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Effects of the wildfires in August 2021 on the air quality of 
Athens through a numerical simulation 
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ABSTRACT 

Background. Air quality deteriorates significantly during wildfire events, which poses a risk for 
the health of affected human populations. The Mediterranean Basin was strongly impacted by 
wildfires during the 2021 fire season, particularly in Greece. Aims. This work aims at estimating 
the impact of the Greek wildfires of August 2021 on the air quality in Athens. Methods. The 
numerical modelling system WRF-APIFLAME-CHIMERE, which comprises a meteorological 
model, a smoke emissions model and a chemical transport model, was employed in estimating 
the hourly three-dimensional distribution of particulate matter (PM), CO and O3 concentrations 
during the wildfires. The performance of the modelling system was evaluated by comparing 
modelled results with air quality observations and atmospheric optical depth measurements. Key 
results. Good agreement between measured data and model results was found, with results 
obtained with a higher-resolution computational grid performing the best. Conclusions. The 
calculated values indicate concerning hourly and daily levels of air pollution, above the limit values 
for human health protection, during the analysed days within and around Athens. Implications. 
The results highlight the importance of implementing a strategy for human health protection 
during wildfire events affecting populated areas. This modelling approach could be a basis for a 
smoke forecasting system.  

Keywords: atmospheric pollution, carbon monoxide, human health, ozone, particulate matter, 
smoke modelling, wildfire emissions, wildland–urban interface. 

Introduction 

Fire activity around the Mediterranean basin has been increasing over the past years and 
the burned area in some countries is expected to increase on average by 10% a decade in 
some countries because of climate change (Dupuy et al. 2020). Allied to this are the lack 
of adequate forest management, which has led during the last decades to the conversion 
of native oak forests into non-native tree plantations, increasing the risk of large-scale 
forest fires, and the abandonment of rural areas, which may render the situation even 
worse as fields and forests are left untended, posing a significant fire risk (Corona 
et al. 2015). 

The effects of wildfires are not limited to the massive economic and human losses that 
are caused directly through the action of flames. Smoke is also a most disturbing 
consequence of wildfires, with the release of large amounts of gaseous and particulate 
pollutants into the atmosphere (e.g. Fernandes et al. 2022; Xu et al. 2022) that strongly 
impact human health (e.g. Sebastião et al. 2019; D’Evelyn et al. 2022) and impair 
visibility (Valente et al. 2007). The World Health Organization (WHO), aware of the 
health effects of smoke from wildfires, provides air quality guidelines for wildfire events 
to protect the population (WHO 1999), particularly in the wildland–urban interface 
(WUI) owing to the high risk of human exposure (Miranda et al. 2008; Ager et al. 
2019). Exposure to high air pollution levels during wildfire events can lead to a 
wide range of adverse health outcomes, including increases in respiratory morbidity 

For full list of author affiliations and 
declarations see end of paper 

*Correspondence to: 
Tobias Osswald 
CESAM and Department of Environment 
and Planning, University of Aveiro, 
3810-193 Aveiro, Portugal 
Email: tobiasosswald@ua.pt  

Received: 6 July 2022 
Accepted: 29 July 2023 
Published: 31 August 2023 

Cite this: 
Osswald T et al. (2023) 
International Journal of Wildland Fire 
32(11), 1633–1645. doi:10.1071/WF22148 

© 2023 The Author(s) (or their 
employer(s)). Published by 
CSIRO Publishing on behalf of IAWF.  
This is an open access article distributed 
under the Creative Commons Attribution- 
NonCommercial-NoDerivatives 4.0 
International License (CC BY-NC-ND) 

OPEN ACCESS  

https://www.publish.csiro.au/
https://www.publish.csiro.au/
https://doi.org/10.1071/WF22148
www.publish.csiro.au/wf
www.publish.csiro.au/wf
https://orcid.org/0000-0001-7837-6794
https://orcid.org/0000-0002-3680-9755
mailto:tobiasosswald@ua.pt
https://doi.org/10.1071/WF22148
https://creativecommons.org/licenses/by-nc-nd/4.0/


(Elliott et al. 2013; Haikerwal et al. 2016; Reid et al. 2016;  
Black et al. 2017; Cascio 2018) and negative cardiovascular 
effects (Haikerwal et al. 2015; Yao et al. 2016; Wettstein 
et al. 2018). The populations most vulnerable to smoke 
exposure are the common risk groups (e.g. children and 
older adults) (Rappold et al. 2017; Aguilera et al. 2021) 
and personnel involved in firefighting operations (Miranda 
et al. 2010, 2012; Sebastião et al. 2019). Short-term expo
sure to very high air pollution levels during a fire event can 
lead to acute health problems, which can be instantaneous 
irritation of the eyes, nose and throat, and shortness of 
breath. These symptoms often evolve into headaches, dizzi
ness and nausea, lasting up to several hours. 

Greece along with other countries around the 
Mediterranean suffered unusually high levels of fire activity 
during the 2021 fire season, and in particular during the 
first 2 weeks of August. These early August 2021 Greek wild
fires were unprecedented in extent, intensity and impacts 
(Giannaros et al. 2022). According to the European Forest 
Fire Information System (EFFIS; https://effis.jrc.ec.europa.eu), 
five wildfires collectively burnt nearly 94 000 ha, an area that 
accounts for more than 70% of the 2021 total national burnt 
area and equals almost three times the 2008–2021 annual 
average burnt area. Observational evidence indicates that 
all wildfires showed extreme fire behaviour, characterised 
by erratic fire spread, massive spotting and the occurrence 
of pyroconvection (Giannaros et al. 2022). Moreover, 
reports in the media of impressive levels of smoke and ash 
were supported by measurements of atmospheric pollutants 
during that period (EEA 2021; Smith 2021), with concen
tration levels of particulate matter having an equivalent 
aerodynamic diameter smaller than 10 µm (PM10) well 
above the threshold defined by the European Ambient Air 
Quality Directive (2008/50/EC) for the protection of human 
health, which established 50 µg m−3 as the daily limit. 
Athens was especially impacted because the city and sur
rounding urban areas, inhabited by 4 million people, were 
surrounded by two large fires in their vicinity during the 
first week of August. 

Previous studies of extreme wildfire events have success
fully employed Chemical Transport Models (CTMs) and satel
lite data information to achieve high spatiotemporal resolution 
fields of species concentrations. This method was used by Péré 
et al. (2014) in a case study of an event near Moscow in 2010. 
They used the Weather Research and Forecasting (WRF) 
meteorology model coupled with the CHIMERE CTM fed with 
emissions derived from the Global Fire Assimilation System. 
The latter uses the satellite-derived Fire Radiative Power (FRP) 
and vegetation maps to estimate emissions. The authors 
observed good agreement between satellite observations of 
Aerosol Optical Depth (AOD) and the model results, whose 
bias ranged from −40 to 30%. More recently, Turquety et al. 
(2020) used the WRF-CHIMERE system coupled with 
APIFLAME. This system showed good results in a case study of 
Portugal in the 2016 fire season for which 5% bias in AOD was 

estimated. The authors showed how the state-of-the art plume 
rise model as well as the detection of small fires were important 
factors that allowed reduction of the modelling biases. 

The present study aims to better understand the emission 
and dispersion of smoke during extreme wildfire events, 
including their impacts on air quality (AQ), using the events 
surrounding Athens as a case study. For this, biomass- 
burning emissions are estimated based on a top–down 
satellite-based methodology (using APIFLAME), and their 
impact on AQ is assessed based on a modelling approach. 
The WRF model is used to obtain high spatiotemporal mete
orological conditions data while CHIMERE simulates the 
chemical and physical processes that pollutants undergo 
within the atmosphere. Evaluation of the modelling system, 
namely regarding the chosen model parameterisation and 
input data, was done by comparing results with measure
ments from AQ monitoring stations and from AERONET 
sites located within Greece. 

In the following section, the case study is described 
followed by a detailed explanation of the model and its 
parameterisations. Afterwards the model results are pre
sented, evaluated and discussed. The last section provides 
the conclusions of this work. 

Data and methodology 

The APIFLAME model was used for estimating biomass- 
burning emissions, while other emissions, meteorology and 
chemical transport phenomena were handled by the WRF- 
CHIMERE model and its pre-processors. The system was 
applied to the case study of Athens during the fires in the 
beginning of August 2021 with the aim of obtaining multi
ple air-pollutant concentrations that are representative of 
wildfire smoke. Particulate matter with an aerodynamic 
diameter smaller than 10 µm (PM10) and smaller than 
2.5 µm (PM2.5) as well as carbon monoxide (CO) are 
consistently emitted by wildfires and therefore good tracers 
of smoke (Schneider et al. 2021). Thus, these three pollu
tants were considered the most suitable for assessing the 
direct impact of wildfires on AQ. Ozone (O3) is a secondary 
pollutant, which is produced in the troposphere by photo
chemical reactions that involve nitrogen oxides (NOx) and 
volatile organic compounds (VOCs). As both these compo
nents are emitted through biomass burning, O3 levels are 
also expected to be influenced by wildfires (e.g. Jaffe and 
Wigder 2012; Schneider and Abbatt 2022; Yang et al. 2022) 
and was therefore also analysed. The European Ambient Air 
Quality Directive (2008/50/EC) sets limit or target values 
(LVs or TVs) for several air pollutants above which consid
erable health impacts are expected. For PM10, the daily 
mean should not exceed 50 µg m−3 LV. For O3 and CO, 
the values for the protection of human health are defined 
for the maximum daily 8-h mean and are 120 µg m−3 TV 
and 10 mg m−3 LV respectively. 

T. Osswald et al.                                                                                                               International Journal of Wildland Fire 

1634 

https://effis.jrc.ec.europa.eu


Case study 

In the beginning of August 2021, several wildfires broke out 
in the Greek regions of Attica, Euboea, Ilia, Messinia and 
Lakonia and burnt for several days. According to Giannaros 
et al. (2022), these extreme wildfires were associated with 
meteorological conditions that, on the one hand, contribu
ted to bringing fuels to a critically flammable condition that 
could support intense burning (also due to the warm and dry 
conditions that prevailed during the months preceding 
August 2021), and, on the other hand, created a mesoscale 
environment conducive to the development of pyroconvec
tion. Surface weather conditions were marked by a heat 
wave peaking at 40–45°C by the end of July that contributed 
to pushing relative humidity levels to below 20% in all fire- 
affected regions (Giannaros et al. 2022). Synoptic conditions 
were marked by the breakdown of a strong upper-level ridge 
that occurred as an upper-air long-wave trough moved into 
the southeast Mediterranean. This led to the advection of 
moist mid-level air over the very dry lower troposphere of 
the fire-affected regions, leading to the development of 
pyroconvection (Giannaros et al. 2022). Fig. 1 shows a satel
lite image of the smoke produced during these wildfires as 
acquired by the Visible Infrared Imaging Radiometer Suite 
(VIIRS) on Suomi National Polar-orbiting Partnership (NPP). 

Five wildfires collectively burnt nearly 94 000 ha, an area 
that accounts for more than 70% of the 2021 total burnt 
area. Table 1 shows fire activity information for these five 

largest wildfires. This information is based on data provided 
by the Hellenic Fire Service, on data published by Giannaros 
et al. (2022) and on information from Xanthopoulos 
et al. (2022). 

According to the Hellenic Fire Service (2021), a wildfire 
started 100 km to the north of the city of Athens on Evia 
Island at 17:11 hours on 3 August and continued to burn 
until 17 August. This resulted in ~51 200 ha burned (40% of 
the total during that fire season in Greece) as estimated by 
the European Forest Fire Information System Burnt Area 
satellite product (EFFIS 2022). Another wildfire started 
directly to the northeast of Athens on 3 August at 13:22 
hours, ending on 12 August, with a rekindling on 5 August, 
resulting in 8400 ha burned (Hellenic Fire Service 2021). 

Almost simultaneously, three other aggressive fires had 
started in the Peloponnese, the most threatening being the 
one in the prefecture of Ilia. According to Xanthopoulos 
et al. (2022), they became very large: the fire in Ilia reached 
15 000 ha, the fire in Messinia 5100 ha, and the fire in 
Lakonia (Mani) 10 100 ha, devastating both forest and agri
cultural lands. 

Other significant fires were detected through their FRP 
signatures in western Greece and in neighbouring countries 
during that period (Giglio et al. 2021). Residents reported 
heavy deposition of ash in the city and authorities advised 
the population to stay indoors or use respiratory masks 
otherwise (Smith 2021). 

N 50 km

Fig. 1. Wildfire in Greece on 8 August 
2021 (by NASA Earth Observatory, 
https://earthobservatory.nasa.gov/images/ 
148682/fire-consumes-large-swaths-of- 
greece, public domain).   
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Modelling setup 

APIFLAME 
Biomass-burning emissions of trace gases and aerosols 

during the 2021 Greece wildfires were calculated using the 
APIFLAMEv2 model (Turquety et al. 2020). The estimates are 
based on pre-processed satellite imagery in the form of the 
MODIS (Moderate Resolution Imaging Spectroradiometer) 
burned scars product (MCD64A1), which uses thermal anoma
lies from active fires and changes in reflectance due to the 
charring of the vegetation to detect burned regions. This 
product has a 500 m resolution and is released monthly 
indicating the estimated day of burning for each detection. 
For each fire and associated vegetation type, the amount of 
consumed fuel was calculated, and the corresponding 
emissions of trace gases and aerosols were derived using a 
list of emission factors. When modelling the impact of wildfires 
on AQ at a regional scale, information on the diurnal variability 
of emissions has been shown to be critical (Rea et al. 2016;  
Turquety et al. 2020). In our study, the biomass-burning emis
sions are distributed throughout the day using a typical wildfire 
temporal profile. The module also uses the FRP from the 
MOD14 satellite product, which processes four daily observa
tions at 1 km resolution. Out of these, the daily maximum is 
used by CHIMERE to calculate the injection height. 

WRF-CHIMERE 
The impact of the emissions of wildfires on AQ was 

quantified based on a modelling approach, using the state- 
of-the-art CHIMERE model (Menut et al. 2021). This model 
is an open-source multi-scale Eulerian CTM, which includes 
detailed gas-, aerosol- and cloud-phase chemistry. The 
chosen MELCHIOR2 chemistry mechanism takes 49 species 
and 120 reactions into account. Additionally, seven aerosol 
species are subdivided into 10 size bins, whose chemistry is 
also considered. CHIMERE can run over a range of spatial scales 
from the hemispheric to the urban scale (up to 1 × 1 km2). It 
has been widely used for air quality studies in Europe, which 
has allowed extensive testing and model evaluation over this 
study region (e.g. Kukkonen et al. 2012; Bessagnet et al. 2016;  
Colette et al. 2017). WRF is run on the same grid in parallel and 
feeds CHIMERE with data on meteorological variables such as 
wind speed, temperature and humidity. 

The WRF-CHIMERE system was run between 27 July 
2021 and 10 August 2021, providing a 7-day spin-up period 
to stabilise all simulation variables that may be affected by 
inaccuracies in the initial conditions before the first fires in 
the vicinity of Athens started. A fine simulation domain of 
Athens was nested inside a medium one containing most of 
Greece, which in turn was nested in a continental domain, 
resulting in three computational domains with resolutions of 
25, 5 and 1 km2 (see Fig. 2). The coarser mesh captured 
phenomena at the level of the Mediterranean Basin with 
95 × 69 cells, the intermediate one was positioned around 
Greece with 106 × 81 cells and the smallest one was T
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composed of 100 × 100 cells over Athens, thus providing a 
detailed picture of the AQ over the city. The structured 
hexahedral mesh was created over a Lambert conformal 
map of the computational domain with 24 cells between 
the surface and 200 hPa. 

Wildfire emissions coming from APIFLAME were redis
tributed in the vertical direction according to a plume rise 
profile that assigns 20% of the emissions below the injection 
height and the remainder around that same height. Menut 
et al. (2018) tested another profile and concluded that no 
clear differences in performance could be found. The 
assumption was that strong mixing in the boundary layer 
quickly disperses the initial shape of the plume, so that its 
effect would only be relevant at a local scale. 

The injection height of the wildfire plume in CHIMERE 
was calculated according to the parameterisation of Sofiev 
et al. (2012) with a correction of the FRP for the case of 
large fires as suggested by Veira et al. (2015). The empirical 
correlation developed by Sofiev et al. (2012) was based on 
the assumption that the wildfire plume rises owing to the 
heat generated up to a height at which all the energy from 
the fire has been dissipated. Thus, it depends only on the 
state of the atmosphere and heat transfer to the air: 

i
k
jjjj

y
{
zzzzH H

P
N N= + FRP exp( / ),p abl

f0
FT
2

0
2 (1)  

where Hp is the plume rise height, Habl the atmospheric 
boundary layer height, FRP the fire radiative power, Pf0 
the reference FRP, NFT the Brunt–Väisälä frequency of the 
free troposphere (calculated as the average value of grid 
cells between Habl and 300 hPa) and N0 the reference 

Brunt–Väisälä frequency. The other parameters were 
adjusted to satellite observations for the optimal perform
ance of the model and are set to 

P N
= 0.24; = 170 m; = 0.35; = 0.6

= 10 W; = 2.5×10 s .f0
6

0
2 4 2 (2)  

Values are hourly adjusted based on hourly atmospheric 
values calculated by WRF-CHIMERE, such as boundary 
layer height. 

In CHIMERE, for cases where Hp > 1500 m, the correc
tion of Veira et al. (2015) is applied such that  

i
k
jjjj

y
{
zzzz

H
FRP = FRP

1500
,p

0.5
(3)  

as Veira et al. (2015) considered that MODIS observations 
tended to underestimate FRP in the cases of high-intensity 
wildfires owing to the opacity of the smoke to satellites. 
Another correction is applied in all cases whenever the 
considered period is between 18:00 and 06:00 hours. 
During this night-time period, where the boundary layer 
height tends to be lower, only half of the FRP is considered 
in the calculation of the plume rise. The next step of the 
algorithm consists in comparing the obtained value with 
other estimates. In cases where the atmospheric boundary 
layer height is larger than the estimated Hp, the former is 
used instead. Finally, a lower threshold of 1 km is applied. 

In addition to biomass burning, the AQ simulations con
sidered anthropogenic, mineral dust, biogenic and sea salt 
emissions. Anthropogenic emissions from EMEP/Centre on 
Emission Inventories and Projections database (2021) were 
processed to obtain hourly fluxes for the different model 
species (associated with the selected chemical mechanism) 
and the specific simulation grids. Available time profiles for 
specific countries were used, as well as spatial proxies such 
as land use, population density and road network density. 
Desert dust, marine aerosols and biogenic emissions were 
estimated by the model during the simulations, taking static 
datasets and meteorological data into account. 

For the AQ simulations, the boundary conditions for the 
WRF meteorology were obtained from the ERA-5 reanalysis 
dataset (ECMWF 2022). Variables were taken with a hori
zontal resolution of 30 km and 37 pressure levels between 
1000 and 1 hPa, at 6-h intervals. Once these calculations 
had been performed, the higher resolution data were passed 
on directly to CHIMERE. 

Observations 

Available observations of pollutant concentrations and aero
sol optical depth were used to show the ability of the system 
to model smoke emission and dispersion, and complement 
model results. 

Air quality observations were extracted from the AQ data
base of the European Environmental Agency (EEA 2021) for 

WRF-CHIMERE nested domain setup

40°N

N 250 km

10°E

0 1000 2000 3000

20°E

Elevation (m)
30°E

Fig. 2. WRF-CHIMERE nested domains used for the simulations 
plotted over an elevation map of the Mediterranean Basin. D01, 
coarse domain with 25 km2 resolution; D02, intermediate domain 
with 5 km2 resolution; D03, small domain with 1 km2 resolution.  
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the air quality monitoring stations located within D02 and 
D03, and for the selected pollutants PM10, PM2.5, CO and O3. 

The selected monitoring stations include only ‘back
ground’ stations, which are more representative of a larger 
area around them, as opposed to ‘traffic’ or ‘industrial’ 
stations, which are greatly affected by local phenomena, 
i.e. sub-grid phenomena for the mesoscale model. Fig. 3 
shows the location of the AQ monitoring stations in the 
D03 finer-resolution domain as well as the Aliartos station, 
the only station in the database that was recording at the 
time outside D03 and within D02. 

The D03 stations are located in suburban areas except for 
Nea Smirni and Peristeri, which are within Athens, whereas 
Aliartos is the only rural station. 

Observations of AOD were retrieved from the sites of the 
AErosol RObotic NETwork (AERONET; Giles et al. 2019) at 
the National Technical University of Athens (ATHENS_NTUA) 
and the National Observatory of Athens (ATHENS-NOA). 
AERONET Version 3 AOD Level 1.5 was used, which means 
data were cloud-cleared and quality controls were applied 
though a final calibration may not have been applied. 
Quality-assured Level 2.0 data were not yet available for the 
period of this study. 

Results and discussion 

Wildfire emissions 

For the period studied, emissions from D02 were quantified 
and can be seen in Table 2. The day with the most activity 
was 6 August, with a total emission of 19.2 kt PM. In total, 
48.5 kt PM10, 267 kt CO and 6.7 kt NO/NO2 were released 
during the studied period. As a comparison, during the 
wildfires that took place in October 2017 in Portugal, the 
most devastating over the past decade, 250 kt PM10, 3500 kt 
CO and 75 kt NOx were emitted according to a detailed 
study carried out by Fernandes et al. (2022). The authors 
also showed that satellite-based emission estimates, such as 

the ones of APIFLAME, compared well with their own esti
mates in terms of total values, despite not having a very high 
spatial resolution. 

Aerosol optical depth 

Biomass-burning emissions affect not only the near-surface 
pollutant concentrations, i.e. what we call air quality, but 
also the amount of aerosol and gaseous species at higher 
altitudes. Fig. 4 shows the modelled AOD for the 5-km 
resolution D02 domain, which is a measure of column- 
integrated aerosol optical properties, according to model 
results, between 3 and 6 August 2021. 

According to model results, AOD hotspots appear on 4 
August, associated with the fire in Evia. As biomass-burning 
emissions continue in the following days, a plume of AOD is 
formed and maintained towards the east, with regions reach
ing AOD > 3.0. Smaller AOD hotspots are also visible within 
the Peloponnese Peninsula. On 6 August, an AOD plume 
appears near Athens due to the fires that broke out in Attica. 

Fig. 5 shows the comparison of model results with AOD 
observations for the two AERONET sites located within the 

D03

D02

(a) (b)

D03

Fig. 3. Location of AQ monitoring 
stations (white triangles) and AERONET 
sites (orange circles) located within D02 
(a) and D03 (b). Ignition locations of the 
major wildfires, identified in  Table 1, are 
depicted as red stars. Elevation color- 
scale as in  Fig. 2.   

Table 2. Total emissions in D02 domain on each day.        

Date PM10 PM2.5 CO NO2 NO 

Total emissions (kt)   

3-8-2021 0.55 0.39 2.90 0.01 0.07 

4-8-2021 4.15 2.98 22.84 0.09 0.50 

5-8-2021 5.44 3.84 33.07 0.10 0.59 

6-8-2021 19.20 13.71 104.4 0.40 2.33 

7-8-2021 8.72 6.23 45.25 0.18 1.06 

8-8-2021 6.30 4.40 34.76 0.12 0.71 

9-8-2021 4.15 2.90 23.38 0.08 0.47       

Total 48.51 34.46 266.6 0.98 5.73   
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D03 domain. AERONET Ångström exponents (AE; computed 
from aerosol optical thickness measurements at 380 and 
440 nm) were used to estimate aerosol optical thickness at 
the same wavelength as the model data (400 nm), following 
Ångström’s law. The AE is an indicator of the average aerosol 
particle size in the atmosphere. An AE < 1 indicates an aerosol 
size distribution mainly dominated by coarse-mode aerosols 
(such as dust or sea spray) whereas an AE > 1 usually indicates 
a size distribution dominated by fine-mode aerosols of effective 
radius smaller than 0.5 μm, usually associated with urban 
pollution or biomass burning (Eck et al. 1999). 

At the location of both AERONET sites, modelled AOD 
values are maximal in the late afternoon of 6 August (when 
AOD reaches values above 2.0). AERONET observations show 
high values of measured optical thicknesses (AOD  ~1.5) asso
ciated with large AE (1.5 < AE < 2.0) on 7 August. The 
AERONET observations during 7 August show the influence 
of the biomass-burning emissions to the total atmospheric 
aerosol. 

Air quality 

Concentrations of CO, PM10 and O3 at the surface were 
analysed through time-series of maps from the simulations 
of the 5 and 1 km resolution domains. Concentration snap
shots at critical hours from 4 to 9 August 2021 are shown 
in Fig. 6. 

The simulations reveal that on 3 August, a wildfire in the 
northern urban area of Athens was actively producing a 
smoke cloud, as seen in Fig. 6. During that day, simulated 
values at the locations of the monitoring stations (see Figs 
7–10) south of Thrakomakedones and north of Koropi 
exceeded the daily LV for PM10. At Lykovrisi, closest to 
the wildfire, the results indicate an exceedance of twice 
the daily LV. 

The Athens wildfire mostly dies out during 4 August, 
while emissions from the fire in Evia begin at 01:00 hours 
according to the model. The smoke is mostly contained 
over the island until the end of the day. Nonetheless, the 
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locations of Nea Smirni and Peristeri, both urban areas, 
exceed the PM10 daily LV. 

On 5 August, the Athens fire is reactivated and produces, 
together with the Evia wildfire, a smoke cloud over the 
peninsula. All locations exceed the daily LV of PM10; in 
particular, Peristeri exceeds twice this value. 

Both fires continue to burn throughout 6 August; how
ever, a strong westerly wind during the morning pushes the 
smoke cloud away from the city. In the afternoon, the wind 

veers to the north and smoke from both fires accumulates 
over the peninsula, leading to exceedances in the daily LV of 
PM10 in all locations except for Nea Smirni and Koropi, 
which are further away from the fires. The simulated values 
at Lykovrisi reach extreme hourly values of 1152 µg m−3. As 
the high concentrations of smoke occur after sunset, O3 
levels are not as high as during the previous day. In the 
absence of photolysis, the destruction of this secondary 
pollutant exceeds its production within the smoke cloud, 
leading to a local concentration minimum. 

The wildfire in Evia emits a considerable smoke cloud 
that reaches the city of Athens. During midday of 7 August, 
model results show transport by a northerly wind. When the 
wind was blowing from other directions or with less inten
sity, this led to periods of less smoke over the city, such as at 
midday on 9 August. Both simulated values and observations 
show lower concentrations following the peak of 7 August, 
with the exception of modelled CO values at Nea Smirni, 
which exhibit abnormally high values in the simulation. 
Before 8 August, the performance of the model for CO at 
Nea Smirni is clearly better. Throughout the simulated 
period, the CO concentrations in Nea Smirni never exceed 
the daily 8-h mean LV. 

101

P
M

10
  (
mg

 m
–3

)

102

103

101

P
M

10
  (
mg

 m
–3

)

102

103

Observed daily mean

Modeled daily mean

Observed hourly mean

Modeled hourly mean

03
-0

8-
20

21

04
-0

8-
20

21

05
-0

8-
20

21

06
-0

8-
20

21

07
-0

8-
20

21

08
-0

8-
20

21

09
-0

8-
20

21

10
-0

8-
20

21

03
-0

8-
20

21

04
-0

8-
20

21

05
-0

8-
20

21

06
-0

8-
20

21

07
-0

8-
20

21

08
-0

8-
20

21

09
-0

8-
20

21

10
-0

8-
20

21

03
-0

8-
20

21

04
-0

8-
20

21

05
-0

8-
20

21

06
-0

8-
20

21

07
-0

8-
20

21

08
-0

8-
20

21

09
-0

8-
20

21

10
-0

8-
20

21

Thrakomakedones

Agia_paraskevi Nea_smirni Koropi

Lykovrisi Peristeri

Fig. 7. Measured and simulated hourly 
and daily concentrations of PM10 at mon
itoring stations in Athens, ordered north 
to south. The grey line shows the daily LV 
for the protection of human health 
(50 µg m−3).   

101

102

P
M

2.
5 

 (
mg

 m
–3

) 103 Thrakomakedones Agia_paraskevi

03
-0

8-
20

21
04

-0
8-

20
21

05
-0

8-
20

21
06

-0
8-

20
21

07
-0

8-
20

21
08

-0
8-

20
21

09
-0

8-
20

21
10

-0
8-

20
21

03
-0

8-
20

21
04

-0
8-

20
21

05
-0

8-
20

21
06

-0
8-

20
21

07
-0

8-
20

21
08

-0
8-

20
21

09
-0

8-
20

21
10

-0
8-

20
21

Observed daily mean

Modeled daily mean

Observed hourly mean

Modeled hourly mean

Fig. 8. Measured and simulated hourly 
and daily concentrations of PM2.5 at mon
itoring stations in Athens, ordered north 
to south.   

0

2

4

C
O

  (
m

g 
m

–3
) 6 Nea_smirni

Observed 8 h max.

Modeled 8 h max.

Observed hourly mean

Modeled hourly mean

03
-0

8-
20

21
04

-0
8-

20
21

05
-0

8-
20

21
06

-0
8-

20
21

07
-0

8-
20

21
08

-0
8-

20
21

09
-0

8-
20

21
10

-0
8-

20
21

Fig. 9. Measured and simulated hourly and 8 h maximum concen
trations of CO at Nea Smirni, Athens.  

www.publish.csiro.au/wf                                                                                                      International Journal of Wildland Fire 

1641 

https://www.publish.csiro.au/wf


Performance metrics 

Five performance metrics were calculated for all the stations 
of interest using the predictions of both the D02 and the D03 
domains. The normalised mean bias (NMB), mean fractional 
bias (MFB), root-mean-square error (RMSE), Pearson’s cor
relation coefficient (R) and the index of agreement (IOA). 
The formula for each is given in Table 3 along with the 
optimal values followed by the possible range. 

The average value of the observations is also provided. 
The results are given in Table 4. 

The D03 domain tends to produce better results, though 
for some cases D02 has a better performance. This suggests 
that there is no clear reason to disregard the D02 results 
altogether. 

To evaluate the performance of D02 outside Athens, only 
the Aliartos station can be used as all other stations in the EEA 
AQ database were not recording during the period of interest. 
Its performance metrics are close to those for the remaining 

stations. An exception to this is the RMSE for PM10, which 
shows the highest value, or the metrics of O3, which are 
somewhat worse than in other stations available within the 
D03 domain. Differences can be explained not only by its 
distance to other stations but also by the fact that it is the 
only rural station analysed. Moreover, as O3 is a photo
chemical pollutant, its production or destruction depend 
among other variables on temperature and solar radiation. 
However, temperature and solar radiation are meteorological 
variables that are affected by the direct feedback of aerosols 
emitted during wildfires (Péré et al. 2014). However, our 
simulations do not consider those feedbacks between atmo
spheric composition and meteorology, which may contribute 
to poorer model performance in simulating O3 concentrations. 

Despite the limitations identified in the simulation of the 
chemical processes for O3, the IOA shows that this pollutant 
was better simulated than the others, with IOA values varying 
between 0.54 and 0.80. There was only one monitoring sta
tion with available CO data for the evaluation, with a calcu
lated IOA of 0.37 and 0.52 for D02 and D03, respectively. 
Except for the Agia Paraskevi monitoring station location, 
where a simulated peak value was not observed, the hourly 
performance metrics for PM, for both PM10 and PM2.5, were 
quite acceptable and it is well known that PM is a difficult 
pollutant to model when compared with other gases. It can 
have primary or secondary origin, and a wide range of 
sources. In the case of forest fires, in addition to the difficulty 
of representing primary PM emission from biomass burning, 
the inaccuracy of predicting secondary organic aerosol forma
tion may play an important role in model performance. In 
summary, the calculated performance metrics indicate reason
able performance of the modelling system, supporting its 
usefulness to predict smoke transport and chemistry and deli
vering information to prevent human exposure to smoke. 

Table 3. Performance metrics definition used for model evaluation.     
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Fig. 10. Measured and simulated hourly 
and 8 h maximum concentrations of O3 at 
monitoring stations in Athens, ordered 
north to south. The grey line shows the 
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Conclusions 

The high spatiotemporal resolution of the calculated concen
trations allowed a more detailed analysis of the smoke plume 
dispersion and development, which would be unmanageable 
with satellite images or local air-quality monitoring stations. 
The simulations compared well with the measurements in 
general. The performance metrics show that the computational 

domain with 1 km resolution performed slightly better than 
that with 5 km resolution. For the finer domain, ozone had the 
highest index of agreement, with measurements ranging from 
0.65 to 0.8 depending on the location, whereas for particulate 
matter, it ranged from 0.17 to 0.57. The mean fractional bias 
was of 3% for particulate matter and −4% for ozone. 

The results show that all the studied locations around 
Athens had PM10 and O3 levels exceeding the values defined 

Table 4. Performance metrics, calculated by comparing model results against monitoring station observations.                  

NMB RMSE MFB IOA R Ō NMB RMSE MFB IOA R Ō     

PM10 PM2.5 

D02 vs 
stations 

Agia_paraskevi 0.53 101 0.11 0.17 0.15 44 1.12 76 0.44 0.20 0.22 24 

AliartosA 0.64 174 0.06 0.25 0.27 63 0.63 131 0.17 0.36 0.31 48 

Koropi 0.40 89 −0.06 0.22 0.24 40       

Lykovrisi 0.65 124 0.27 0.37 0.27 59       

Nea_smirni 0.16 57 0.14 0.38 0.17 54       

peristeri 0.17 65 0.06 0.34 0.10 61       

Thrakomakedones −0.11 56 −0.24 0.31 0.02 58 0.18 37 0.04 0.32 0.08 31  

CO O3 

Agia_paraskevi       −0.06 66 −0.34 0.67 0.70 112 

AliartosA       0.65 109 0.41 0.54 0.68 95 

Koropi       0.02 53 −0.12 0.63 0.62 106 

Lykovrisi       0.21 59 0.09 0.78 0.67 91 

Nea_smirni 0.34 0.83 0.21 0.37 0.19 0.58 0.11 57 −0.43 0.78 0.74 82 

Peristeri       0.20 64 −0.14 0.75 0.72 87 

Thrakomakedones       0.07 68 0.07 0.62 0.35 145   

PM10 PM2.5 

D03 vs 
stations 

Agia_paraskevi 0.43 112 0.03 0.17 0.18 44 0.96 82 0.35 0.23 0.29 24 

AliartosA             

Koropi −0.06 33 −0.17 0.57 0.40 40       

Lykovrisi 0.23 117 0.10 0.27 0.14 59       

Nea_smirni 0.09 52 0.07 0.51 0.27 54       

Peristeri 0.38 73 0.22 0.34 0.10 61       

Thrakomakedones −0.19 48 −0.32 0.46 0.22 58 0.07 32 −0.06 0.51 0.28 31  

CO O3 

Agia_paraskevi       0.04 54 −0.12 0.73 0.71 112 

AliartosA       0.71 117 0.40 0.57 0.79 95 

Koropi       0.04 48 −0.04 0.63 0.57 106 

Lykovrisi       0.26 60 0.16 0.79 0.71 91 

Nea_smirni 0.48 0.98 0.10 0.52 0.37 0.58 0.17 64 −0.39 0.74 0.70 82 

Peristeri       0.04 54 −0.37 0.80 0.75 87 

Thrakomakedones       0.13 74 0.10 0.65 0.45 145 

Values of stations with best performance are shown in bold. 
AThe Aliartos station is outside the D03 domain.  
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by the European Commission for the protection of human 
health during the wildfire events, in particular on 5 August. 
The smoke cloud that settled over Athens on 6 August also led 
to extreme simulated hourly values of PM10 – 1152 µg m−3 in 
Lykovrisi. 

The AERONET observations suggest that the smoke con
centrations may have reached their peak on 7 August. This is 
supported by the simulation results, where an increasing 
trend is seen in PM10 concentrations at the end of 6 
August. Based on obtained data and on the European legis
lation for the protection of the human health, it is likely that 
the low air quality during the event had a strong negative 
impact on human health. 
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