used to identify the structure and the dynamic 
of storms (e.g. Wakimoto et al. 1996, Bluestein and Gaddy 2001, Bluestein et al. 2010).
During the last years, there is exceptional progress on numerical weather prediction models equipped with highly effi-
cient computational as well as sophisticated physical schemes capable of resolving atmospheric phenomena on the 1km 
scale, even on operational forecast mode (Baldauf et al. 2011, Vionnet et al., 2016). In addition, algorithms employed on 
remote sensing observations (e.g. satellite, radar) are widely used in monitoring the storm evolution and provide short 
term forecasting support. Consequently, it comes as a formidable challenge to investigate the limits of their potential 
towards the diagnostic investigation of the storm that caused impact in the urban area of Drama, (north Greece). The 
goal of this study is mainly to interpret the evolution of a severe storm, developed during the early afternoon on June 16, 
2020, over the northern Greece, by means of remote sensing along with a supplementary numerical simulation regarding 
precipitation. The storm was characterized by significant hail fall and caused damages in the urban area of Drama city. 
Data and methodology are presented in Section 2, Results and Discussion are presented in section 3. Finally, section 4 
depicts the conclusions.

2 Data and Methodology
The evolution of the storm was captured using remote sensing data from the European Organization for the Exploitation 
of Meteorological Satellites (EUMETSAT) geostationary satellite and from the Radar Network of Hellenic National 
Meteorological Service (HNMS).
In particular, data from the closest radar station of HNMS Radar Network (Thessaloniki Radar Station - TSE, lat: 40.92 
N, lon: 24.63 E) was used to monitor the path and the evolution of the storm. LGTS radar is a WSR-74S band (wave-
length 10.7 cm) doppler radar that scans a full circle of azimuth with a speed of 10 deg/s in 12 angles (elevations from 
1.1 deg. to 26.1 deg.). Its beam width and pulse width are 2 deg. and 1 deg., respectively. The Sigmet Interactive Radar 
Information System (IRIS) was used to manipulate all radar products and visualize outputs that depicted the spatio-
temporal distribution of maximum reflectivity, Plan Position Indicator, Constant Altitude PPI (CAPPI) and Vertical 
Integrated Liquid (VIL).
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Satellite images were used also to monitor the storm. More specifically, satellite data from EUMETSAT Meteosat 
Second Generation (MSG) satellite (MET-11) in 12 channels of electromagnetic spectrum were used and several Red-
Green-Blue (RGB) satellite image outputs were generated and used to monitor the microphysics characteristics and the 
cloud top temperature of the storm.
In order to better simulate the precipitation, COSMO model run in hindcast mode, driven by 6-hour boundary condi-
tions from ECMWF analysis over a horizontal grid of  for 36 hours starting at 00:00 UTC on June 16, 2020. The model 
domain covered the wider Balkan region on a horizontal gridusing a terrain following coordinate height scheme of 60 
vertical levels.

3 Results and Discussion
At the isobaric level of 500 hPa (not shown) at 12:00 UTC a closed cyclonic circulation (center at 5700 gpm) existed 
over the southern Balkans, associated with a SW upper air stream over the northern Greece. A cold air mass pool of -16 
°C (over the region of Albania) came along the cyclonic circulations at 500 hPa. 
At 12:00 UTC, UKMO MSL analysis, depicted a shallow extended low-pressure system (center at 1006 hPa, over the 
northern Aegean Sea) covering the southern Balkans.  Although the upper-air network of the HNMS is sparse and con-
sists of only three stations (Thessaloniki in northern, Athens in central and Heraklion in southern Greece), our study area 
is nearest to the Thessaloniki (WMO ID: 16622) upper-air meteorological station. Rawinsonde data were retrieved from 
the University of Wyoming online sounding archive system (http://weather.uwyo.edu/upperair/sounding.html) in order 
to examine the vertical profile of the lower troposphere. In addition, the following parameters were employed to summa-
rize the unstable conditions during that day: Convective Potential Available Energy (CAPE), Bulk Richardson Number 
(BRN), Lifted Index (LI), Showalter Index (SI), K-index (K), Vertical Total (VT), Cross Total (CT), Total Totals (TT), 
Severe Weather Threat (SWEAT) and convective inhibition (CIN).
The TT index (Miller 1967) measures the total effect of vertical temperature lapse rate and low-level moisture and it is 
defined as the sum of two other indices: (1) the VT index and (2) the CT index (strongly influenced by the 850-hPamois-
ture). However, the TT does not assess any shear, it may not account for a capping inversion (that prevents storms from 
developing), and if there is a layer of moisture below 850 hPa the index will be too stable. The K-index is a combination 
of the VT and lower tropospheric moisture characteristics, as the K-index measures thunderstorm potential based on ver-
tical temperature lapse rate, moisture content of the lower atmosphere and the vertical extent of the moist layer (George 
1960). SWEAT index discriminates between ordinary and severe convection by incorporating its thermodynamic and 
kinetic function mechanism (Miller 1967, Miller et al. 1971). The BRN expresses the buoyant energy (instability) given 
by CAPE, compared to the vertical wind shear (speed and directional shear with height) in a thunderstorm environment. 
CAPE is the amount of potential energy a parcel of air would have if lifted vertically above the level of free convec-
tion (LFC) through the atmosphere (Weisman and Klemp 1982). Thus, CAPE is effectively a measure of the vertically 
integrated positive buoyancy of an air parcel and it is an indicator of atmospheric instability, which makes it valuable in 
predicting severe weather (Moncrief and Miller 1976, Glickman 2000). On the other hand, CIN is the amount of energy 
required to overcome the negative buoyancy force the environment exerts on an air parcel (Williams and Renno 1993).
It is evident that the values of the above-described indices are strongly associated with their capacity to summarize in a 
single number some characteristics of the severe storm environment. However, operational forecasters have to consider 
the full complexity of four-dimensional atmospheric data (Doswell and Schultz 2006). Table 1 summarizes the relevant 
instability indices derived from Rawinsonde data at 06:00 and 24:00 UTC on June 16, 2020, from Thessaloniki upper 
air station. 

Table 1. Instability indices from Thessaloniki upper air station at 06:00 UTC on June 16, 2020 and 24:00 UTC on June 
16, 2020.
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The storm appeared in the radar as a single convective cell (approximately at 16:00 UTC) bearing 110km NW from 
TSE radar station (not shown) and propagated E-ESE. At 17:15 UTC, another single convective cell initiated 60km 
westerly from the radar station started propagating eastwards. The two single cell storms combined together and formed 
a uniform stronger echo in the radar at 19:00 UTC, approximately 40km N-NW from TSE (not shown). The new cell 
was developed further and started propagating eastwards with cloud tops at -53 °C with a single updraft depicted in the 
core of the storm. 
Fig.1 illustrates enhanced IR 10.8μm satellite images with nowcasting feature indicating the size and the trajectory of 
the storm. Fig.1b is a 3D illustration of satellite emissions of 10.8μm channel enhanced with colors indicating the cloud 
top temperatures. The strong updraft is depicted in the center of the storm with the reddish color. The new storm was 
propagated eastwards and its outflow boundary flow ahead of the storm, in combination with the topography west of 
Drama city at 20:30 UTC (approximately), initiated a new single storm cell ahead of the storm (not shown). 
The maximum reflectivity of 50 dBZ of the radar station indicated the new core at 21:11 UTC (Fig.2). At 21:45 UTC, 
the new storm, ahead of the major storm, was well organized and a feature signature of U-shape, indicative of severe 
storm, was well depicted in the enhanced IR 10.8μm (Fig.3). At 22:30 UTC, the westerly (major storm) gradually started 
decaying and the new storm (ahead of that) was intensified, being a few km westerly from Drama urban area.
At 22:45 UTC, the radar depicts the core of the new storm, located over the urban area of Drama with the value of maxi-
mum reflectivity at 50 dBZ. Based on radar products the new storm started decaying at 23:08 UTC and an extended anvil 
cloud top was depicted on satellite images (not shown).

Fig. 1. MSG-4, IR 10.8μm enhanced satellite image at 19:45 UTC on June 16, 2020 (a) and (c). Nowcasting features, 
regarding the size and the trajectories, are plotted in (a). A 3D illustration of the storm (b) at l9:45 UTC (in the area 
encompassed by the red rectangle in panel (c)) indicates with red color the strong updraft.
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Fig. 2. Maximum reflectivity (dBZ) product from Thessaloniki radar station at 21:11 UTC, on June 16, 2020 depicts 
the maximum reflectivity of the major storm and the new cell that was initiated ahead of that (radial 28° and distance ~ 
80km). Rings depict the distance from the radar home station and lines are plotted every 30 degrees. 

Fig. 3. Similar to Fig.1 (c) and (b) but for 21:30 UTC, on June 16, 2020. A U-shape feature is depicted on top clouds of 
the new storm cell ahead of the major storm.

In Fig.4, the hourly precipitation over the area of Drama is presented for the estimated period of the hailstorm devel-
opment. The coordinates of the city of Drama, as well as the airport of Thessaloniki (LGTS) are denoted with cross 
symbols. According to the model simulation, the peak of the precipitation event over Drama occurred in the 3 hr period, 
starting from  20:00 UTC, on  June 16, 2020 with a considerable amount of 6 mm/hour (~20mm over the 6-hour period).

Fig. 4. Hourly precipitation graphs (in mm) over the area of Drama from June 16-17, 2020, between 20:00 to 02:00 
UTC.
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4 Summary and Conclusions
A severe hailstorm on late evening on  June 16, 2020, caused a significant impact in the urban area of Drama, due to 
significant amount of hail, that was recorded by the local and national media reports. Synoptic discussion along with 
remote sensing analysis, based on radar and satellite data, were used to monitor the evolution of the storm.
The storm was initiated early in the afternoon hours, NW of Thessaloniki, propagating eastwards and being combined 
with another storm north of Thessaloniki. The outflow boundary flow of the joined storm in combination with the local 
topography on the west areas of Drama region, initiated and forced the development of another severe storm that af-
fected for almost 30 minutes the urban area of Drama with significant amount of hail.
The COSMO model simulation was in considerable agreement with the precipitation event over Drama, highlighting the 
potential of the model to provide state of the art results regarding local weather events.
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Abstract: Knowledge of the aerosol layer height is essential for understanding the impact of aerosols on the climate 
system and also can be useful for aviation and air quality alerts. In this study we compare Aerosol Layer Height product 
retrieved from TROPOMI and GOME-2 satellite instruments on-board Sentinel 5-P and MetOp platforms respectively, 
using coincident observations from EARLINET ground-based lidar, for selected dust events, over Mediterranean Basin. 
The satellite ALH product, focuses on retrieval of vertically localized aerosol layers in the free troposphere, such as 
desert dust, biomass burning or volcanic ash plumes. The European Aerosol Research Lidar Network (EARLINET), is a 
lidar network for aerosol study on continental scale and is a suitable source for the long-term validation for the satellite 
products. We select two days with strong presence of desert dust for the comparison between satellite product and lidar 
backscatter profiles at a selected wavelength channel. The ultraviolet aerosol index is a method of detecting absorbing 
aerosols from satellite measurements in the near-UV region. Spatio-temporal collocation criteria used by EARLINET 
stations for correlative study measurements with satellite instruments are on the order of 150km and 5h. Additional, 
HYSPLIT backtrajectories are taken in order to determine the aerosol load origin. 

1 Introduction
The Mediterranean basin is a region affected strongly by Saharan dust transport and high levels of UV aerosol index 
indicating the presence of dust aerosols layers. Data from EARLINET stations over Spain, Italy and Greece with good 
satisfactory with GOME2/Metop and TROPOMI/S5P can be used for cases studies to evaluate specific aerosol episodes. 
Polar satellites offer the advantage of global and daily coverage and instruments such as GOME-2 and TROPOMI have 
already been used for aerosol detection. A key question is how well the ground-based observation can represent a larger 
area around the measurement site and to a large extent depends on the characteristics of the station location. For this 
purpose, we use archived ground-based lidar data from lidar stations available from European Aerosol Research Lidar 
Network (EARLINET) database. The data are post-processed with the wavelet covariance transform (WCT) method in 
order to extract aerosol geometrical features. 

2 Data and Methodology
In this study, we use aerosol layer height products derived by the GOME-2/MetOp platforms (Munro et al. 2016) and 
TROPOMI/S5P (Veefkind et al., 2012) in synergy with EARLINET lidar data. Both of the two satellite height products 
are operational, and focus on the retrieval of vertically localized aerosol aerosol layers in the free troposphere (such as 
desert dust, biomass burning aerosol and volcanic ash plumes). Two selected cases studies with MetOp and Sentinel-5P 
overpasses close to EARLINET stations of Évora (-7.91oE/38.57oN) and Lecce (18.1oE/40.33oN), are analyzed to dem-
onstrate the performance of the GOME-2 and TROPOMI retrievals for a Saharan dust events. The primary TROPOMI 
and GOME-2 instruments characteristics are listed in Table 1.

2.1 Ground-based Lidar data (EARLINET)
Lidar measurements provide vertical profiling of various particle properties with high spatial and temporal resolution 
and based on the optical properties the identification of different aerosol types becomes feasible. The EARLINET data-
base represents a large collection of ground-based data of the vertical aerosol distribution on a continental scale (Pap-
palardo et al., 2014). Moreover, EARLINET consists of quite different lidar systems regarding the number of measured 
wavelengths and signal channels. Typical operating wavelengths of EARLINET are 355, 532 and 1064nm. Lidar obser-
vations in the framework of EARLINET are performed according to a common schedule. In addition to these systematic 
measurements for the a European aerosol climatology, further observations are devoted to monitor special events over 
the continent, such as Saharan dust outbreaks, forest fires and volcanic eruptions. 
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2.2. GOME-2/MetOp Absorbing Aerosol Height (AAH)
The Absorbing Aerosol Height (AAH) is a new product for aerosol detection, developed by KNMI (Koninklijk Ned-
erlands Meteorologisch Institute) within the Atmospheric Composition Satellite Application Facility (AC SAF). The 
GOME-2 AAH products are calculated for the Metop-A-B-C satellite instruments and data are available since January 
2007. It uses the Absorbing Aerosol Index (AAI) as an indicator to derive the actual height of the absorbing aerosol layer 
in the O2-A band using the Fast Retrieval Scheme for Clouds Observables (FRESCO) algorithm (Wang et al. 2012). 
The aerosol types that are mostly seen in the AAI are desert dust and biomass burning aerosols. A positive value for the 
AAI is associated with the presence of absorbing aerosols and negative values are caused by the presence of clouds and 
scattering aerosols. Further details associated with AAH product can be found in the Product User Manual (Tilstra et 
al., 2019). 

2.3. TROPOMI/S5-P Aerosol Layer Height (ALH)
TROPOMI is the single payload on the Sentinel-5P satellite that has a Sun-synchronous orbit with a local overpass time 
of around 1:30 pm and has near full-surface coverage on a daily basis (Veefkind et al., 2012). The TROPOMI Aerosol 
Layer Height (AER_LH) algorithm was developed by the Royal Netherlands Meteorological Institute (KNMI) and uti-
lizes the absorption in the oxygen A band of the spectrum between 759 and 770 nm. A more detailed description of the 
TROPOMI aerosol layer height product can be found in Nanda et al. (2020). In case of bright surfaces and thin aerosol 
layers, the aerosol layer height is expected to be more robust over dark surfaces such as sea and oceans. In the current 
study we use  Offline ALH data. The quality of each successful ALH retrieval is indicated by a quality assurance value 
(qa_value). Pixels with a qa_value below 0.5 are excluded from the study. 

Table 1. Main characteristics of the GOME2/MetOp-A, GOME2/MetOp-B, GOME2/Metop-C and TROPOMI/S5P 
instruments. 

2.4 Aerosol layer detection  (WCT method) & Collocation criteria
The aerosol geometrical properties carry information about the structure of lidar profiles, such as the PBL height, the 
boundaries of the lofted aerosol layers and can be obtained from any lidar profile. Longer wavelengths typically magnify 
the differences in the vertical distribution of the aerosol load, resulting in layers that are easier to identify. For this study, 
backscatter profiles at 1064nm have been chosen primarily. Our analysis is based on the method of Baars et al. (2008) 
that applies the wavelet covariance transform (WCT) to the lidar data in order to extract aerosol layer features. More de-
tails about the methodology can be found in work of Michaildis et al., (2020). Two examples of lidar backscatter profiles 
with resulting WCT profile from the Évora and Lecce lidar stations on March 18, 2020 and May 13, 2020 respectively, 
are given in the section 3. For the comparison of the GOME-2 AAH and TROPOMI ALH against aerosol height from 
EARLINET lidars, the coincidence criteria are set to a 150 km search radius between the satellite pixel center and the 
geolocation of the ground-based station. The LIDAR measurements nearest to the satellites overpasses time within a 5 
hour temporal interval were selected for the day of measurement. For each ground based measurement, the mean value 
of selected satellite pixels, were used in the comparison study. Also, certain criteria for ensuring the quality and repre-
sentativeness of the satellite measurements, such as sun glint and quality assurance (QA) values were taken into account. 
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3 Results
We present an in-depth analysis of two cases studies related to strong and long-lasting Saharan dust intrusion over the 
Italian and Iberian Peninsula. This finding testifies to the capabilities of the GOME-2 and TROPOMI instruments to 
sense the atmospheric aerosol layer height. We apply the WCT methodology, as previously described, to the lidar meas-
urements performed at the morning of 18th of March and 13rd of May, 2020 over Evora and Lecce sites, respectively. 

3.1 1st Case study: Évora, 18 March 2020 
An intense Saharan dust episode occurred on 18th of March over the Iberian Peninsula. In this section we present the 
evolution of the dust outbreak event that was captured by the Évora, Portugal, lidar station between on March, 18 2020 
as well as the GOME-2 AAH observations. MetOp overpasses close to the EARLINET station of Évora are analyzed 
here to demonstrate the performance of the GOME-2 instrument under intense Saharan dust air masses conditions. 

Fig. 1. (Left) Collocated and concurrent GOME-2/MetOp ALH pixels. (Right) Lidar backscatter profile at 1064nm  
resulting WCT profile on 18th March 2020. The horizontal red dashed line represents the detected aerosol layer top and 
bottom applying the WCT methodology and the yellow represent the center of mass. 

Figure 1 (right panel) shows the average vertical profile of the aerosol backscatter coefficient (baer) (in km−1sr−1) obtained 
at 1064 nm by the Évora lidar system on 18 March 2020, over Évora between 10:29 and 11:00 UT. Three aerosol layers 
are visible over Évora (1.1–2.8 km, 3-4km and 4.7-5.4km). Additional, a pair of collocated and concurrent GOME-2 
and Évora lidar observations is shown in the left panel of Fig. 1. The majority of collocated pixels are located between 
2 and 6km. Five-days HYSPLIT backward trajectories (Stein et al., 2015) arriving at Évora on at 11:00 UTC are pre-
sented in Figure 2. The trajectories are computed for arrival heights 2000m (red), 3500m (green) an 5000m (yellow) to 
cover height range of the observed layers that we recognize in lidar profile structure (Fig. 1, right) The trjectory analysis 
reveals that the origin of aerosol airmasses is the Sahara desert. Additionally, the BSC-DREAM8b model was used to 
verify the presence of Saharan dust (Fig. 2, right).

Fig. 2. (Left) 5–day HYSPLIT backward trajectories arriving in the Évora region (38.56°N, -7.91oE), at 2000, 3500, 
5000 m heights. (Right) DREAM Dust Load forecast map at 700 hPa on 13 March 2020 (06: 00 UT).
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3.2 2nd Case study: Lecce, 13 May 2020
On 13rd of May 2020 a Saharan dust episode was captured by Lecce EARLINET station. Five-days HYSPLIT backward 
trajectories arriving at Lecce (10:00UT) showed that the air masses over 3 km passed over North Africa (Figure 3, left). 
Additionally, the BSC-DREAM8b model was used to verify the presence of Saharan dust (Fig. 3, right). The trajectories 
are computed for arrival heights 3000m (red), 4000m (green) an 6000m (yellow) to cover height range of the observed 
layers that we recognize in structures of the vertical backscatter lidar signal. 

Fig. 3. (Left) 5–day HYSPLIT backward trajectories arriving in the Lecce region (40.33°N, 18.1oE) at 3000 m (red,) 
4000 m (green) and 6000 m height (yellow) on 18 March 2020, 11:00 UTC. (Right) DREAM Dust Load forecast map 
at 3km on 13 May 2020 (12: 00 UT).

A pair of collocated and concurrent TROPOMI and Lecce lidar observations is shown in Fig. 4. On the right panel, we 
can see the average vertical profile of the aerosol backscatter coefficient (baer) (in km−1sr−1) obtained at 1064 nm by the 
Lecce lidar system on 13 May 2020, between 10:47 and 11:46 UT. This profile shows an enhanced aerosol layer between 
1.8 and 5.5 km height, centered over 4 km, which has a center of mass value of the order of 1.8 Mm-1 sr−1. The mean 
ALH (a.g.l) from the retrieved TROPOMI pixels is on average ~ 3.1 km ranging between 1.5 and 5km (retrieved pixels 
below 1km, are excluded, because ALH becomes unreliable for increasing surface albedo over land). The mean ALH, is 
well within the range of the aerosol layer height reported by the lidar. 

Fig. 4. (Left) Collocated TROPOMI ALH pixels within the radius of 150km around EARLINET station. (Right) Lidar 
backscatter profile at 1064nm  resulting WCT profile on 13rd May 2020. The horizontal red dashed line represents the 
detected aerosol layer top and bottom applying the WCT methodology and the yellow represent the center of mass. 

In Fig. 5, the aerosol layer height pixels from TROPOMI, on 13rd of May, 2020 are overlaid on the VIIRS/Suomi NPP 
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true colour visible imagery, showing the dust plume (obtained from NASA Worldview; https://worldview.earthdata.
nasa.gov/ , last access: 15 January 2021).

Fig. 5. A VIIRS True color image of a dust event over the central Mediterranean, on 13 of May 2020. All successful 
TROPOMI ALH retrievals are within a certain bounding box.

3 Conclusions
EARLINET provides important support for ongoing and future satellite missions. For this purpose, we use archived 
ground-based lidar data from two lidar stations available from EARLINET database. Two Saharan dust events, which 
advected large dust loads from the North African continent over Iberian and Italian Peninsula on March 18th and May, 
13rd, 2020 respectively, were analyzed in detailed. For the two cases of well-developed and spatially well-spread aerosol 
dust layers, most satellite pixel retrievals fall within 1km of the temporally collocated lidar observation for the entire 
range of selected distance radius. The aerosol plume heights retrieved from satellites seem to have a fair agreement with 
the altitude of detected center of mass of lidar layer when only a single aerosol peak is presented. However, this is not 
the case when we have profiles with multiple aerosol layers. This is a significant limitation since the plume heights will 
still remain unknown in scenes where multiple aerosol layers are present in a single profile. In the future, other lidar 
stations that are part of the EARLINET network will be included in the comparison for further validation of the satellite 
products on continental scale.
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Abstract: In an urbanizing world, the population growth of megacities is a huge environmental issue. Spaceborne 
aerosol retrievals and their decadal trends over these ever-growing areas are essential for anthropogenic air pollution 
monitoring at global level. In the current study, we focus at 56 cities with population over 5 million. We use daily satel-
lite Aerosol Optical Depth (AOD) data from the MODerate resolution Imaging Spectroradiometer on board Aqua satel-
lite (MODIS-Aqua), over the period 2003-2017, available at an equal lat-lon grid (0.1º x 0.1º). Taking advantage of the 
high sampling frequency and the fine spatial resolution of MODIS-Aqua AODs, we investigate the temporal changes 
of aerosol loads inside and around of fast growing Metropolitan areas. Mean and standard deviation values for all the 
above-mentioned areas are calculated alongside with deseasonalized trends. In addition, the spatial AOD distribution 
in the vicinity of the cities is investigated assessing the spatial gradients and representativeness of the satellite retriev-
als. Previous studies have shown a global decrease of AOD, which is opposite to the increasing trend of growing cities, 
especially in Asian and African megacities.   

1 Introduction
Megacities are defined as the urban areas with population greater than 10 million and currently they are 33 worldwide 
and their number is anticipated to rise in the next decade according to the United Nations (United Nations 2018). Such 
population agglomerations have huge environmental issues, and one of them is air quality.
Suspended particles or aerosols consist one of the major air pollutants affecting human health (WHO, 2005). The total 
quantity of aerosols in the atmospheric column, in optical terms, usually is expressed by Aerosol Optical Depth (AOD). 
The last decade, a number of publications are reporting a global decreasing trend of AOD (Hartmann et al. 2013; Wild 
et al. 2005). Meanwhile, human population is more and more concentrated in urban areas, which increases aerosol 
emissions at these areas which are becoming more densely inhabited. Our motivation in the current work is to study the 
regime of AOD over megacities and investigate their long-term trends.
Ground-based measurements from sun-photometers is the most accurate method to generate long time series of AOD 
measurements at various locations and major such global networks are the AERONET (Holben et al., 1998) and GAW-
PFR (Kazadzis et al. 2018). However, these ground-based measurements are available only to specific locations. Space-
borne AOD retrievals complement the spatial gaps of AOD surface measurements. Since 2002, AOD and other aerosol 
optical properties are retrieved nearly globally on a daily basis, with a fine spatial resolution, from MODIS sensor’s 
measurements onboard Aqua satellite. The aim of this study is to take advantage of this high sampling frequency and 
the fine spatial resolution of MODIS-Aqua AODs, to investigate aerosol loads and their temporal changes inside and 
around the largest cities of the world. Although, the quality of spaceborne AOD is strongly depends on the limitations 
of the retrieval algorithms (Gupta et al. 2016), yet it is the only aerosol parameter worldwide available with so high 
spatiotemporal resolution. 

2 Data and Methodology

2.1 Data
Daily retrievals AOD at 550nm from MODIS-Aqua were used for this analysis. Specifically, quality assured Collection 
6.1 MODIS � Aqua Level 2 retrievals from both algorithms Dark Target (DT) and Deep Blue (DB) were merged to one 
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dataset by Gkikas et al. (2021) and this product was utilized for this study. This product has fine resolution (0.1ox0.1o, 
daily values) and global spatial coverage for the time period 2003-2017. 
Population of cities and complementary information like the coordinates of city center were gathered from a Basic 
World Cities Database (BSCD) (https://simplemaps.com/data) which is provided free of charge by Pareto Software, 
LLC. This database provides an estimate of the city’s urban population if it is available and if it is not the municipal 
population is used instead, alongside of representative coordinates for cities’ centers, used in our calculations. The final 
list of the cities examined is given to Table 1, including 19 megacities according to BSCD and 37 cities (total 56 of the 
largest cities) with population greater than 5 million, as potential cities to become megacities in the future.      

2.2 Methodology
We constructed timeseries of two sectors for each city from MODIS-Aqua AOD at 550nm and we calculated basic sta-
tistics. The first sector corresponds to city center and it is a 0.3ºx0.3º domain (~30x30Km2) centered to the coordinates 
of the city given by BSCD. The second sector corresponds to the surrounding area of the city center, as the remainder 
from a broader 0.5ºx0.5º domain (~50x50Km2) around the city’s center after eliminating the central area (9 pixels). For 
each sector, the median AOD was derived on a daily basis. The mean value and standard deviation of the daily median 
AODs, over the period 2003-2017, were calculated for both sectors, representing the long-term average over the whole 
time period. Additionally, deseasonalized linear trends were derived for both sectors as well. Although, a uniformly ap-
proach like this ignores the effect of topography, that breaks the symmetry around many cities, it could be considered an 
indicator of the spatial distribution of AOD.     

3 Results
At Table 1, we observe that two Chinese cities (Chongqing and Wuhan) show the biggest mean AOD at 0.81 and 0.75 
respectively. Chongqing also shows the largest decrease in AOD (-0.20 per decade) and it follows Washington with a 
decrease in AOD of 0.10 per decade and with a mean AOD value of 0.14. Two Indian cities (Bengaluru and Hyderabad) 
have the largest increase (0.16 and 0.15 per decade), which reflects the increased Indian industrial development during 
this period. The mean AOD of the two aforementioned cities are 0.18 and 0.29, respectively. The two cities with the 
lowest mean AOD are both in America (Atlanta and Belo Horizonte both with 0.07). Bogota and Singapore had a small 
number of data (<1year) which is related to the complex topography of these areas which results in a number of errors 
in the satellite’s retrieval algorithms.    

Table 1. MODIS-Aqua AOD (550nm) mean, standard deviation (σ) and deseasonalized decadal linear trends for every 
city’s central area (0.3ºx0.3º domain), over the period 2003-2017. The results are presented with decreasing population 
of the cities and are shaded with colors by continent (grey-Asia, red-America, green-Africa, blue-Europe).
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In Figure 1-a, it is illustrated the comparison between mean AODs for the central and the surrounding areas. According 
to the obtained results, all European and American cities yield AODs ranging from 0.05 to 0.25, in contrast to African 
and Asian cities in which the corresponding levels vary from 0.25 to 0.8. Points residing over the 1-1 line indicate cities 
with homogeneous spatial AOD distributions, whereas above/below the equality line AODs are higher in the surround-
ing and central area, respectively.  Osaka, Jakarta and Ho Chi Minh City show a decrease of more than 20% in a range 
of few kilometers from the center. On the other hand, Chinese cities (Wuhan, Shanghai and Beijing) show a significant 
increase in the area surrounding the center.  
In Figure 1-b, the comparison of mean AODs against the deseasonalized decadal trends (expressed in percentages) for 
each city’s central area is presented. USA cities like Washington, Atlanta, Philadelphia and Los Angeles, apart from 
their relatively low mean AOD values (<0.15), have also considerable negative trends (from -35% to -50% per decade). 
Kolkata is the city with simultaneously the biggest mean AOD of 0.69 and biggest positive trend +20% per decade. 
The Chongqing, as already mentioned, is the city with the biggest mean AOD value but it has a negative AOD trend of 
-26% per decade. Of particular interest is Bengaluru city which has relative low mean AOD value (0.184) but the biggest 
positive AOD trend almost +75% per decade. Bengaluru had 5 million population at 2001 census, and now it reports at 
13milions, showing one of the biggest increases for cities at this scale and thus it can be related to the very high increase 
of AOD. Meanwhile, it is linked more with new technologies and not heavy industry, which partially answers the rela-
tively low mean.

     Fig. 1. Mean MODIS-Aqua AOD (550nm) of central area (0.3ox0.3o domain) vs (a) surrounding area and vs (b) de-
seasonalized decadal linear trends of central area (expressed in percentages) for the time period 2003-2017.

(a) (b)
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The spatial distribution of the averaged MODIS-Aqua AOD at 550nm for 2003-2017 for two cities, Los Angeles, USA 
(Figure 2-a) and Chongqing, China (Figure 2-b) are presented, as two representative examples of cities with relatively 
low and high mean AOD values of city center, respectively. The black dot points the coordinates of the city center ac-
cording to BSCD. Both figures illustrate the methodology used and its limitations. For a number of cities like Los An-
geles (Figure 2-a) the city’s center isn’t the area with the highest AOD values, but areas related with the anthropogenic 
activity, industrial zones and local topography distorts more the spatial distribution. This is one of the reasons for the 
comparison performed between the cities’ center and the surrounding area. The spatial distribution of mean AOD for 
Chongqing city is a representative example of cities where city’s center mean AOD value is comparable with the sur-
rounding area. Also, in this case, the field of big mean AOD values is a uniform area that extends north-west from the 
city, in the area where most of the city’s extensions are located, which highlights the possible non-homogeneity of the 
second city sector of surrounding areas we have used. 

Fig. 2. Spatial distribution of MODIS-Αqua AOD (550nm) long-term average, over the period 2003-2017 around Los 
Angeles, USA and Chongqing, China.

4 Conclusions
In this study, fifteen years of MODIS-Aqua daily AOD at 550nm with a spatial resolution of 0.1ox0.1o grid were utilized 
in order to examine the spatiotemporal variability of AOD for the largest 56 cities of the world. Our findings from all 
cities are summarized as follows: 
Two Chinese cities show the biggest mean AOD (Chongqing 0.81 and Wuhan 0.75).
Lowest mean AOD are found in American cities Atlanta (0.07) and Belo Horizonte (0.07).
Cities with the highest positive trends per decade are both found in India, Bengaluru (+0.16) and Hyderabad (+0.15). 
Biggest decreases per decade are found in Chongqing (-0.20) and Washington (-0.10).
For all European and American cities mean AOD ranges from almost 0.05 to 0.25.
All African and Asian cities, but one (Bengaluru, which also has the highest increase), mean AOD ranges from 0.25 up 
to almost 0.80.
Chinese megacities tend to have highest AOD in the areas surroundings the city center.
USA cities are the only ones with low AOD and significant decrease in the study period.
Local topography should be examined in all cities because it adds a complicity in spatial distribution and deteriorates 
satellite retrievals.
Future work linking the AOD trends with population trends in these cities will reveal the linkage and will enhance the 
projections for the next decades.
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Abstract: It is well known that during the development of the rapid cloud convection, the lightning activity is a usual 
phenomenon. The scope of the study is to detect suitable combinations of threshold values of the Brightness Tempera-
tures (BT) of five infrared SEVIRI channels (6.2μm, 7.3μm, 8.7μm, 10.8μm and 12.0μm) where the lightning events 
present the highest frequency of occurrence. A large number of different combinations of threshold values were exam-
ined and many evaluation statistics were computed in order to select the most appropriate combinations. The analyses of 
over than 300.000 lightning events and their corresponding BT pixel values of the Meteosat imagery, show that although 
the lightnings activity is observed over a wide range of BTs, the most preferred threshold values for the detection of 
lightning events is the combination of BT10.8μm below 235 K and the difference of BT channels 10.8 μm and 12.0 μm 
(BTD6.2μm-7.3μm) larger than -10 Κ. The results can be useful for nowcasting purposes in terms of estimating the lightning 
activity using multispectral satellite imagery.

1 Introduction
Lightnings are a key feature for locating storm activity in a cloud system and areas with strong updrafts in the atmos-
phere and therefore, are considered as an indication of heavy rainfall and hail. The lightnings are a natural consequence 
of the creation of electrical potential in cloud systems of convective nature, rich in water vapor content. The updrafts 
inside the structure of these systems often cause a freezing of water vapor present in them (e.g. Williams et al. 2005; 
Toracinta et al. 2005). The ice nuclei are activated at different altitudes inside the cloud, with different electrical charge. 
If the electrification is significant enough, lightnings can occur. The lightnings are good indicator of convective activity, 
being extremely useful, especially over regions characterized by strong cloud storm activity, such as the Mediterranean.
The scope of the present study is to find out suitable sets of Brightness Temperatures (BT) and BT differences (BTD) 
criteria (thresholds) that can early and accurately delineate cloud tops with strong potential of convective nature, where 
the majority of lightnings usually occur. These criteria are intended to be used for early detection of cloud convection 
in Meteosat imagery.

2 Data and Methodology
Two types of data are used in this study. The first one is the lightnings that took place during the period 01/08/2006 - 
30/09/2006 over the Mediterranean basin (Fig. 1), as they were recorded by the Zeus long-range lightning detection 
system in the framework of the NASA African Monsoon Multidisciplinary Analyses (NAMMA) campaign (http://
namma.nsstc.nasa.gov/). This dataset contains all lightning events that were recorded inside the domain of the system 
and provides (among others) their location and the exact date/time of occurrence. 
The second type of data is remotely sensed data of the satellite instrument SEVIRI (Spinning Enhanced Visible and In-
frared Imager) which is on board on Meteosat Second Generation (MSG) satellite platform. For the needs of the study, 
image data from the four spectral regions listed in Table 1 were used.

Table 1. Spectral characteristics of the Meteosat channels that are used in the analysis.
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A spatiotemporal correlation of these two types of data, was conducted in a first step. For the temporal correlation, a time 
window of ±3 minutes around the exact time when the SEVIRI instrument finishes every full disk scanning (temporal 
resolution of 15 minutes), was chosen. Moreover, a spatial window of 40 x 40 km2 centered at coordinates of each re-
corded lightning inside the abovementioned temporal window, was chosen. This size of the spatial window was selected 
based on the mean spatial resolution of the lightnings, which is 20 km (e.g. Chronis et al. 2006). Finally, the pixel of 
the Meteosat multispectral imagery having the lowest Brightness Temperature (BT) value in the channel of 10.8 μm 
(BT10.8 μm) among all pixels inside the spatial window, was considered as the position of a lightning occurrence. The BT 
values of all channels (Table 1) for the same pixel, were also considered for the detection of the lightning occurrence. 
The abovementioned spatiotemporal correlation procedure was applied automatically by using an appropriate module 
written in the VB.NET programming environment. It is noted that in the algorithm an automated internal procedure is 
included, which during the abovementioned spatiotemporal correlation procedure, takes into account and corrects the 
pixel shift caused by the parallax phenomenon, in order to achieve the optimal spatial correlation (Vicente et al. (2002). 
The domain of the study is depicted in Fig.1. During the study period (01/08/2006 - 30/09/2006), a final data sample of 
371.101 values for the four utilized Meteosat channels, was used. Moreover, selected BT differences (BTD), which are 
related with the convective activity and the ice concentration of the cold cloud tops, were calculated (BTD10.8μm-12.0μm and 
BTD6.2μm-7.3μm) on a pixel level basis.

Fig. 1. Study domain. The black colored areas represent the major mountainous ridges. 

3 Results
In the first stage of the analysis, some basic descriptive statistics were calculated. These statistics were used to select the 
most appropriate channels and BT thresholds for detecting the lightnings’ occurrence.

Fig. 2. Boxplots showing the distribution of different BT (for Meteosat channels, 5, 6, 9 and 10, see Table 1) and relevant 
BTD values that are spatiotemporally related to lighting events during the study period (01/08/2006 - 30/09/2006).
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The box plots of Fig.2. present the distribution of the computed BT and BTD values that correspond to lightning events. 
According to these statistics, the BT6.2μm, BT10.8μm and BTD6.2μm-7.3μm parameters have a narrow range of values. As they 
correspond to the main population of the lightning events, they were considered as the most representative parameters 
for the occurrence of lightnings. Our findings are in agreement with the existing literature, reporting that BT10.8μm is 
the channel that most appropriately captures convective cloud tops (e.g. Feidas and Cartalis, 2001; Melani et al. 2003; 
Correoso et al. 2006; Bedka, 2011). They also agree with other studies, stating that BTD10.8μm-12.0μm and BTD6.2μm-7.3μm 
values are related with icy cloud tops (e.g. Inoue and Ackerman, 2002) and humid air masses in the middle and upper 
troposphere (e.g. Bedka et al. 2010; Kolios and Stylios, 2014), respectively. 
Based on our findings and this bibliographic knowledge, gained from the application of well-known techniques and 
channel combinations to detect convective cloud tops, two sets of criteria (Table 2) were selected for concluding about 
if the convective cloud areas are apparently related with the icy cloud tops (where the lightnings seem to occur more 
frequently). The first set of criteria consists of thresholds in BT10.8μm and BTD6.2μm-7.3μm (intended to be used for character-
izing/detecting deep convective cloud tops “DC”) while the second one consists of thresholds in the pair of BT10.8μm and 
BTD10.8μm-12.0μm values (intended to be used for characterizing/detecting icy cloud tops “IC”). These two sets of criteria 
were used to calculate statistical scores that are based on a contingency Table (Table 2) constructed to evaluate how 
well the set of criteria that represent convective cloud tops are expressing in parallel the icy cloud tops. Following this 
approach, numerous different threshold values were used for both the abovementioned criteria to calculate the statistical 
scores of POD (probability of detection), FAR (false alarm ratio) and BIAS [equations (1) � (3)]. The best two sets of 
threshold values (criteria) obtained after numerous tests, are presented in Table 3. More analytically, using the first set 
of criteria (Table 3), the estimated POD was equal to 89.5 % (the perfect score is 100%), the FAR was very low (9.4%, 
while the perfect score is 0%) and the BIAS value equal to 0.98, i.e. very close to 1 (the perfect score). From a physical 
point of view, these results indicate that using the two specific sets of threshold BT and BTD values, if the cloud tops 
are delineated using the “DC” set of criteria, it is extremely possible that they contain “IC” areas, where the majority of 
lightnings usually occur. In other words, this method can characterize extended cloud areas, optically thick and rich in 
water vapor, high in the troposphere, that include active and intense convection. In these convective cores, significant 
amounts of ice occur and significantly contribute to the production of lightnings.  

 Table 2. Contingency table with calculated statistical scores used to evaluate the ability of the Deep Convective cloud 
tops “DC” criteria to enclose icy cloud tops “IC” as they defined a different set of criteria. 
The following three statistical scores were used in the study: 
where POD stands for the probability of detection, FAR stands for the false alarm ratio, and BIAS stands FOR total 
bias of the statistical approach. The symbols “H” (hit), “M” (miss), “DN” (correct negative), and “FA” (false alarm) are 
parameters that are presented and explained in Table 2.

Table 3. The best threshold values in the two sets of criteria used for the characterization of convective cloud tops (DC) 
and icy cloud tops (IC) and the computed statistical scores (Equations 1,2,3). 

In Fig. 3 a case study is presented, showing how the first set of criteria of Table 3 captures cloud top areas in the Meteo-
sat imagery of 11/09/2006, 16:00 UTC. It can be clearly seen that the lightnings occur in areas that are simultaneously 
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“DC” and “IC”. This means that using the “DC” criteria, can efficiently delineate, in a simple way, convective cloud tops 
with active convection, where the majority of lightnings usually occur. Thus, in conclusion, convection in the Meteosat 
multispectral imagery can be early detected using the first set of criteria of Table 3, since this set is strictly associated 
to lightnings. 

Fig. 3. Convective cloud systems across the Sardinia, Corsica, eastern part of Atlas mountain ridges and southern of 
Sicily (Italy), on 11/09/2006, 16:00 UTC. The yellow points represent the lightning events, the blue colored cloud areas 
correspond to convective clouds (“DC”) and purple-colored areas correspond to icy clouds (“IC”), according to the first 
set of criteria of Table 3.
4 Conclusions
This study proposes a method, consisting in the use of a simple combination of BT and BTD thresholds, to early detect 
convective cloud tops in the Meteosat multispectral imagery. This is of extreme importance, given that convective cloud 
systems usually produce heavy rainfall episodes, hail, strong surface winds and lightnings.
The undertaken data analysis led to the selection/use of a simple set of criteria that can successfully delineate convec-
tive cloud tops, as proved by the performed evaluation which yielded satisfactory statistical scores. More specifically, 
the selected set of criteria provided a Probability of Detection (POD) equal to 89.5% with a False Alarm Ratio (FAR) of 
9.4%. Based on the promising obtained results, the future steps of this work are to extend the timeseries of data, in order 
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to examine the ability of the method to also work on a seasonal basis, as well as to further evaluate the adopted criteria, 
aiming to discriminate between cloud convection occurring over land-sea and during day-night. 
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Abstract: Vertical profiling of aerosol particles has been performed over the city of Ioannina (NW. Greece) during 
the winter period 10 January 2020 – 07 February 2020, in the frame of the PANhellenic infrastructure for Atmospheric 
Composition and climatE change, based on a mobile single-wavelength depolarization lidar system, AIAS. This mobile 
lidar system was running, mostly, under cloud-free conditions to provide the vertical profiles of the aerosol backscatter 
coefficient (baer) and the particle linear depolarization ratio (δpldr) both at 532 nm. In this work we demonstrate the spatio-
temporal evolution of the vertical profiles of baer and δpldr, while our study emphasizes on the biomass burning particles 
originating, mostly, from heating activities over the city of Ioannina. The variability of the baer and δpldr values within the 
winter Planetary Boundary Layer leading to adverse air pollution effects over the city is also discussed. 

1 Introduction
Atmospheric aerosols are important contributors in both Earth’s climate change and human health issues (IPCC, 2014, 
Oh et al., 2020). Most of the anthropogenic aerosol emissions include industrial emissions, transport activities and 
domestic heating. The physico-chemical properties of these particles determine their role in the Earth’s radiative equi-
librium regarding the short- and long-wave radiation (scattering and absorption) interaction between the atmospheric 
aerosols and clouds (direct and indirect effect) as described by (Athanasopoulou et al., 2017, Groß et al., 2015, IPCC, 20
14)”ISSN”:”16807324”,”abstract”:”For the past 8ĝ€years, Greece has been experiencing a major financial crisis which, 
among other side effects, has led to a shift in the fuel used for residential heating from fossil fuel towards biofuels, pri-
marily wood. This study simulates the fate of the residential wood burning aerosol plume (RWB smog. 
During the last decade, Greece faced a severe financial crisis, which forced the Greek Governments to permit the use 
of biomass (wood) burning (BB) for domestic heating across the Greek territory, especially, during the low temperature 
winter periods (Florou et al., 2017, Fourtziou et al., 2017, Sarigiannis et al., 2014). This led to increased emissions of 
BB particles, which are a major source of air pollution, and hold the third largest contribution of black carbon (BC) 
emissions globally (Klimont et al., 2017)”ISSN”:”16807324”,”abstract”:”This paper presents a comprehensive assess-
ment of historical (1990-2010. Moreover, specific meteorological conditions (e.g. stagnant conditions under temperature 
inversions within a shallow Planetary Boundary Layer-PBL) prevailing in mountainous regions may lead to severe air 
pollution episodes (Kassomenos et al., 2003, Sindosi et al., 2019).
The PANhellenic infrastructure for Atmospheric Composition and climatE chAnge (PANACEA) project gives the op-
portunity to study the atmospheric composition in several middle- and large-sized urban agglomerations of Greece, 
focusing on cities suffering from high aerosol concentrations which stem from anthropogenic sources, like industrial, 
transportation and domestic heating activities (https://panacea-ri.gr/, Mylonaki et al., 2021).
The middle-sized city of Ioannina is situated in the Epirus mountainous region in the North-Western part of Greece and 
frequently suffers from severe air pollution episodes due to BB domestic heating during specific meteorological condi-
tions in winter time. During these episodes the aerosol particles (PM2.5 and PM10) concentrations largely exceed the 
relevant European air quality standards (https://ec.europa.eu/environment/air/quality/standards.htm). The laser remote 
sensing (lidar) technique is an ideal tool to monitor the evolution of such air pollution episodes, with an increased tem-
poral (30-60 s) and spatial (3.75-7.5 m) resolution.
In this paper we present for the first time aerosol vertical profiling measurements during the winter period (10 January 
2020 – 07 February 2020) aiming to understand the spatio-temporal evolution of aerosols within the PBL and the lower 
free troposphere (LFT) and link them to the meteorological conditions prevailing over of the city of Ioannina during 
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the coldest winter period. This will be based on the study of the vertical distribution of the aerosol optical properties, 
namely the aerosol βaer and the δpldr.

2 Data and Methodology

2.1 Location and description of the lidar system
The Ioannina city (39.65o N, 22.85o E, 500 m above mean sea level-a.m.s.l.) is the capital of the Prefecture of Epirus, 
in north-western Greece and has a population of ~ 65.574, while the greater area around the city has ~112.486 inhabit-
ants. The city is located in a basin near the Pamvotis lake (coverage 19 km2) and is surrounded by high mountains with 
heights ranging from 1068 to 2637 m height a.m.s.l.). The geographical location and topography of the city of Ioannina 
facilitates the development of very shallow PBL heights (PBLH) during winter time, thus leading to the formation of 
enhanced air pollution episodes with very low air quality levels (Kaskaoutis et al., 2020, Sindosi et al., 2019).
The AIAS elastic depolarization lidar system, operated by the National and Technical University of Athens (NTUA) in 
cooperation with the Biomedical Research Foundation Academy of Athens (BRFAA) was located 1-1.5 km from the 
city center and the Pamvotis lake, during the aforementioned PANACEA winter campaign period. The AIAS lidar emits 
a linearly polarized laser beam at 532 nm and uses a combination of analogue and photon-counting lidar signal digitiz-
ing systems to detect both the parallel and the vertical components of the elastically backscattered lidar signal at 532 
nm. The spatial vertical resolution is equal to 7.5 m and the temporal resolution of the acquired lidar signals is 1.5 min. 
Its overlap height is of the order of 250 m above ground level (a.g.l.) (Mylonaki et al., 2021, Papayannis et al., 2020).

2.2 Methodology
The lidar performed continuing measurements from early morning (07.00 UTC) until the evening hours (19.30 UTC), 
with one-hour break in the afternoon. The lidar data processing was performed by the Single Calculus Chain (SCC) 
as described by (D ’amico et al., 2015, Mattis et al., 2016)a tool for the automatic analysis of lidar measurements. The 
development of this tool started in the framework of EARLINET-ASOS (European Aerosol Re-search Lidar Network – 
Advanced Sustainable Observation System in a near real-time processing mode to retrieve the vertical profiles of βaer and 
the δpldr at 532 nm (Mylonaki et al., 2021). In total, 42 measurements were performed during morning, noon and evening 
hours. Special emphasis was given to the analysis of the vertical profiles of the βaer and the δpldr during the afternoon and 
evening hours, when the BB activity for heating purposes was more intense.
The lidar measurements were complemented by collocated in situ PM2.5 aerosol concentrations at ground level, as well 
as satellite observations and air mass trajectory calculations to characterize the air masses arriving over our measuring 
site. More specifically, the space-borne MODIS sensor (Giglio et al., 2016), which provides information on active fires 
through the Fire Information for Resource Management System (FIRMS) (https://firms.modaps.eosdis.nasa.gov/map/), 
was used to ensure that the BB aerosols observed by the AIAS lidar system were locally produced without no other 
contribution sources from other regions of Greece, the Balkans and Europe during the study period. 

3 Experimental Results
Figure 1 presents the vertical distribution of βaer and δpldr at 532 nm, as observed by the AIAS mobile depolarization lidar 
during the winter PANACEA campaign over the city of Ioannina. The PBLH along with its standard deviation (std) is 
also presented with the black solid and dashed lines, respectively.
The majority of the cases presented here (with a different colour for each day) show low altitude aerosol layers (up to 
2.4 km a.m.s.l) with quite low δpldr values (lower than 0.11), except the case of the 26th of January, when dust aerosol 
layers (Fig 1; purple solid line) were observed at ~3.5 km height showing increased δpldr values of 0.35. The mean value 
of PBLH of all the under study cases was found to be equal to 1.13± 0.07 km a.m.s.l.  The AIAS lidar observation data 
for each day and time can be found in the inset legend of Figure 1. In this study we also calculated the mean values of 
βaer and δpldr at 532 nm both inside the PBL and at each aerosol layer observed, to obtain typical values of these aerosol 
properties under typical BB aerosol conditions.
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Fig. 1. The vertical distribution of βaer and δpldr at 532 nm, as observed by the AIAS mobile lidar during the winter PANA-
CEA campaign over the city of Ioannina. Each case study is presented with a different color. The mean PBLH along with 
its std are also presented with the black solid and dashed lines, respectively.

The mean βaer values retrieved inside the PBL ranged from 2.03±0.74 to 12.19±1.66 Mm-1sr-1, indicating high aerosol 
load close to the ground. On the other hand, the aerosol layers above the PBL presented much lower βaer values (ranging 
from 0.37±0.11 to 2.91±0.91 Mm-1sr-1). On the other hand, the mean values of the δpldr values ranged from 0.01±0.01 
to 0.03±0.01, inside the PBL. For the BB aerosol layers, the values of δpldr were found from 0.01±0.01 to 0.09±0.03, 
indicative for BB aerosols. In contrary, the mean value of δpldr inside the mixed dust aerosol layers was found equal to 
0.20±0.12. 

4 Conclusions
In this study we analyzed 17 cases observed by the AIAS depolarization lidar over the city of Ioannina during the winter 
PANACEA campaign (10/01/2020-07/02/2020). The majority of the aerosol layers observed during the campaign was 
of aerosols originating from local BB sources, mostly from domestic heating purposes. Additionally, we observed the 
transport of dust aerosols from middle-Western and North-Western regions of the African continent. The analysis of the 
AIAS lidar data gave us the opportunity to expand the aerosol measurements from 4 km height a.m.s.l. down to 700 m 
a.m.s.l., which permits an easiest comparison of the aerosol concentrations with in situ measurements. In this study we 
showed the high winter time air pollution levels in Ioannina city concerning the aerosol concentrations. In accordance 
with the guidelines of the European Environment Agency and the relevant European air quality standards, the majority 
of the cases showed very poor air quality levels, due to the increased concentrations of the BB particles.
The lidar data analysis showed relatively shallow PBLH values, with increased aerosol loads within the PBL accompa-
nied by extremely low δpldr values (<0.07), indicative for fresh biomass burning aerosols. Specifically, the PBLH ranged 
from 1.02 to 1.31 km with a mean value equal to 1.13±0.07 km a.m.s.l. The BB aerosol layers above PBL were mainly 
located in heights between 1.21 and 2.23 km, while the dust mixtures were observed between 2.56 and 3.16 km heights 
a.m.s.l.
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Abstract: The EVE (Enhancement and Validation of ESA products) lidar is a combined linear/circular ground-based 
polarization system. EVE will provide the missions of the European Space Agency (ESA) with reference measurements 
of the particle optical properties. Its design utilizes a dual-telescope/dual-laser configuration emitting, interleaved, lin-
early and circularly polarized light at 355 nm, and detecting, in parallel, the linear and circular depolarization on the 
backscattered signals and the Raman backscattering at 387 nm. Moreover, the system allows the adjustment of the 
measurement zenith angle from 0 to 90o, as well as full adjustment of the measurement azimuth angle in order to fulfill 
the Cal/Val requirements of Aeolus mission. The Atmospheric Laser Doppler Instrument (ALADIN) onboard Aeolus, 
provides aerosol optical properties such as particle backscatter and extinction coefficient profiles by detecting only the 
co-polar component of the backscattered circularly polarized light. In strongly depolarizing scenes with non-spherical 
particles like desert dust, volcanic ash, and ice crystals, the undetected cross-polar component of the received radiation 
renders the retrieved co-polar backscatter component inadequate to represent the total aerosol backscatter coefficient. 
The EVE lidar aims to evaluate the aerosol retrievals for Aeolus and quantify their uncertainties during the ASKOS 
campaign in Cape Verde, in July 2021.

1 Introduction
The Atmospheric Dynamics Mission Aeolus (Aeolus; Reitebuch, 2012), launched on August 2018, is an Earth Explor-
ers Core mission of the European Space Agency (ESA). The mission is designed to provide profiles of the Horizontal 
Line-of-Sight (HLOS) wind component in the troposphere and the lower stratosphere on global scale (Dabas 2010; 
Stoffelen et al. 2006; Tan et al. 2008). In addition, profiles of the particle optical properties are obtained as spin-off 
products, specifically those of the extinction coefficient, the backscatter coefficient, and the backscatter-to-extinction 
ratio (Ansmann et al. 2007; Flamant et al. 2008).
The single payload on board the platform, is the Atmospheric Laser Doppler Instrument (ALADIN; Paffrath et al. 
2009; Reitebuch et al. 2009). This instrument is a High Spectral Resolution Lidar (HSRL) system, that operates in the 
UV and implements a transceiver configuration (Lolli et al. 2013). ALADIN emits circularly polarized light at 355 nm, 
pointing at 35o from nadir, and detects only the cross-polar component of the elastically backscattered lidar signals 
(Flamant et al. 2007). The latter affects mainly the retrieval of the backscatter coefficient, since the co-polar compo-
nent detection leads to the retrieval of the co-polar backscatter coefficient. Under the presence of highly depolarizing 
targets, for e.g., dust, ice crystals, and volcanic ash, the cross-polar component is not negligible. Thus, the measured 
co-polar backscatter coefficient will deviate from the commonly used total backscatter coefficient.
Like any other spaceborne mission (Tesche et al. 2013; Proestakis et al. 2019; Mamouri et al. 2009; Michailidis et al. 
2020), the retrieved products of Aeolus shall undergo thorough validation . For the validation of the particle optical 
products (L2A) component and the assessment of the Aeolus backscatter coefficient underestimation on depolarizing 
scenes, a dedicated lidar system (called EVE) was developed by Raymetrics S.A. in collaboration with the National 
Observatory of Athens and the Ludwig-Maximilians-Universität. This paper provides a brief description of the opera-
tion principle of the developed lidar and presents the retrieved optical products of the system from a measurement over 
Athens, Greece.
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2 System Overview
The EVE (Enhancement and Validation of ESA products) lidar is a novel polarization system with a dual-laser/dual-
telescope configuration (Fig. 28) and scanning capabilities allowing the adjustment of the measurement angle from 0o 
to 90o off-zenith. In the emission unit, two Nd:YAG lasers emit linearly-polarized light at all three wavelengths (355, 
532, and 1064 nm) with energy of approximately 80 mJ for the 355nm and a repetition rate of 20 Hz. The emission at 
532 and 1064 nm, provides the opportunity of a future upgrade to a multiwavelength lidar system. In front of laser B, a 
quarter wave plate (QWP) is mounted for converting the polarization state of the emission at 355 nm, from linear to cir-
cular. In the receiver unit, the backscattered lidar signals at 355 nm are collected from two Dall-Kirkham type telescopes 
with an aperture of 200 mm (focal length of 1000 mm and field of view 1.5 mrad) and optically separated through the 
Wavelength Separation Units (WSUs). Eventually, the signals are recorded by 5 PMT channels in total (4 polarization 
and 1 Raman) with raw signal height resolution of 3.75 m. 
More specifically, in the linear WSU (WSU1), the elastically backscattered signals are optically separated in the reflected 
(R) and transmitted (T) paths of a Polarizing Beam Splitter cube (PBS), which acts like a linear analyser (Freudenthaler 
2016), to the parallel- and cross-polarized components with respect to the polarization plane of the emitted light, respec-
tively. The WSU1 is also equipped with a dichroic mirror that enables to collect the Raman backscattering from nitrogen 
molecules at 387 nm. In the circular WSU (WSU2), the elastically backscattered signals are optically separated in the 
reflected (R) and transmitted (T) paths of the circular analyser, to the co- and cross-polar components of the circularly-
polarized emission respectively. The circular analyser consists of a PBS and a QWP placed at 45o with respect to the 
PBS eigen axis (Freudenthaler 2016). All signals are recorded by the PMTs in both analog and photon-counting mode 
in order to enhance the dynamic range of the measured signal. The full overlap of the system is approximately 400 m.

Fig. 28. The EVE lidar (left) and its dual-laser/dual-telescope configuration (right).

The two lasers are triggered recursively and the acquisition unit is synchronized accordingly enabling the simultaneous 
recording of the backscattered signals from the emitting laser by both receivers. Consequently, EVE lidar consists of 
four individual and independent lidar systems, which are the A1, A2, B1, and B2 setups, with A, B = emitter and 1, 2 
= receiver unit. The main difference between them is the probe beam polarization state and the polarization analyser in 
the WSUs. 
The A2 and B1 setups are used only for calibration purposes and self-validation of the system. On the other hand, the 
A1 and B2 setups are used for the calculation of the linear and circular depolarization ratios respectively, as well as to 
obtain the backscatter and extinction coefficient originating from either linearly or circularly polarized emission. The 
retrieval of the backscatter and extinction coefficients require the total backscattered signal which can be constructed 
from the calibrated sum of the respective cross- (or cross-polar) and parallel-polarized (or co-polar) signals per system 
according to (Freudenthaler 2016).

3 Results
The measurement on 24 September 2020, from 17:39 to 18:02 UTC, among the first conducted measurements of the 
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system, is presented below.  It demonstrates the performance of the EVE lidar on the optical product retrievals under the 
presence of depolarizing particles. During the measurement, the system was located in Athens, Greece (38.06° N, 23.75° 
E) at an elevation of 194 m above sea level. The particle backscatter coefficient profile in Fig. 29, indicate a significant 
aerosol load up to 5 km with a pronounced layer located at approximately 3.5 to 4 km with backscatter values of 3 Mm-

1sr-1. Below the layer and up to 3.5 km from sea level the backscatter ranges from 1.5 to 2.4 Mm-1sr-1. The backscatter 
coefficient presented in Fig. 29 was retrieved using the backscattered signals from circular emission, but it is practically 
identical with the backscatter coefficient using the linear emission (not shown here), since the calibrated sum of the de-
tected polarized components is used for the derivation of the backscatter coefficient, in both cases.

Fig. 29. The particle backscatter coefficient profile at 355 nm, retrieved by the Raman inversion method, on 24 Septem-
ber 2020 from 17:39 to 18:02 UTC. The reference height of Rayleigh atmosphere was selected at 10 km.

The aerosol layer at 3.5-4 km is also observable in the volume and particle depolarization ratios in Fig. 30, denoting the 
presence of depolarizing particles. The suspended particles are mildly depolarizing with   and  values at 3.2 % and 6.6 
%, and   and  values of 9.6 % and 21 %, respectively.
The simultaneous retrieval of the linear and circular depolarization ratios can be used to validate the theoretical relation-
ship between the two ratios and the related assumptions that have to be made (Mishchenko and Hovenier 1995; Roy and 
Roy 2008)δL, and circular, δC, backscattering depolarization ratios for nonspherical particles in random orientation. 
For the practically important case of randomly oriented particles with a plane of symmetry or particles and their mirror 
particles occurring in equal numbers and in random orientation, δC = 2δL/(1 − δL under a wide variety of aerosol types.

Fig. 30.  The profiles of volume depolarization ratios (left) and the particle depolarization ratios (right) at 355 nm on 24 
September 2020 from 17:39 to 18:02 UTC. The volume and particle linear depolarization ratio, and  respectively, are 
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presented in blue solid lines, while the volume and particle circular depolarization ratios and  respectively, are presented 
in purple dashed lines.

4 Summary
The EVE lidar is a combined linear/circular polarization lidar system, developed to provide the Aeolus mission with 
ground reference measurements for the L2A products. A case with mildly depolarizing particles in the atmospheric load 
was selected from the first conducted measurements, to demonstrate the optical products that the system can measure. 
The novel design of the system, that incorporates the simultaneous detection of the linear and circular depolarization of 
the backscattered signals from linear and circular emission, constitutes a unique system, capable of mimicking both the 
operation of ALADIN on board Aeolus and the operation of a traditional polarization lidar system with linear emission. 
Consequently, with this dual configuration, EVE lidar can directly fulfill its primary goal of the Aeolus L2A products 
validation, assessment and improvement. The instrument will be the ground reference for the validation of the Aeolus 
L2A products in ASKOS, the forthcoming Aeolus Cal/Val campaign which will be held in Cape Verde during July 2021. 
Moreover, the system can identify any possible biases driven by the efforts of lidar systems with linear emission in the 
validation of the Aeolus L2Aproducts.
Besides the validation of particle optical properties originated from spaceborne missions, EVE can also validate the 
theoretical relationship between the linear and circular depolarization ratios in real time and for a variety of aerosol 
conditions, something which, to our knowledge, is a first in lidar remote sensing.
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Abstract: New products of fine and coarse mode dust extinction coefficient and concentrations are produced us-
ing the CALIPSO space-borne lidar observations, for the first time. The new products derived are based on the 
CALIOP aerosol backscatter coefficient observations and provide height-resolved separation of the fine-mode and 
coarse-mode portions of the pure-dust atmospheric aerosol component. The methodology follows the two-step 
POLIPHON ground-based lidar technique and is optimized for the different deserts globally, taking into consid-
eration regional dust lidar-ratio (LR) values. A demonstration of the methodology is presented herein, along with 
first results of the CALIPSO fine-mode and coarse mode pure-dust products. Profiles of pure-dust fine-mode and 
coarse-mode extinction coefficient at 532 nm are calculated, for a severe pollution event over the broader Hebei 
province - China. Additionally, estimation of CALIPSO-based fine-mode and coarse-mode dust mass concentra-
tions is performed. The results indicate pure-dust, coarse-dust and fine-dust mass concentrations close to the sur-
face, as high as 905 μg/m3, 325 μg/m3, and 519 μg/m3, respectively.

1 Introduction
Atmospheric mineral dust is a major component of the Earth’s aerosol system. With estimated emissions from arid 
and semi-arid regions ranging between 1000 and 3000 Tgyr−1 (Zender et al., 2004), mineral dust once airborne has 
a significant role to play in climate system, through modulation of radiative balance (Tegen et al., 1997; Sokolik et 
al., 2001), cloud formation (DeMott et al., 2015; Marinou et al., 2019), even in human health through degradation 
of air quality (Goudie et al., 2014). However, decoupling of the pure-dust aerosol component into fine (up to 1 μm 
diameter) and coarse (supermicrometer) dust modes, including considerations on the vertical distribution, is still 
required, due to the different effects and roles of the two modes (DeMott et al., 2010; Kok, 2011; Nabat et al., 2012; 
Goudie et al., 2014; Mahowald et al., 2014). Mamouri and Ansmann (2014) suggested a lidar-based approach to 
vertically decuple the fine and coarse pure-dust profiles form the total aerosols. The developed technique, namely 
the two-step Polarization Lidar Photometer Networking (two-step POLIPHON), is a combination of particle linear 
depolarization ratio and differences in the optical properties of the two modes (Sakai et al., 2010), with the aim to 
provide from ground-based lidar measurements information on the vertical distribution of the fine-mode (defined 
as dust particles of radii up to 500 nm) and coarse-mode (defined as dust particles of radii greater than 500 nm) 
pure-dust components. Furthermore, based on suitable AErosol Robotic NETwork (AERONET) conversion fac-
tors, the authors demonstrated the feasibility of computing pure-dust, coarse-dust and fine-dust mass concentra-
tion profiles (Ansmann et al., 2019). In this work, we present the application of a modified version of the two-step 
POLIPHON method to CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) CALIOP 
(Cloud-Aerosol Lidar with Orthogonal Polarization; Winker et al., 2010) observations, and provide the pure-dust 
(Amiridis et al., 2013), fine-dust and coarse-dust profiles, for the case of a severe pollution event over the broader 
Hebei province - China (13/02/2015).  
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2 Data and Methodology

2.1 Data
In the work we use CALIPSO-CALIOP (Winker et al., 2010) observations. CALIPSO polar-orbit sun-synchronous 
Earth Observation (EO) satellite, as part of the Afternoon Train constellation of satellites (A-Train), is character-
ized by 16 days orbit repetition frequency and equatorial crossing time approximately at 13:30 Local Time (LT). 
This study, is based on CALIOP Level 2 Version 4 (V4.2) Aerosol and Cloud profile observations and products, for 
the case of a severe pollution event (13/02/2015) over the broader Hebei province – China (Northeast China, prov-
ince encompassing Beijing). The CALIPSO-Hebei province overpass on February 13th, 2015 is shown in Fig.1. 
The delineated by a rectangle area corresponds to the region where the methodology of deriving the pure-dust, 
coarse-dust and fine-dust mass concentration profiles is applied.  

Figure 1. CALIPSO-Hebei province overpass (13/02/2015). The delineated by the rentagle area (37o-40.3o lati-
tude) corresponds to the region where the methodology of deriving the pure-dust, coarse-mode and fine-mode 
pure-dust mass concentration profiles is applied.

2.2 Methodology
the pure-dust component from the total aerosol load is derived over the Hebei province on February 13th, 2015, 
based on CALIPSO CALIOP L2 Aerosol and Cloud profiles at 532 nm. The derived pure-dust profiles are quality 
assured, according to strict quality assurance criteria proposed in the literature (Marinou et al., 2017; Tackett et al., 
2018). Accordingly, the first step from the two-step POLIPHON (Mamouri and Ansmann, 2014) method is applied. 
The aforementioned step is based on the methodology developed by Tesche et al. (2009) and modified parameteri-
zations of optical properties (Sakai et al., 2010), to allow separation of the coarse dust component from the total 
aerosols load. The fine-dust component of pure-dust is computed by subtraction of the coarse-dust component from 
the pure-dust aerosol load. Finally, suitable conversion factors from extinction coefficient 532 nm profiles, to mass 
concentration profiles of fine-dust, coarse dust and pure-dust are computed (Ansmann et al., 2019). The applied 
methodology is demonstrated in the flowchart of Fig. 2.
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Figure 2. Flowchart of the methodology followed for the derivation of the CALIPSO-based pure-dust, coarse-dust and 
fine-dust profiles of mass concentration. 

3 Results
The study case shown in Fig.1, is a severe event of heavy pollution, over the Hebei province on 13 February 2015. For 
the study case, and based on the described methodology (Fig.2), the CALIOP-based extinction coefficient at 532 nm 
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profiles of pure-dust (Fig.3a), coarse-dust (Fig.3b) and fine-dust (Fig.3c) are produced. Accordingly, the extinction coef-
ficient at 532 nm profiles are converted to mass concentration profiles of pure-dust (Fig.3d), coarse-dust (Fig.3e) and 
fine-dust (Fig.3f). Within the study domain, the pure-dust, coarse-dust mode, and fine-dust remain almost constant, with 
approximately 60% of the pure-dust mass to be of fine-mode, with radii up to 500 nm, indicating a significant influence 
of fine mode to total dust.  

Figure 3. Pure-dust, coarse-dust and fine-dust extinction coefficient profiles 532 nm (a-c) and mass concentration (d-f) 
for the CALIOP-Hebei province overpass on the 13th of February, 2015.

Fig. 4 shows the pure-dust (Fig.4a), coarse-dust (Fig.4b) and fine dust (Fig.4c) profiles of mass concentration, for 
CALIOP-Hebei province overpass on the 13th of February, 2015, computed in the domain between 37o and 40.3o latitude 
(the domain is delineated in Fig.3d-f). According to CALIOP observations, the modified two-step POLIPHON method 
and the AERONET-derived conversion factors, the pure-dust, coarse-dust and fine-dust mass concentration profiles, as 
high as 905 μg/m3, 325 μg/m3, and 519 μg/m3, respectively. 

Figure 4. Pure-dust (left), coarse-dust (center) and fine-dust (right) mass concentration profiles for the CALIOP-Hebei 
province overpass on the 13th of February, 2015.

4 Conclusions
This study demonstrates the conceptual approach of deriving pure-dust, coarse-dust and fine-dust profiles of mass con-
centration from CALIPSO-CALIOP products, using a ground-based lidar separation method and desert-specific and 
AERONET-derived conversion factors. The demonstration is shown for a severe pollution study case, occurred over 
the Hebei province in northeast China on February 13, 2015, where according to the described methodology pure-dust, 
coarse-dust and fine-dust mass concentrations close to the surface, as high as 905 μg/m3, 325 μg/m3, and 519 μg/m3, 
respectively, were observed.
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Abstract: Desert dust, produced in arid and semi-arid regions, is a key source of nitrogen (N), phosphorus (P), and 
iron (Fe) for marine ecosystems. In this article, we use a well-established pure-dust product to estimate the Saharan-dust 
mass deposition fluxes along the Atlantic Ocean. The study uses a pure-dust product, developed through applying the 
one-step POLIPHON technique to fourteen-years of CALIPSO CALIOP observations. Furthermore, we implement cor-
rected lidar-ratio (LR) values, suitable for mineral dust particles with Saharan Desert origin, and AERONET depended 
conversion factors, to calculate the three-dimensional (3-D) mass transport of pure-dust along the Atlantic Ocean, starting 
from CALIOP L2 aerosol backscatter coefficient profiles at 532 nm. The article consists a conceptual demonstration of 
the applied methodology over the ASKOS (Support to the Aeolus Validation and Calibration Through Ground Based 
Observations in the Tropics) experimental campaign domain (Cape- Verde; June-July-August 2021), estimating the pure-
dust mass deposited in the region approximately equal to 50.89 Tg per JJA season.

1 Introduction
The Saharan desert, the Earth’s largest and most persistent source of mineral dust (Prospero et al., 2002), is estimated to 
emit in the atmosphere between 130 and 800 Tgyr−1 (Goudie and Middleton, 2001), emissions that account from 25% to 
50% of the global atmospheric dust load (Engelstaedter et al., 2006). The desert dust, once airborne, plays an important 
role in climate system through perturbation of the radiation balance, both directly by absorption and scattering of short-
wave and absorption and re- emission of longwave radiation (Tegen et al., 1997; Sokolik et al., 2001), and indirectly, 
through modifying cloud nucleation (DeMott et al., 2015; Marinou et al., 2019) and cloud optical properties (Levin et 
al., 1996), even precipitation (Rosenfeld et al., 2008). Moreover, dust aerosol transport degrades air quality, affecting 
negatively human health (Goudie et al., 2014). Eventually, the Aeolian transport of mineral dust is concluded, either 
through wet or dry deposition (Colarco et al., 2003). In case of Africa and the Saharan desert, and especially during 
northern hemisphere late spring, summer and early autumn, wind-lifted mineral dust forms dusty air masses (Fig. 1) that 
are blown across the tropical Atlantic Ocean, known as the Saharan Air Layer (SAL). Through the wet and dry deposition 
of SAL dust into the Atlantic Ocean, essential nutrients are released in marine ecosystems, in the form of dust nitrogen 
(N), phosphorus (P), and iron (Fe) (Jickells et al., 2005). To determine however the effect of the deposited mineral dust 
to the Atlantic Ocean’s marine ecosystems, proper quantification of the airborne dust deposition fluxes is a prerequisite. 
However, oceanic in-situ measurements of dust deposition, conducted either at specific sites or during large-scale cruises 
are scarce (Schulz et al., 2012), while modeling of dust emission, transport and deposition processes is subject to large 
uncertainties (Huneeus et al., 2011). In this study, we use approximately fourteen years (06/2006-08/2019) of CALIPSO 
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) CALIOP (Cloud- Aerosol Lidar with Orthogonal 
Polarization; Winker et al., 2010) observations, to estimate the seasonal (June-July-August; JJA) pure-dust mass depos-
ited over the Atlantic Ocean domain between 5o and 35o latitude and -20o and -10o longitude, a region encompassing 
the ASKOS (Support to the AeolusValidation and Calibration Through Ground Based Observations in the Tropics) 
experimental campaign domain (Cape-Verde; June-July-August 2021).
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Figure 1. Example of a Saharan dust transport event along the Atlantic Ocean, as captured by (a) CALIPSO CALIOP on 
20180706 and 20180707 and (b) Aqua and Terra MODIS on 20180706.

2 Data and Methodology

2.1 Data
In the framework of the study, we implement observations of CALIOP, of the primary instrument onboard CALIPSO. 
CALIPSO (Winker et al., 2010), the collaborative NASA and CNES Earth Observation (EO) satellite project, flies in 
formation with the Afternoon Train (A-Train) constellation of satellites, thus the polar-orbit sun-synchronous satellite 
is characterized by an equatorial crossing time around 13:30 Local Time (LT) and approximately sixteen (16) days rep-
etition rate orbit. Here, we use CALIPSO Version 4 (V4.2) Level 2 (L2) Aerosol and Cloud profile observations and 
products, for a period spanning between 06/2006 and 08/2019, in order to investigate the JJA pure-dust mass deposited 
over the Atlantic Ocean domain extending between 5o and 35o latitude and -20o and -10o longitude, the broader region 
encompassing of the ASKOS experimental campaign domain, foreseen to take place in Cape-Verde, between June and 
August 2021.

2.2 Methodology
Utilizing CALIPSO L2 aerosol and cloud observations at 532 nm as a starting point, several quality assurance filters 
are applied (Marinou et al., 2017). Accordingly, a methodology developed in the framework of EARLINET (European 
Aerosol Research Lidar Network) is applied for the decoupling of the pure-dust component from the total aerosol load 
(Tesche et al., 2009), as well as suitable Lidar Ratio (LR) values for Saharan dust (Baars at al., 2016; Gross et al., 2011; 
Kanitz et al., 2013). The LR are used to estimate the CALIPSO pure-dust extinction coefficient profiles at 532 nm from 
the pure-dust backscatter coefficient profiles at 532 nm. The derived L2 optimized pure-dust profiles (Amiridis et al., 
2013), are in addition processed in Level 3 (L3), similar to the CALIOP L3 (Tackett et al., 2018), however with a higher 
grid resolution (1ox1o). The derived CALIPSO-based pure-dust product (Amiridis et al., 2013), is used to describe the 
three-dimensional (3-D) climatology (horizontal and vertical) transport of Saharan dust over the Atlantic Ocean, and 
subsequently, the pure-dust mass concentration (Ansmann et al., 2019) deposited over the broader ASKOS campaign 
domain. The methodology applied is delineated in the flowchart of Fig. 2.

3 Results
The CALIPSO-based pure-dust product, between 06/2006 and 08/2019, is implemented to derive the latitudinal cross 
sections of the pure-dust transport of the Saharan Air Layer (SAL) across the broader northern hemisphere Atlantic 
Ocean. Fig. 3 (upper panel) shows the dust transport along SAL, while the reduction of the transported pure-dust mass 
concentration, due to wet deposition and gravitational settling, is also evident. Accordingly, the derived cross sections 
of pure-dust at -20o and -30o latitude (Fig. 3 upper panel), are used to calculate the average removed from SAL pure-dust 
mass concentration per JJA season, in the Atlantic Ocean region between 5o and 35o latitude and -20o and -10o longitude, 
estimating the pure-dust mass deposited in the region equal to 50.89 Tg per JJA season.
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Figure 2. Flowchart of the methodology followed for the derivation of the CALIPSO-based pure-dust mass concentra-
tion.
Almost two-thirds of aeolian dust originates from the North African Sahel/Sahara region (Gkikas et al., 2021) and about 
a quarter of that is deposited in the oceans. Dust production arises from saltation or sandblasting, when winds above a 
threshold velocity transport soil grains horizontally, producing smaller particles, a small proportion of which is lifted to 
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high altitudes in the atmosphere and transported over thousands of kilometers, directly linked to ocean iron fertilization, 
affecting the plankton functional types (Jickells et al., 2005). The output of the study will provide valuable scientific 
information relevant to the full cycle of dust processes, from surface emission, to atmospheric dust transport over long 
distances (Figure 3a), and eventually the impacts on land and marine ecosystems (Figure 3b).

Figure 3. (a) Atlantic Ocean dust transport, (b) ESA-CCI ocean-color Chlorophyll-a [mg/m3] for JJA 2010.

4 Conclusions
In this study we utilized CALIPSO and a pure-dust optimized product developed in the framework of EARLINET, for a 
period spanning between 06/2006 and 08/2019, to reconstruct the JJA pure-dust mass transport over the broader ASKOS 
campaign domain in the Atlantic Ocean, an area spanning between 5o and 35o latitude and -10o and -50o longitude. The 
output of this study, complementarily supported by an effective integration of novel observations (e.g. satellite, in situ) 
and sound representation of the Earth system, is foreseen to provide an advanced 4D reconstruction of the Atlantic sea-
air-land system, its different components, process and interactions, in order to address major scientific challenges, such 
as the atmospheric dust deposition across the open ocean and eventually, the effect on ocean biochemistry. Future work 
will include seasonal investigation of the pure-dust mass deposition, across the entire Atlantic Ocean, as well as in-depth 
estimation of SAL pure-dust deposition rate.
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Abstract: The present study evaluates the surface concentration of nitrogen dioxide (NO2) inferred from S5P/TRO-
POMI NO2 tropospheric column densities over central Europe, for the summer of 2018 and the winter of 2018-2019. 
The methodology requires as input tropospheric NO2 column densities, surface concentrations simulations from the 
LOTOS-EUROS CTM as well as the CAMS 2015 emission inventory over Europe. More than two hundred in-situ 
stations, reporting to the European Environmental Agency air quality database, are used to carry out the comparisons. 
Seven station types (traffic urban, traffic suburban, background urban, background suburban, background rural, industri-
al suburban and industrial rural) are treated separately. TROPOMI derived NO2 surface concentrations show improved 
correlations with in-situ stations NO2 surface concentrations compared to LOTOS-EUROS simulations. Specifically, 
during the summertime period, TROPOMI derived NO2 surface concentrations show better agreement with the in-situ 
measurements for all station types with the highest correlation for the background suburban stations (r=0.6). During the 
wintertime period, TROPOMI derived NO2 surface concentrations correlate better with the in-situ measurements for all 
the station types except for the traffic suburban, the background suburban, and the industrial rural stations. Background 
rural stations show significant correlations for both datasets in the wintertime period (r=0.64 and r=0.54 respectively).

1 Introduction
Nitrogen dioxide (NO2) plays a significant role in the atmospheric chemistry and it constitutes one of the main compo-
nents in the production of tropospheric ozone (Sheel et al., 2010). Anthropogenic emissions of nitrogen dioxide are the 
result of economic growth, can change rapidly and may be controlled with specific legislation (Lamsal et al., 2011). The 
life span of nitrogen dioxide in the troposphere is short (few hours), thus resulting in higher spatial variations close to the 
emission sources. The quantification of this spatial variability of NO2 concentration provides useful options for moni-
toring the levels of the pollutant and safely informing the citizens about the state of the atmospheric environment. The 
monitoring and the successful control of tropospheric nitrogen dioxide emissions is of great importance because it con-
stitutes one of the main pollutants that affects directly and indirectly all living organisms (Kim et al., 2018). A plethora 
of space-borne measurements is available today and can be used to determine the NO2 sources all over the world, as well 
as their evolution in the past few decades (Stavrakou et al., 2008) and to create forecasting models for the future. Numer-
ous studies have been developed these past two decades based on satellite observations (Richter et al., 2005, Lamsal et 
al., 2008, Lamsal et al., 2011, Boersma et al., 2011, Boersma et al., 2018, Kim et al., 2018, Lorente et al., 2020, Ialongo 
et al., 2020, van Geffen et al., 2019) which are using model simulations to estimate NO2 surface concentrations. This 
present study focuses on evaluating the surface concentration of nitrogen dioxide (NO2) inferred from S5P/TROPOMI 
NO2 tropospheric column densities over central Europe, using model simulations and in-situ station measurements. The 
aim of this work is to study the air quality of a wide variety of central European regions for two periods, the summer of 
2018, and the winter of 2018-2019, and to determine the success rate of evaluating nitrogen dioxide surface concentra-
tion inferred from satellite data.

2 Data and Methodology
As mentioned above, this study (Pseftogkas, et al., 2020) focuses on the evaluation of NO2 surface concentrations in-
ferred from S5P/TROPOMI for two periods, one in the summertime (June and July 2018) and one in the wintertime 
(December 2018 and January 2019). The methodology requires as input NO2 tropospheric column densities and surface 
concentrations simulations from the LOTOS-EUROS CTM as well as the CAMS 2015 emission inventory over Europe. 
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More than two hundred in-situ stations, reporting to the European Environmental Agency air quality database, are used 
to carry out the comparisons. 

2.1 Data
In this study TROPOMI tropospheric NO2 column densities, retrieved with the DOMINO retrieval method, an algorithm 
developed by the KNMI (Royal Netherlands Meteorological Institute) and is described in detail by Boersma et al. 2018, 
have been analyzed, Initially, orbital files for the European region were selected and thereafter they were processed to fit 
the domain of interest, which covers the area from 2° E to 18 °E and 39° N to 55° N. Furthermore, a basic requirement 
was to ensure the quality of the data, thus the tropospheric NO2 column number density validity was set to a minimum of 
0.75, as recommended by the data providers1. For the evaluation of the inferred surface concentrations from tropospheric 
S5P/TROPOMI columns, it is necessary to have detailed information on the vertical tropospheric profile of NO2. Thus, 
in this study, we use simulated NO2 columns and surface concentrations from the LOTOS/EUROS chemical transport 
model (Skoulidou, et al., 2020). The model was run for the months of June and July 2018, December 2018, and January 
2019 with a longitude-latitude grid resolution of 0.1° x 0.05°. Finally, we use in situ measurements of surface NO2 con-
centrations over central Europe, reporting to the European Environmental Agency (EEA) (https://discomap.eea.europa.
eu/map/fme/AirQualityExport.htm), for the same studied period to carry out comparisons between the surface concen-
trations of different datasets. The data corresponds to hourly surface NO2 concentrations per day, and the measurements 
at 12:00 UTC were chosen as representative of the overpass time of S5P.

2.2 Methodology 
In this study we use the methodology that was developed by Lamsal et al., 2008 and is described by the following equa-
tion:

where:
So: inferred surface concentration
SG: simulated surface concentration from the model of the lowest vertical layer
Ωg: simulated NO2 column from the model 
Ωo: NO2 column from the OMI instrument

This method successfully converts NO2 tropospheric column densities to surface concentrations, especially over highly 
polluted areas where significant correlations were observed (r=0.86) (Lamsal et al. 2008). Before the implementation of 
this method, S5P/TROPOMI NO2 column densities were corrected for their known high background values.

3 Results 
In the following we present comparisons of the NO2 surface concentrations between the inferred satellite data, the model 
data, and the in-situ measurements in order to assess the validity of the methodology and the reliability of the model. 
Initially, NO2 surface concentrations of the model simulations were compared with the ground-based station measure-
ments and thereafter inferred NO2 surface concentrations from the satellite were compared with the station concentra-
tions. LOTOS/EUROS surface concentrations do not show significant correlations with in-situ measurements during the 
summertime period, except from the background suburban stations (r=0.5). Traffic stations report the lowest correlations 
of the summertime period. During the wintertime period better correlations are observed for all station types except from 
the industrial suburban stations. Industrial rural stations correlate better with in-situ measurements (r=0.65). Slopes are 
very low for the traffic stations during the summertime period accompanied by a slight improvement during the winter-
time period, whereas the other station types do not show any notable differences. Inferred S5P/TROPOMI NO2 surface 
concentrations show better correlations for the majority of the various station types for both studied periods. More 
specifically, background suburban stations (r=0.6) record the highest correlation for the summertime period, whereas 
background rural stations show the highest correlation (r=0.64) for the wintertime period. Slopes are very low for traffic 
4 http://www.tropomi.eu/document/product-user-manual-nitrogen-dioxide-0
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stations for the summertime period and in all cases below the unit for both periods, which underlines the underestimation 
of the station surface concentration by the inferred satellite data. An example of the comparisons between station ΝΟ2 
surface concentrations, LOTOS/EUROS ΝΟ2 surface concentrations and S5P/TROPOMI derived ΝΟ2 surface concen-
trations for the industrial stations is presented in Fig. 1. 

Fig. 1. Scatter density plots between station surface NO2 concentration and LOTOS/EUROS surface NO2 concentra-
tion [left column] and station surface NO2 concentration and inferred S5P/TROPOMI surface NO2 concentration [right 
column] for the summertime period [June-July 2019] for the industrial rural stations 

Overall, S5P/TROPOMI inferred ΝΟ2 surface concentrations correlate better with in-situ measurements compared to 
LOTOS/EUROS surface concentrations simulations. Fig. 2 shows the comparison of correlation between TROPOMI 
derived ΝΟ2 surface concentrations and LOTOS/EUROS simulations with the in-situ measurements for all the station 
types for the two studied periods.

  
Fig. 2. Comparison of correlation between S5P/TROPOMI inferred data [blue] and LOTOS/EUROS simulations [or-
ange] with in situ measurements for the summertime period [left] and the wintertime period [right]
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4 Conclusions
In this study we have presented the main methodology that evaluates the surface concentration of nitrogen dioxide (NO2) 
inferred from S5P/TROPOMI tropospheric column densities over central Europe for two time periods, June-July 2018, 
and December 2018-January 2019. The main target of this present study is to compare the S5P/TROPOMI inferred sur-
face concentrations with the corresponding NO2 surface concentrations of the in-situ stations and the model simulations 
as well as the latter two datasets (in-situ surface concentrations and model surface concentrations simulations). Before 
the conversion of the satellite column densities to surface concentrations and the comparisons, the TROPOMI fields 
were corrected for their known high background values. 

In-situ station nitrogen dioxide surface concentrations were compared to the LOTOS/EUROS CTM surface concentra-
tion simulations for both time periods. For most station types, correlations show a significant decrease compared to 
the TROPOMI derived NO2 surface comparisons. Specifically, for the summer period a deterioration of the correlation 
for all the station types is noted. Background suburban (r=0.5) and industrial rural stations (r=0.47) record the highest 
correlation of the dataset. Slopes remain relatively low for both studied periods, especially for the traffic stations. On 
the contrary, for the wintertime period an overall improvement concerning the correlations of the various stations types 
is observed. Industrial rural stations (r=0.65) show the highest correlation and background suburban stations (r=0.51) 
record the second highest. Traffic stations also show a big improvement for both urban and suburban areas.

Moreover, in-situ surface concentrations were compared with the TROPOMI derived surface concentrations. For the 
summertime period, notable correlations were recorded for the background suburban (r=0.6), background urban (r=0.51) 
and industrial rural stations (r=0.55) with slopes of a=0.32, a=0.2 and a=0.33, respectively. Traffic stations record the 
lowest correlations for the summertime period. During the wintertime period, there is an evident improvement in cor-
relations for all station types except the background suburban stations (r=0.34). Background rural (r=0.64), industrial 
suburban (r=0.6) and industrial rural (r=0.61) correlate significantly, while the traffic and the background suburban sta-
tions show the lowest correlation. Slopes seem to improve for most station types except from the background suburban 
and industrial rural stations but generally remain relatively low, especially for the traffic stations.

Overall, significant correlations were found between in-situ surface concentrations, model, and inferred satellite NO2 
surface concentrations. Inferred satellite data correlate better with in-situ measurements for both studied periods and for 
most station types. Traffic stations appear to show the worst correlations for all the datasets due to the vast number of 
various sources that contribute to the flux of NO2, inserting many uncertainties to the measurements and the evaluations. 
In most cases background stations show significant correlations for all datasets and especially in the case of background 
rural stations. Industrial stations, also, show strong correlations with the industrial rural stations being more consistent 
and reporting the highest correlations for both compared datasets. 
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Abstract: Alignment of irregularly shaped dust aerosols leading to linear dichroism has been reported in atmospheric 
layers. The present study intents to quantify the excess linear polarization of direct solar radiation propagating through 
atmospheric layers, when these contain oriented dust particles. In order to record the linear polarization, we have used 
the Solar Polarimeter (SolPol). SolPol is an instrument that measures the polarization of direct solar irradiance at 550nm. 
It is installed on an astronomical tracker in order target the solar disk. Using the measurements, the Stokes parameters 
are retrieved (I, Q/I, U/I and V/I) with an accuracy of ~1% and precision of 1 ppm. Collocated measurements of a sun-
photometer (Aerosol Robotic Network; AERONET) and lidar are used to quantify the Aerosol Optical Depth (AOD) 
and identify the vertical distribution of dust layers, respectively. We will present indications of dust particle orientation 
recorded at the PANGEA station in the island of Antikythera, Greece, and at Nicosia, Cyprus during the preparatory 
phase for the ASKOS campaign in July 2021. The relation of the linear polarization of the solar irradiance to other opti-
cal properties of the dust layer is investigated.  

1 Introduction
Mineral dust constitutes one of the most abundant atmospheric aerosols in terms of dry mass (Tegen et al. 1997) and, 
therefore, plays a significant role to the radiative forcing of the global climate (Miller and Tegen 1998, Miller et al. 2014) 
and can be the dominant source of aerosol forcing downwind of major dust sources such as the Sahara (Li et al. 1996; 
Chaibouet al. 2020). In atmospheric dust transport models, dust particles are assumed to be spherical due to computa-
tional limitations of the aerodynamic drag force on the gravitational settling schemes and therefore assumed randomly 
oriented. Although the effect of non-sphericity has been addressed previously (e.g. Ginoux 2003), only recent studies 
attempt to quantify this effect and take into account both particle orientation and asphericity to gravitational settling 
(Mallios et al. 2020). Similarly, in remote sensing aerosol retrievals, particle shape is an important factor for modelling 
the scattering properties of dust particles (e.g. Dubovik et al. 2006 and references therein). Polarimetric measurements 
can provide valuable information as they are sensitive to both parameters (Mishchenko et al. 2002, Gialitaki et al. 2020, 
Liu and Mishchenko 2020). 
The dichroic extinction (i.e., the different extinction of the polarization components) of transmitted starlight through 
oriented dust particles is a well-documented phenomenon in the case of the interstellar medium, where dust particles are 
preferentially aligned along the galactic magnetic field lines (e.g. Dasgupta 1983, Siebenmorgen et al. 2014, Panopoulou 
et al. 2019, Skalidis and Tassis 2020). Atmospheric dust can provide similar polarization signatures, where vertically ori-
ented particles lead to dichroic extinction of the transmitted starlight, which is predominantly horizontally polarized, as 
it was detected by Bailey et al. (2008) on La Palma, during a Saharan dust episode. A potential mechanism that is capable 
of aligning the lofted dust particles, and potentially counteracting gravitational settling, is the large scale electric field 
within the dust layer (Mallios et al. 2021, Ulanowski et al. 2007). Considering the seeming gap in literature concerning 
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the effect of oriented dust to direct sun polarimetric measurements and motivated by previous passive polarimetric ob-
servations of the integrated sunlight, with sensitivities of the order of 10−6 which sets the detection order of magnitude 
for particle orientation (Kemp et al. 1987, Kemp and Barbour 1981), we utilize the direct Sun Polarimeter (SolPol) and 
report on signatures of dust particle orientation within the atmospheric column.

2 Data and Methodology
SolPol has been temporarily installed in the PANhellenic GEophysical observatory (PANGEA) at the remote island of 
Antikythera (35.861° N, 23.310° E, 193 m asl) since September 2018, housed in a specifically built astronomical dome 
and mounted on a simple EQ3 tracker which enables the instrument rotation and sun-tracking capabilities under vari-
ous atmospheric conditions. Extensive measurement periods have been organized since, targeting both prominent dust 
events but also fair weather conditions. In the preparatory framework for the planned ASKOS 2021 (https://askos.space.
noa.gr/) ESA Cal/Val activities, coordinated by the NOA-ReACT team (https://react.space.noa.gr/), such a scientific ex-
periment was organized in Cyprus during November 2019. Considering the instrument’s light-weight and robust design, 
it was re-located in Nicosia (Cyprus Institute-CyI, 35°08’30.8” N 33°22’51.8” E) and measured direct sunlight polariza-
tion under different dust loads. Signatures of dust particle orientation were detected in several cases over Antikythera 
but, for the purposes of the specific study, we select the most distinct ones. Nonetheless, particle orientation was not 
clearly detected during the Cyprus field experiment.

2.1 The SolPol instrument
The design of SolPol is quite a venerable one and follows the design of its astronomical counterpart, the PlanetPol 
instrument (Bailey et al. 2008, Hough et al. 2006). SolPol measures the polarization fractions for linear and circular po-
larization from the whole solar disk plus a surrounding area of the sky depending on the choice of telescope and limiting 
field-of-view aperture, with an accuracy of ~1% and precision of 1 ppm. The polarimeter includes a classic Photo Elastic 
Modulator (PEM) (that modulates the incoming light, polarization, via controlled strain produced to the crystal by me-
chanical acoustic waves (Eq. 1) in a principal resonant frequency of 47 kHz), followed by a rotatable linear polarizer, 
a filter wheel with a mounted 550 nm neutral density filter, an imaging telescope and a large area photodiode detector 
(Martin et al. 2010). Equation 1 shows the intensity measured at the detector, written using the Bessel functions.   

where A is the modulation amplitude, ω is the modulation frequency of the PEM, and Jn (A) are the Bessel functions 
(for SolPol, A = 2.4048 so that  J0 (A)=0 and the PEM serves as a retarder with a phase shift of 0.382). Turning the linear 
polarizer at specific positions, we acquire the amplitude of the AC signal at the detector, which gives the magnitude of 
the V Stokes parameter (circular polarization) for odd ωt, and to the magnitude of Q and U (linear polarization) for even 
ωt. Measurement angles for I, Q, U are always direct sun. The DC signal gives the magnitude of the light intensity (I 
Stokes parameter). Higher order harmonic modulation frequency terms are considered negligible. The entire assembly 
is rotated about the PEM crystal optical axis over 45 degrees, so that biases and residual polarizations due to high fre-
quency strain can be removed. 

The Stokes vector of the light reaching the detector can be expressed using Mueller formulation as:

where I is the Stokes vector of the input light [I Q U V]T, MPol.,a° is the linear polarizer Mueller matrix at each position 
ao and MPEM is the PEM Mueller matrix, respectively (Martin et al. 2010). Each full measurement sequence has a dura-
tion of 8 mins in total and comprises two distinct sets. The first set is of five measurements of solar irradiance on four 
positions of the linear polarizer (41°, 131°, 221° and 311°) with the assembly being on 0°, and the second over five 
measurements for the same positions of the linear polarizer, but the whole assembly rotated by 45° (Fig.1). SolPol mea-
sures simultaneously three of the four Stokes parameters, i. e. when the instrument assembly is at 0° for a full polarizer 
rotation, Q, V and I parameters are measured, while when at 45° U, V and I are measured. 
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Fig. 31. Schematic representation of the instrument rotation over 45 degrees. The PEM and linear polarizer have the 
same zero-reference optical plane and the polarizer rotates over logged positions.
Equations 3 and 4 are used to derive the Q/I and U/I normalized values from the AC signal of the instrument divided by 
the DC signal (I), so as to remove the biases in the measurements, following a similar methodology as in Kemp et al. 
(1981):

Pos1 to Pos4 are the positions of the linear polarizer at 41, 131, 221, 311 degrees, and the Pos1’ to Pos4’ denote the same 
positions of the linear polarizer, after the rotation of the whole assembly by 45 degrees. 

DOLP is expected to increase over large solar zenith angles (SZA) as i. the sunlight travels through larger airmasses 
and, therefore, more particles could be preferentially aligned to the line of sight of the instrument and ii. the alignment 
angle changes with respect to the direction of observation. For the Antikythera case, bias readings in the form of dark 
measurements, are interspersed between all integration sequences for the quantification of biases on the measured DC 
flux (I), detector temperature-dependent offsets and PEM residual polarizations. Dark signal intensity Idark is subtracted 
from the measured intensity (i.e., the DC flux). Moreover, the mean noise level is set at 50 ppm.

3 Results
In the specific study, we report on SolPol full day measurements on the 11th of November 2019 in Nicosia, Cyprus and 
the 2nd of September 2020 in Antikythera, under dust driven conditions. The dust events exhibit mean AOD values of 
0.316 and 0.203 at 500 nm, as monitored by the two co-located at either location Cimel sun-photometers of AERONET 
(https://aeronet.gsfc.nasa.gov/, last access: 3 February 2021). Figure 2 shows the vertical distribution of the elevated 
dust layers, as given by the co-located micro pulse lidar data of Laboratoire d’ Optique Atmosphérique (LOA) in Cyprus 
(https://loa-ptfi.univ-lille1.fr/lidar/calendars/cal_2019_cyprus.php, last access: 3 February 2021) and the PollyXT Raman 
polarization lidar (Engelmann et al. 2016) of the National Observatory of Athens (NOA) in Antikythera, which is part 
of the European Aerosol Research Lidar Network (EARLINET). 

We present the light polarization state as recorded by SolPol in parts per million during the two monitored dust events 
(Fig. 2), along with the time-height plots from both lidars signals. To verify the presence of large particle concentrations 
during these two dust events, we exploit the range corrected signal from the micro pulse lidar that shows concentration 
within the planetary boundary layer and up to 4 km. In Antikythera (Fig. 2, lower panel), attenuated backscatter values 
of up to ~2 Mm-1sr -1, are characteristic of the presence of lofted dust and the injection of dust particles in lower altitudes. 
Increased linear polarization starting at ~ 13:00 UTC (Cyprus) and at ~ 14:00 UTC (Antikythera) reaching up to 16 x 
10-5 is observed (Fig. 2, top panel) clearly on the case of Antikythera and partially in the case of Cyprus. The polarization 
increase trend in Cyprus was less prominent but could have potentially been greater later, since the SolPol measurements 
stopped earlier on that day. 
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4 Conclusions
This study focuses on the first detection of atmospheric dust orientation with the use of a direct sun polarimeter over two 
locations, Nicosia at Cyprus and at PANGEA observatory in Antikythera, by quantifying the linear polarization of the 
direct solar light, that propagates through atmospheric dust layers. Our measurements indicate that the linear polariza-
tion of the direct sunlight increases with increasing solar zenith angle, mainly at early afternoon hours. This coincides 
with the presence of significant dust loads in altitudes between 2 and 4 km as seen in the lidar profiles and, therefore, can 
be explained by the dichroic extinction of the sunlight due to vertically-oriented dust particles. Future work will aim at 
identifying the relation between the varying dust layers’ optical depth and associate it with the intensity of the orienta-
tion signature at large zenith angles. More sophisticated lidar retrievals through the novel NOA lidar systems, Wall-e 
and EVE (Tsekeri et al. 2021, Paschou et al. 2021), complemented by the operation of SolPol, will provide the complete 
characterization of the properties of oriented dust particles in imminent planned scientific experiments.

Fig. 32. Top panel: SolPol measurements of Q/I, U/I and degree of linear polarization (DOLP) for the 11 November 
2019 and 2 September 2020 dust layers. The shaded area distinguishes the noise level. Mid panel: range corrected signal 
from the LOA micro pulse lidar in Nicosia, large aerosol loads are depicted in reddish tones and the AOD progression 
within the day from AERONET. Lower panel: attenuated backscatter at 1064 nm from the PollyXT lidar in Antikythera, 
large dust concentration is depicted in purple, along the AOD progression within the day from AERONET.
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Abstract:The use of meteorological Radars in monitoring present weather conditions is crucial regarding the evolution 
and dissipation of thunderstorms. Thus, Doppler velocities that are measured in each radar scan and velocity vectors 
derived from Numerical models- that are usually not dense in comparison to radar scans due to computational cost -are 
combined visually, as a monitoring utility. The objective of this study is to develop a new method that allows the imple-
mentation of a vector velocity estimation technique combining block matching and optical flow techniques. This new 
method could constitute a now-casting application that enables the use of a single Doppler radar. The vector velocities 
are estimated in each CAPPI (constant altitude plan position indicator). Then, the measured Doppler velocity, is em-
ployed after a simple correction for aliasing errors, to correct the magnitude of the extracted vectors. Consequently, a 3D 
vector field of velocities is calculated. Convergence of velocity vectors over orography could indicate an initial stage of 
a thunderstorm and further nowcasting applications could make use of this technique.  The performance of the method 
proposed is evaluated for a selected case study characterized by convective thunderstorms over Thessaloniki, Greece, 
making use of HNMS Radar network data.

1 Introduction
The wind vector is one of the most fundamental variables for describing the state of the atmosphere (Dutton, 1986) the 
measurement of which can be done by remote sensors, usually ground-based radars. One of the most important variables 
the radar returns is Doppler velocity, which is the velocity component in the direction of the radar beam. Single-Doppler 
radar observations only give one component of the velocity. In order to retrieve the full 3D-vector velocity it is neces-
sary to make assumptions regarding the dependence of the velocity. Under the assumption that the horizontal wind field 
at a given altitude varies linearly with space within the regions scanned by the radar, the radial wind data are fitted to a 
sinusoidal curve as a function of azimuth for fixed elevations, comprising the VAD (velocity-azimuth display) method 
(Browning and Wexler 1968; Waldteufel and Corbin 1979; Caya and Zawadzki 1992). The VAD method can retrieve the 
mean wind within a given range. Additionally, UW (uniform wind) method was developed by Persson and Andersson 
(1987), assuming that the wind is uniform in a limited region. The same assumption is used in the VAP (velocity-azimuth 
process) method (Tao 1992). In UW and VAP methods, the mean wind in a limited region can be retrieved since these 
methods obtain higher resolution than VAD. However, the velocity vectors from all three methods are generally very 
smooth and not suitable for convective scale wind estimates, especially if the grid resolution is below 4km (Luo et al 
2014). These methods may be used to quickly get large-scale or mesoscale winds, and need a radial scan of Doppler 
winds to work efficiently.
For Doppler velocity estimation at local and convective scale velocity de-aliasing methods are suggested (Li and Wei 
2010). Chan et al (2010) proposed a subpixel motion estimation of both direction and horizontal velocity without inter-
polation, that treats isolated convective radar returns in dBz as sequential images.
The objective of this study is to describe a method to estimate convection vertical velocity by combining estimated 
horizontal vector velocities with the measured Doppler velocities. This combination can be used to acquire the vertical 
component of the wind vectors. 

2 Data and Methodology
Motion estimation using algorithm techniques can be calculated using MATLAB software. The calculation of the dis-
placement of pixels along x and y axes of two sequential images produces a two-dimensional array of vectors. This array 
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can be interpreted to horizontal vector velocities, by issuing units between pixels of an image and georeferenced coordi-
nates appropriately. Dimensionless quantities of dBz measurements of Doppler radars are used to produce time stamped 
frames for this calculation. Utilizing the algorithm of Chan et al (2010) horizontal wind vector velocities are estimated. 
By applying the estimated horizontal velocity to the measured Doppler velocity, vertical velocity is calculated. Since 
Doppler velocity is often aliased, a method to de-aliase is used based on each ray of scan. The de-aliased rays are based 
on the assumption of having uniformly distributed derivative along the distance. The method was used for a case where 
convective systems promoted the formation of thunderstorms and rainfall which affected Halkidiki area on 10/7/2019 
(not shown), causing many human injuries and deaths as well as severe damages to the local society. 
Radar data from the network of the Hellenic National Meteorological Service (HNMS) were available on polar coordi-
nates that encompassed the area 35.65˚N - 42.35˚N, 18.43˚E - 26.66˚Eat 15-minute intervals from 10/07/2019 00UTC 
to 12/07/2019 00UTC. The distance of scans along the r axis in polar coordinates of Thessaloniki radar is 125 m, for 12 
elevation angles and 360 azimuth angles. Upper Air Observations data from Thessaloniki (LGTS) Airport were avail-
able on 11/07/2019 00UTC.
The evaluation of the wind vectors using the velocity�azimuth display (VAD) technique, is based on the assumption 
that the wind field varies linearly in space. The value of the radial velocity VD (positive moving away from the radar and 
negative when moving towards) is observed at fixed range and elevation, and can be expressed as

where φ is the elevation angle, θ is the rotation angle along the x-y axes and U and V the Cartesian velocity measured in 
radar coordinates (r, θ). With a low-elevation scan, the effects of vertical velocity and elevation angle may be neglected 
by VAD method, resulting to
Having the results from the algorithm of Chan et al (2010), horizontal wind vector velocities (U and V) are estimated 

from pixel displacement of sequential interpolated images in a Cartesian grid, derived from dimensionless quantities 
of dBz reflectivities. Measured Doppler radar velocities (VD) are combined with U and V. Equation (1) is transformed 
leading to vertical velocity vectors (W)

3 Radar data analysis

Fig. 1. Horizontal Thessaloniki Radar (a) vertical cross section of overlapping elevation angles due to beam width of 2˚ 
and (b) 3D representation of elevation angles.

The angles in degrees at which the radar scanned the atmosphere and the overlap of each scan angle are shown in Fig-
ure 1 with beam width equal to 2˚. Constant Altitude Plan Position Indicators (CAPPI) are estimated by interpolating 
observations, which derived from each radar scan at different heights. By binning the data in vertical surfaces, a three-
dimension volume is calculated. As a result, surfaces with thickness set to 1.000 FT are calculated.  Linear interpolation 
was selected for dBz measurements, because of low computational cost and mostly trying to avoid overfitting greater 
values of dBz for lost observations that cubic or spline methods could produce. The analysis of grid interpolation is 0.01˚ 
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at each Flight level, from ground level to 55.000 feet, composing our area of interest, i.e. 21˚E to 25˚E and 39˚N to 42˚N. 

Fig. 2. (a) Sinusoidal fitting of data along one radar sweep using VAD method and (b) VAD method application � inter-
polated results of horizontal wind vectors at 9-10.000 FT at 00:06 UTC on 11-07-2019.

4 Results
Volumes of horizontal and vertical velocities, as well as dBz volumes comprise the output of the new method proposed. 
For the selected case a thunderstorm with values exceeding 60 dBz were measured. Vertical velocities up to 40 cm/s 
were calculated in the center of the thunderstorm at 1902 UTC on 10/7/2019 when thunderstorm had its maximum in-
tensity (see Figure 3c). Horizontal velocities produced from VAD method (Figure 2b) and the proposed method were 
in agreement, regarding both the direction and speed of the horizontal winds within a range of 2.5 m/s error. It should 
be mentioned that the advection of rain cells may deviate significantly from wind fields at a specific height, which may 
lead to significant error in the estimation of vertical velocity. The area above the radar (radar conus), is a blind spot and 
cannot be used for estimations. Equation 3 indicates the dependence of the error of vertical velocity W to the cotangent 
of the elevation angle φ implying that the W estimates are better for high elevation angles. The error of vertical velocity 
is maximized due to horizontal error estimates at low elevation scans, which can be misleading towards vertical velocity 
estimated values. 

Table 1. Thessaloniki (LGTS Airport) Upper Air Observations at 00UTC on 11 Jul 2019.

The derived results for the SW wind direction are in agreement with upper air observations at 00UTC on 11/07/2019.
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Fig. 3. dBz values with estimated horizontal wind vectors at 9-10.000 FT on 10-7-2019 a) 18:32 UTC, b) 18:47 UTC, 
c) 19:02 UTC and d) 19:18 UTC.

Horizontal vector velocities at 9-10.000 ft level from 18:32 UTC to 19:18 UTC on 10-7-2019 are shown in Figure 3. 
New method proposed can derive wind vectors, calculated only at points that dBz are present, thus can be used for cal-
culating limited area wind vectors, and not a uniformly spaced area or the whole range of radar scans. Wind vectors of 
clear sky areas are not evaluated. 
VAD method requires a sinusoidal fitting of data (Figure 2a). In case of aliased datasets, this is a very difficult task. 
Either discontinuities along radar sweeps or de-aliasing incapability could lead to non-valid wind estimates. In case the 
fitting of data RMSE is very low (below 75%) datasets could be neglected as well. Compared to the above, this new 
method of wind vector estimation does not require a full scan area (360o). As an example, in Figure 2 all areas with esti-
mated velocities exist (where dBz measurements are present), where none of the methods such as VAD, VAP etc. could 
provide. In case of an isolated thunderstorm, this new method could provide information regarding estimated arrival to 
specific coordinates, for a potential impact at these coordinates. 

         (c)         (d) 
Fig. 4. Cross section of intense thunderstorm activity for each frame of Figure 2, dBz values (upper) and vertical veloc-
ity estimate (lower) on 10-7-2019 a) 18:32 UTC, b) 18:47 UTC, c) 19:02 UTC and d) 19:18 UTC.

The calculation of vertical velocity was generally in accordance with the radar reflectivity showing maxima where maxi-
mum convectivity occurred, especially when thunderstorm had its maximum intensity (Figure 3c), although in a part of 
the convective area it seems that the interpolation resulted in false results that need to be neglected (Figure 4a and Figure 
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4c). In general, high positive values of vertical velocity are estimated at elevated layers close to and above the top of the 
storm cell indicating biased low elevation scans. 
Further exploring neglected data as stated above, the radar data are calculated in a radial coordinate system, where the 
maximum elevation angle for Thessaloniki radar was set to 25.96o. This leads to a lack of observed values over the 
radar, resulting to a cone shaped area. For the new suggested method, the results are interpolated, thus giving values in 
the conus area as well, that need to be neglected. De-aliasing technique is not accurate in this method. By calculating 
the horizontal vector velocities, an equivalent Doppler velocity is being calculated only from the estimated vectors. The 
signs of the grid (plus or negative) of the equivalent Doppler velocity (estimated) are being assigned to the original Dop-
pler velocity grid (observed), and this consists of a fast way of de-aliasing for each interpolated level. This new method 
has the above weakness regarding de-aliasing Doppler velocities, which leads to vertical velocity estimates that need to 
be examined carefully at the points where they are vertical to each ray of scan.
Moreover, Larissa radar data are evaluated separately (not shown). They are in accordance with the values of dBz and 
horizontal velocity estimates (~50kt at 9-10.000 FT) at the reflectivity maxima in Halkidiki area, regardless the distance 
between Larissa radar and Halkidiki area where the maximum dBz values of the thunderstorm exist.
It should be noted that upper air observations from Thessaloniki Aerodrome at 00UTC on 11/07/2019 are not sufficient 
for the observation of horizontal and vertical velocities. This is mainly because they are not very dense in time, and sec-
ondary due to the movement of the point of measurement horizontally as it ascended, making it difficult for verification 
of this new method.

5 Conclusions
A new method for estimating horizontal and vertical velocity is developed to investigate an intense convective episode. 
The method was applied over HNMS radar network during a case of convective thunderstorms over Thessaloniki, 
Greece. The Estimated vertical velocities indicated satisfactory agreement with convective vertical velocities as men-
tioned in the international bibliography and as derived from VAD method. Further investigation is planned to study 
other cases with intense convectivity, enhancing the validation of the proposed new method to include different synoptic 
weather types. This new method helps in monitoring thunderstorms and further in forecasting of thunderstorm life cycle 
and intensity.
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Abstract: In this study, we present the concept of a synergistic algorithm to retrieve the vertical concentration profiles 
of individual aerosol species using lidar and spectrophotometer measurements. Synergies among the following instru-
ments will be deployed: a depolarization Raman lidar, a double monochromator Brewer and a DOAS/MAX-DOAS 
spectrophotometer installed at the Laboratory of Atmospheric Physics in Thessaloniki, Greece. The aerosol species are 
modeled with the Optical Properties of Aerosols and Clouds (OPAC) database which provides the optical properties 
per aerosol mode. They are calculated from Mie theory assuming spherical particles with the exception of mineral dust 
species for which spheroid particles are assumed. Hygroscopic growth calculations are included and the corresponding 
optical properties are selected using relative humidity profiles currently from radiosondes and in the future from models 
as well. The algorithm currently compiles a lookup table of mixtures that constitute of up to four aerosol modes and 
identifies the mixture/mass concentration combinations that best describe the lidar attenuated backscatter profiles. In the 
next phase, these profiles will be imported to a radiative transfer model and the combination that best reproduces ratios 
between the direct solar radiance, sky radiance, and irradiance spectra measured from the spectrophotometers will be 
isolated.

1 Introduction
Suspended particles are omnipresent in the atmosphere and greatly vary both in terms of size and chemical composition. 
Their impact on earth’s climate, human societies and ecosystems is evident. Not only do they affect human health but 
they also interact with shortwave solar and longwave terrestrial radiation in complicated ways. Naturally, the combina-
tion of different aerosol species produces different outcomes. For example smaller particles are easier to inhale than 
larger ones and the aerosol toxicity also varies with the aerosol type (Kelly and Fussel 2012). Furthermore, dust and soot 
particles rather absorb than scatter solar radiation producing a heating effect locally, in contrast with sea salt particles 
(e.g. Hess et al. 1998). Therefore, monitoring the particle composition and size is just as important as quantifying their 
load. In-situ instruments can provide the aerosol load composition and size distribution in great detail near the ground. 
Remote sensing techniques on the other hand can provide information on distant atmospheric regions that are otherwise 
costly and challenging to reach. Synergistic approaches among passive and active remote sensing instruments have been 
shown to increase the amount of information one can get (e.g. Chaikovsky et al. 2016). For instance, lidar instruments 
excel at identifying the vertical distribution of the aerosol load with a spatial resolution of a few meters (Weitkamp 
2005). Photometers, on the other hand, can get precise information on the aerosol size distribution and refractive index 
(e.g. Holben et al. 1998) by gathering angular radiance information from the direct and diffuse solar spectra. In this 
manuscript, we present the concept of a novel synergistic technique that combines lidar and spectrophotometer measure-
ments. While the scientific literature is rich in lidar and sunphotometer synergies (e.g. Lopatin et al. 2013, Chaikovsky 
et al. 2016), this is not the case for spectrophotometers since that are currently utilized primarily for the detection of 
trace gases. Recent studies have shown the capability of DOAS/MAX- DOAS systems for aerosol retrievals as well. 
In the proposed technique we search for the combination of aerosol species concentration profiles that best reproduces 
primarily the lidar attenuated backscatter profiles and also the direct solar radiance, sky radiance, and irradiance UV-VIS 
spectra collected by collocated spectrophotometer measurements.
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2 Methodology
The proposed technique for the retrieval of aerosol species profiles utilizes columnar spectrophotomer data and verti-
cally resolved lidar signals. The development is based on a dataset that consists of collocated lidar, Brewer spectropho-
tometer, and DOAS/MAX-DOAS system data. More details are included in section 2.1. The algorithm deploys a lookup 
table (LUT) using mixtures generated from pure aerosol species as modeled by the OPAC database (Hess et al. 1998, 
Koepke et al. 2015). The compilation of the LUT is discussed in section 2.2. Finally, the retrieval technique itself is 
presented in section 2.3.

2.1 Data
The dataset upon which the algorithm is being developed includes measurements performed at the Laboratory of Atmos-
pheric Physics (LAP), Aristotle University of Thessaloniki, Greece (40.5 oN, 22.9oE; 50 m). LAP is a member station of 
the PANhellenic infrastructure for Atmospheric Composition and climatE chAnge (PANACEA, https://panacea-ri.gr/) 
and the testing dataset is based on combined measurements that were performed in the station during the first PANACEA 
summer campaign that took place between 10th of July and 10th of August 2019. The dataset includes a wide range of 
atmospheric conditions, with extreme aerosol cases and moderate cases of local pollution. In total, 14 daytime measure-
ments, out of which 12 were collocated with sunphotometer, and 7  nighttime measurements were performed.
Lidar measurements were performed by the THELISYS lidar, operated at LAP and also part of the European Aerosol 
Research Lidar Network (EARLINET) since 2000 (Siomos et al. 2018). The lidar data processing that includes all 
necessary signal corrections (dead time correction, dark signal correction, photon and analog signal gluing, range cor-
rection, smoothing) has been performed using the Semi-automated Universal Lidar Algorithm (SULA) developed at the 
National Observatory of Athens (a relevant publication is under preparation). The input products for the Aerosol Species 
Separation Algorithm (ASSA) include the total elastic attenuated backscatter profiles at 355nm, 532nm, and 1064nm 
and also the cross polarized elastic attenuated backscatter profile at 532nm. Profiles are provided above 800m that corre-
sponds to the overlap of the system and up to an altitude above which aerosols exist only in insignificant amounts. This 
altitude is commonly referred to as the lidar reference height. Consequently, the end of the profile always corresponds 
to a molecular, aerosol free region. Finally, the profiles are downscaled to an effective resolution of 100m. This is done 
to decrease the number of points and consequently the processing time of ASSA.
Brewer #086 is a type MKIII double monochromator spectrophotometer (Kerr et al., 2010). It is mounted on an one-axis 
tracker (azimuth) and the entrance prism can move on the zenith. It provides spectra in the range of 290-365.5 nm with 
0.5 nm spectral resolution. The instrument operates automatically. The input products for ASSA include the measure-
ments of the calibrated direct and global irradiance spectra in the range of 320-360nm, where the effect of trace gases 
compared to aerosols is negligible. The global spectra are being calibrated every 1-2 months via measurements of 1000 
W calibrated lamps in the dark room of LAP. There is also a weekly stability check using 50 W lamps and, finally, an 
intensive stability monitoring by the internal 20 W standard lamp, which is automatically measured several times a day 
(Garane, et al., 2006). The direct spectra calibration depends on the global spectra calibration. Spikes, and irregular 
spectra are removed algorithmically and the final product contains cloud and quality flagging.
MAX-DOAS measurements have been performed during the campaign with a 2D Phaethon-type system, also installed 
at LAP. The system comprises a low stray-light AvaSpec-ULS2048LTEC (f =
75 mm) spectrograph, the entrance optics and a two-axis tracker (Drosoglou et al., 2017). The spectrograph covers a 
spectral range of 300�458 nm, uses a 50 µm wide entrance slit and has a  spectral resolution of ~0.4 nm Full Width at 
Half Maximum (FWHM). The entrance optics are mounted on a two-axis tracker with two stepping motors controlling 
the azimuth viewing angle (0 o ≤ φ ≤ 360o ) and the elevation angle (0o ≤ α ≤ 90o ) with pointing resolution of 0.125o. 
The instrument operates automatically and is controlled using custom-made software. A measurement cycle starts with 
recording of scattered sunlight spectra at elevation angles of 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 30 and 90◦ (zenith) for each 
azimuth angle. During the PANACEA campaign, the MAX-DOAS system was configured to measure four consecutive 
azimuth angles: 142, 185, 220 and 255o.
For all instruments used in this work, we utilize only data that are directly collected from the instruments and result from 
mere proper calibration. We avoid using any inversion products because they include their own a priori constrains that 
could affect our retrievals.
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2.2 Mixture database
ASSA will identify the aerosol mixture per vertical level that best reproduces the measurements. The primary species in 
the mixtures are modeled according to OPAC. The database includes optical and microphysical information such as the 
refractive index, the size distribution, the phase matrix, and the single scattering albedo. Up to eight aerosol modes can 
be externally mixed: water solubles, insolubles, soot, accumulation and coarse mode sea salt, and nucleation, accumula-
tion and coarse mode mineral dust. Spherical particles are assumed for all, except for the mineral dust species that are 
modeled as spheroids (Koepke et al. 2015) and change state of light polarization. In the current testing phase of the al-
gorithm only four species profiles are retrieved simultaneously to decrease the level of complexity and processing time. 
Similarly to Hara et al. 2018 we selected water soluble, soot, coarse sea salt, and accumulation mode mineral dust as the 
fundamental primary modes since these are expected to have the largest contribution in the aerosol extinction (e.g. Hess 
et al. 1998). In the future, we plan to increase the number of species that are retrieved simultaneously targeting all eight 
modes. Hygroscopic growth calculations are included in OPAC for 8 relative humidity classes (0%, 50%, 70%, 80%, 
90%, 95%, 98%, 99%) for the water soluble and sea salt species. The corresponding optical properties are selected us-
ing relative humidity profiles from local radiosondes performed in the airport of Thessaloniki (SKG), 13 km from LAP.
Mixtures are generated as follows. Initially, the relative extinction contribution at 355nm to the total extinction of the 
mixture is considered. We prefer to use the extinction ratio instead of the mass concentration mixing ratio because some 
aerosol types such as soot can be a minor component in terms of concentration but a major one in terms of extinction 
as it has a much higher mass extinction efficiency than e.g. coarse dust. For hygroscopic particles this ratio corresponds 
to the ambient extinction that includes the water uptake. The extinction at 355nm is preferred over other optical proper-
ties here because it produces actual measurable effects in the measurements of all instruments described in 2.1 as all of 
them operate in the UV. An extinction ratio scale of 0 to 1 with equal ratio steps is defined. The step is currently set at 
0.1 and corresponds to the mixing resolution of the LUT. To get each valid 4-component mixture, all combinations of 
4 numbers selected from the scale (0 to 1 with step 0.1) are produced. Then, only the combinations whose sum equals 
to 1 are isolated as they can represent actual extinction ratios. In order to switch to concentration space a mapping is 
required (Eq. 1).

Here fi is the extinction mixing ratio, ci the concentration mixing ratio, Qi is the extinction efficiency at 355nm while i 
represents each primary species of a specific mixture. As a result we get a list of 286 unique mass mixing ratio combina-
tions that constitute the LUT. Apart from the mixing ratios, some optical properties are also included in the LUT because 
they are required to construct the attenuated backscatter lidar profiles. These are the mass backscatter and extinction 
efficiencies at 355, 532, and 1064nm per mixture and also the cross polarized mass backscatter efficiency at 532nm. The 
mixture mass backscatter/extinction efficiency is the sum of the efficiencies of each component weighted by the respec-
tive mass mixing ratio.

2.3 Methodology
The algorithmic procedure is summarized in Figure 1. The algorithm first tries to reconstruct the lidar attenuated back-
scatter profiles by iterating over the LUT and over a number of predefined mass concentration levels per LUT entry. 
Currently 200 equidistant levels in a logarithmic scale ranging from 0.01 to 1000 μgr m-3 are assumed. The attenuated 
backscatter profiles are normalized by the corresponding value at reference height. The mixture scans begin from the 
end of the profile and proceed downwards. The lidar equation is used for the reconstruction of the attenuated backscatter 
(Eq. 2).
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Here S is the simulated attenuated backscatter signal, zo is the reference height. z is the altitude (always smaller than 
zo) , λ is the wavelength, j represents the polarization type (total or cross), a/b are the extinction/backscatter coefficients 
respectively, and aer/mol correspond to aerosols/molecules respectively. All molecular profiles are provided by SULA 
that utilizes the radiosonde temperature and pressure profiles. The constructed attenuated backscatter is normalized by 
the molecular backscatter value at the reference height to make it directly comparable with the respective measured 
normalized profiles. For each vertical level, the residuals of the constructed versus measured values for the four lidar 
attenuated backscatter values are calculated per concentration-mixture combination. The first N combinations with 
lowermost residuals correspond to best potential solutions. N is currently set to 10. The procedure is repeated down to 
800m and 10 values per vertical level that best reproduce the lidar measurements can be retrieved. This is the current 
development status of ASSA (step 1 in figure 1).

Fig. 1. This flowchart demonstrates the input and output of ASSA. BRW, LDR, and SPR stand for Brewer spectropho-
tometer, lidar system, and DOAS/MAX-DOAS system, respectively.

In the second step, the profile that best reproduces the measured Brewer and DOAS/MAX-DOAS spectra will be iso-
lated. The library for radiative transfer libRadtran will be applied in order to reproduce the spectra. LibRadtran is already 
coupled with OPAC which makes current retrievals easy to integrate. The aerosol profile certainly affects the direct solar 
radiance in terms of the total spectral aerosol extinction. The effect on the global radiance and angular diffuse sky radi-
ance is far more complicated and requires this kind of radiative transfer modeling.

3 Summary
We propose a novel synergistic algorithm to retrieve the vertical concentration profiles of individual aerosol species 
using lidar and spectrophotometer measurements. User defined parameters that affect processing time by increasing the 
number of iterations are: the vertical resolution of the lidar profiles, the mixing resolution, the total number of primary 
species that are separated simultaneously, the predefined concentration levels, and the number of best potential solution 
that are accepted per vertical bin. Currently, ASSA identifies 10 mixture solutions along with their respective total mass 
concentration per vertical level that best reproduce the lidar attenuated backscatter profiles. The mixtures constitute 
from up to 4 primary species including water soluble, soot, coarse mode sea salt, and accumulation mode mineral dust 
particles. In the next phase, the radiative transfer library lidRadtran will be applied to reproduce spectra that are com-
parable with the Brewer and DOAS/MAX- DOAS measurements in order to narrow down the potential solutions to a 
single profile that best reproduces the measured spectra. Sources of uncertainties in ASSA include the general resolution 
of the retrieval that is constraint, the presence of aerosols that are not considered in OPAC (e.g. pollen and volcanic 
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particles), internal mixing between aerosols that is not currently taken into account, and finally, the uncertainty of the 
measurements themselves, which is planned to be included in the future in order to quantify the number of best solutions 
more objectively. The synergistic potential of the method is rather high since it can simultaneously facilitate trace gases 
profiling. DOAS/MAX-SOAS systems can provide trace gas profiles given that a priori vertical aerosol information is 
available. Consequently, better knowledge of the aerosol concentration and composition will result to improved trace 
gas profiling in the future.
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Abstract: We present the new polarization lidar system of the National Observatory of Athens (NOA), built for detect-
ing oriented dust particles. The system emits linearly- and elliptically-polarized light from two lasers and detects the 
backscattered light, using two telescopes, at various polarization states, having also the capability for off-zenith meas-
urements. The new lidar system has being tested in Athens and it is planned to acquire measurements of dust particles 
during the ESA Aeolus Cal/Val Campaign “ASKOS” at Cape Verde, on June-July 2022.

1 Introduction
Dust orientation is an ongoing investigation in recent years (Ulanowski et al. 2007). Its potential proof will lead to a 
paradigm shift in dust remote sensing, invalidating the currently used simplifications of randomly-oriented particles. 
Vertically-resolved measurements of dust orientation can be acquired with a polarization lidar designed to target the off-
diagonal elements of the backscatter matrix which are non-zero only when the particles are oriented (Geier and Arienti 
2014). Building on previous studies (e.g. Geier and Arienti 2014), we constructed a lidar system emitting linear and el-
liptical polarized light and detecting various states of polarization of the backscattered light. The system can also acquire 
measurements at off-zenith viewing angles. Moreover, in order to achieve good signal to noise ratio in short measure-
ment times, the system is equipped with two laser sources emitting interleaved linear and elliptical polarized light and 
two telescopes for the detection. The system design and calibration is described in detail in Tsekeri et al. (2021).
The new polarization lidar has been tested in Athens, Greece, acquiring measurements during dust and non-dust days. It 
is also planned to participate in the second phase of the ASKOS Experimental Campaign of ESA, at the Ocean Science 
Centre Mindelo (OSCM) at the Sao Vicente island of Cape Verde. The campaign was postponed due to the COVID-19 
pandemic, from the summer of 2020, to its first phase on June-July 2021, and its second phase on June-July 2022. Dur-
ing this period, the dust transport above the area has its yearly maximum. Additionally, three more experiments will 
take place in the broader Cape Verde area, deploying sophisticated aircraft instrumentation complementary to ASKOS 
observations.

2 Methodology
The system design and calibration is described in Tsekeri et al. (2021). Here we provide an overview of the design prin-
ciples and the acquired measurements. 

2.1 System design
The lidar system is equipped with two emission and two detection units. The lasers “LA” and “LB” in the emission units 
emit interleaved light pulses, and their backscattered light is measured at the detectors of both detection units. Each of 
the detection units is comprised of a telescope, polarizing optics and two detectors. We name the detection units after 
the corresponding telescope A and B, as detection unit “TA” and “TB”. The system uses this “two-laser/two telescope/
four-detector” setup to record eight separate signals.
We use near infrared light measurements at 1064 nm, to better probe the larger dust particles (e.g. Burton et al. (2016)). 
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Instead of retrieving the individual off-diagonal elements of the backscatter matrix as shown in previous studies for the 
detection of oriented dust particles (Geier and Arienti 2014), or of oriented ice crystals in clouds (e.g., Hayman et al. 
2012), we aim for measurements that are combinations of only the off-diagonal elements of the backscatter matrix that 
will be nonzero only in case of oriented particles. This way we acquire direct flags of dust orientation. This first-level 
information of the oriented dust in the atmosphere is straightforward to achieve, since it does not require any inversion 
procedure. We consider such an unambiguous flag very important, considering that the phenomenon of dust orienta-
tion has not been extensively observed in the Earth’s atmosphere, even at this elementary level. To achieve this, laser A 
should emit linearly-polarized light at 45o, and detect the linearly-polarized components of the backscatter light along 0o 
and 90o, at the detection unit TA, as well as detect the co- and cross-circularly-polarized components of the backscatter 
light at the detection unit TB. For calibration reasons, the acquired flags are the ratios of the measurements of the re-
flected and transmitted channels at each detection unit. The calibrated backscatter signal ratios of laser A at the detection 
units TA and TB are the orientation flags  and , respectively, which provide direct flags of particle orientation when their 
values are . An extensive description of the signals and their calibration is provided in Tsekeri et al. (2021).
Along with the measurements of orientation flags, the system performs additional measurements that provide informa-
tion about the particle orientation properties like the particle orientation angle, the percentage of oriented particles in 
the atmosphere, as well as information on dust microphysics i.e. an estimation of the particle size and refractive index. 
These parameters are necessary to explain the phenomenon of dust orientation in more detail. For defining the optimum 
measurements parameters we  performed extensive system simulation using simulated atmospheric scenarios and ma-
chine learning tools. Briefly, the backscattered light is simulated for different orientation angles and mixtures of random 
and oriented particles, as well as irregular shapes and realistic sizes for dust particles. This work is still in progress, with 
the first results identifying the emission from laser B to be elliptically-polarized with the angle of the polarization ellipse 
at 5.6o and degree of linear polarization of 0.866.

3 Measurements in Athens
We present measurements from Athens, Greece, on November 16, 2020, during a dust transport event. During the 
complete measurement period the system pointed vertically. The full-overlap height was achieved at 600m a.g.l., as 
determined by the telecover test (Freudenthaler et al. 2018). Detection unit TB was not operated on that day, due to the 
removal of one of the detectors of the detection unit.  
Figure 1a shows three 15−min averaged signals of laser LA at the transmitted channel of the detection unit TA, denoted 
by , acquired during the period 16:22-18:19 UTC, with the corresponding orientation flag  shown in Fig. 1b. 
The dust layer extends from 1 to 2.5 km, as shown in the volume linear depolarization ratio (VLDR) profile in Fig. 1c. 
The VLDR values are 0.1 for the dust layer and 0.003 at aerosol-free heights of 5−6 km (not shown here), in accordance 
to the value of 0.0035 provided in literature for molecular atmospheres (Freudenthaler et al. 2018). The orientation flag 
shows no indication of particle orientation for this case.

Fig. 1. Lidar measurements at 1064 nm during a dust case at Athens, Greece, on 16 November 2020. The legend shows 
the time range in UTC for the 15−min averaged signals for a)  and b) . c) The VLDR measurements at 18:27−18:41 
UTC. The heights are above the surface level.
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4 Conclusions
The new polarization lidar for detecting dust orientation extends the boundaries of lidar polarimetry, considering the 
various states of polarization emitted and detected by the system and their interleaved emission and acquisition, which 
enables the detection of eight signals with two lasers/two telescopes/
four detectors. 
First measurements acquired from the system are shown for a dust plume on November 16 2020 in Athens, Greece. The 
overlap height is at 600 m and the VLDR measurements reproduce the molecular VLDR in aerosol-free heights, as this 
is provided in the literature.
More measurements are planned in the future, with interesting results expected from the second phase of the ESA cam-
paign “ASKOS”, on June/July 2022 in Cape Verde. 
The detection and monitoring of dust particle orientation in the Earth’s atmosphere will unlock our ability for realistic 
simulations of the desert dust radiative impact, and optimize parameterizations for the natural aerosol component in 
Earth System Models, in front of today’s challenges posed by climate change. The applications of the new polarization 
lidar do not limit on this work but are anticipated to open new horizons for atmospheric remote sensing.
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