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Summary 

Air quality concentrations maps of the member and cooperating countries of the European 
Environmental Agency (EEA)(1) have been prepared for the year 2023. The maps are primarily based 
on air quality data as reported under the Ambient Air Quality Directives (EC, 2004, 2008). The mapping 
method ('Regression ς Interpolation ς Merging Mapping') follows a methodology developed earlier 
(Horálek et al., 2024, and references cited therein); it combines the monitoring data with outputs from 
a chemical transport model and other supplementary data such as land cover and satellite data.  

Population exposure 

Regarding PM10 (i.e. particulate matter with a diameter of 10 µm or less), concentrations and 
population exposure remained above the European Union (EU) and World Health Organisation (WHO) 
standards in large parts of Europe in 2023. Approximately 7% of the considered European population 
was exposed to concentrations above the EU PM10 annual limit value of 40 µg/m3 and 63% of the 
population was exposed to concentrations exceeding the WHO Air Quality Guideline (AQG) level of 15 
µg/m3 in 2023. Furthermore, 16% of the population was estimated to live in areas where the 90.4 
percentile of the PM10 daily means was above the EU limit value of 50 µg/m3. When it comes to PM2.5, 
approximately 0.2% of the considered European population (excluding Türkiye in this case of PM2.5) 
was exposed to concentrations above the EU PM2.5 limit value of 25 µg/m3 and 2.4% above the EU 
PM2.5 indicative limit value of 20 µg/m3, respectively. Moreover, 96% of the population was exposed 
to concentrations above the WHO AQG level of 5 µg/m3. The countries with the highest values of 
annual averages PM2.5 are located in south-eastern Europe. The population-weighted concentration of 
the PM10 indicators annual average and 90.4 percentile of daily means for the considered European 
population is estimated to be 20.4 µg/m3 and 34.5 µg/m3, respectively, in 2023. The population-
weighted concentration of the PM2.5 annual average for the considered European population (without 
Türkiye) is estimated to be 10.4 µg/m3 in 2023. 
 
For ozone, it was estimated that 12% of the considered European population lived in areas where 
concentrations exceeded the ozone target value threshold (that is, the target value for just one year) 
based on 2023 data, and 10% based on the 3-year target value  for 2021-2023. Countries with the 
highest values of the ozone indicator 93.2 percentile of maximum daily 8-hour means are situated in 
southern and central Europe. Additionally, 98% of the considered European population lived in areas 
where the ozone concentration was above the WHO AQG level of 60 µg/m3 (the peak season average 
of maximum daily 8-hour means). The population-weighted concentration of the O3 indicator 93.2 
percentile of maximum daily 8-hour means for the considered European population is estimated to be 
108.1 µg/m3 in 2023. 
 
Approximately 3% of the considered European population was exposed to NO2 concentrations above 
the EU annual limit value of 40 µg/m3 in 2023. Except for Türkiye, the majority of population lived well 
below the limit value in 2023. However, about 67% of the considered European population including 
Türkiye was exposed to annual average concentrations above the WHO AQG level of 10 µg/m3. The 
population-weighted concentration of the NO2 annual average for the considered European 
population is estimated to be 15.5 µg/m3 in 2023. 
 
Based on the experimental map of benzo(a)pyrene (BaP), it is estimated that 8.5% of the considered 
European population live in areas where BaP concentrations are above the threshold 1.0 ng/m3. The 
highest BaP concentrations are shown in Poland, north-eastern Czechia, west Balkan, eastern Po Valley 

 
(1) The EEA member countries are the 27 Member States of the European Union (EU-27), plus Iceland, Lichtenstein, Norway, 
Switzerland, and Türkiye. The EEA cooperating countries are Albania, Bosnia and Herzegovina, Kosovo under the UN Security 
Council Resolution 1244/99, Montenegro, North Macedonia, and Serbia. In addition, three microstates (Andorra, a country 
which voluntary reports air quality data, Monaco and San Marino) are also presented in this report. 
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in northern Italy and some populated locations in central and south-eastern Europe, Latvia and Finland. 
The population-weighted concentration of the BaP annual average for the considered European 
population (without Türkiye) is estimated to be about 0.4 ng/m3 in 2023. 
 
Figure S.1 illustrates the population exposure to different air pollutants, for the whole considered 
European population (excluding Türkiye in the cases of PM2.5 and BaP). 
 
Figure S.1  Percentage of the population (%) exposed to different values of PM10 (annual average 

and 90.4 percentile of daily means), PM2.5 (annual average), O3 (93.2 percentile of 
maximum daily 8-hour means, SOMO35 and peak season average of maximum daily 8-
hour means), NO2 (annual average) and BaP (annual average) in 2023 

 

Accumulated risks  

Out of the total population of 560 million in the mapped area (including Türkiye), 5% (30.1 million) 
people live in areas where two or three of the most frequently exceeded air quality standards (PM10 
daily limit value, O3 target value and NO2 annual limit value) as specified in EC (2008) are exceeded; 
0.1% (0.5 million) people live in areas where all these three standards are exceeded. The worst 
situation in 2023 was observed in Cyprus, Greece, Türkiye, where less than 0.05%, 4% and 0.2% lived 
in areas where all three standards are exceeded, respectively. 

Vegetation exposure  

Based on 2023 data, ozone concentrations (AOT40 for vegetation) are above the EU target value 
threshold (the TV for just one year) for the protection of vegetation (EU, 2008) in about 12% of the 
agricultural areas and above the EU long-term objective in 91% of the agricultural areas. Ozone 
concentrations (AOT40 for forests) are above the critical level for the protection of forests in about 
73% of the forested areas. Relating to 5-year mean 2019-2023, 16% of all European agricultural land 
including Türkiye has been exposed to ozone concentrations above the target value of 18 000 µg/m3·h. 
Considering the long-term objective of 6 000 µg/m3·h, the total European area (including Türkiye) in 
excess was 90%. 
 
In 2023, POD6 values for wheat above the highest CL (i.e. for protein yield) were observed across a 
large continuous area of Europe, covering western, central and south-western regions. For potatoes, 
POD6 values exceeded the CL for tuber yield in large parts of western and central Europe. In contrast, 
exceedances for tomatoes were limited to a few coastal areas, consistent with previous years. 
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The CL of POD1 for beech was exceeded in almost the entire European mapped area, with the exception 
of large areas of the Iberian Peninsula and Türkiye and many smaller areas throughout the mapped 
area. The CL of POD1 for spruce was exceeded almost throughout the entire mapped European area, 
with the exception of large areas in northern Europe and a larger area in Romania.  
 
In a limited number of cases, concentrations of NOx are above the EU critical level. However, since 
most of these cases happen in urban areas, this is only relevant if there is vegetation in those areas. 

Changes over time 

Since 2005, maps for most of the pollutants have been prepared in an overall consistent way (although 
the mapping methodology has been subject to continuous improvement). This enables an analysis of 
changes in exposure over time. Apart from minor methodological changes, a major change was 
introduced for PM10 and PM2.5 since the 2017 maps, taking into account air quality in urban traffic 
areas. For some pollutants, maps of several years are not available. 
 
The evolution of the population-weighted concentrations (as a measure of population exposure), 
expressed as relative change from 2005, is shown in Figure S.2. For absolute numbers, see Chapter 7. 
It can be seen that the population-weighted concentrations of PM10, PM2.5 and NO2 show in 2023 the 
lowest values in the nineteen-year time series. 
 
Figure S.2 Population-weighted concentration of PM10, PM2.5 and NO2 (annual mean), and ozone 

(SOMO35) in 2005-2023, and agricultural-weighted concentration of ozone indicator 
AOT40 for vegetation in 2005-2023, expressed as relative change (index, 2005 = 100) 

 

 
The PM population-weighted concentrations show a steady decrease of about 0.6 µg/m3 per year for 
PM10 annual average and 0.5 µg/m3 per year for PM2.5 annual average. For the ozone population-
weighted concentration (expressed as SOMO35) no trend is observed for the period 2005-2023, due 
to the year-to-year variability. Also, no trend is observed for the agricultural-weighted concentration, 
in terms of AOT40 for vegetation. The NO2 population-weighted concentration (in terms of annual 
average) shows a decrease of about 0.7 µg/m3 per year over the period 2005-2023.   
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1 Introduction 

This report provides air quality concentration maps, population exposure and vegetation exposure 
estimates for 2023 for the area of the EEA member and cooperating countries. It builds on previous 
similar reports (Horálek et al., 2024, and references cited therein). The analysis is based on 
interpolation of annual statistics of validated monitoring data from 2023, reported by the EEA member 
and cooperating countries (and the voluntary reporting microstate of Andorra) in 2023. Two other 
microstates (Monaco and San Marino) are also included in the assessment. Türkiye (including both 
European and Asian areas) is included in the mapping area for all pollutants except PM2.5 and BaP, due 
to the lack of enough PM2.5 and BaP reported data to the AQ e-reporting database from rural stations 
in Türkiye in 2023 (EEA, 2025a).  
 
In this report 2023 results for particulate matter (PM10 and PM2.5)(2), ozone (O3), nitrogen dioxide 
(NO2), nitrogen oxides (NOx) and benzo(a)pyrene (BaP) are presented, being the most relevant 
pollutants for annual updating due to their potential impacts on health and ecosystems. The analysis 
method applied is similar to that of previous years.  
 
The mapping method is primarily based on air quality measurements. It combines monitoring data, 
chemical transport model results and other supplementary data (such as altitude and meteorology) 
using a linear regression model followed by kriging of the residuals produced from that model 
("residual kriging"). Separate mapping layers (rural, urban background and urban traffic, where 
relevant) are created separately and subsequently merged together into the final map. In order to 
reflect the three steps applied, the methodology is called Regression ς Interpolation ς Merging 
Mapping (RIMM). It should be noted that this methodology does not allow for formal compliance 
checking with the legal standards as set by the ambient air quality directives (EC, 2004, 2008). 
 
The maps of health-related indicators are created for the rural and urban (including suburban) 
background areas separately on a grid of 10 km resolution (for O3) or 1 km resolution (for other 
pollutants, i.e. for PM10, PM2.5, NO2 and BaP). Subsequently, the rural and urban background map layers 
are merged into one final combined air quality indicator map using a 1 km population density grid, 
following a weighting criterion applied per grid cell. In the mapping of health-related indicators of 
PM10, PM2.5, and NO2, together with the rural and urban background map layers, the urban traffic map 
layer is also constructed and incorporated into the final merged map using the road data. The map of 
BaP is labelled as experimental (as recommended in Horálek et al., 2022b) to indicate that it does not 
yet meet the same accuracy standards as the regularly produced maps of other pollutants. 
 
The maps of O3 and NOx vegetation-related indicators are constructed at a grid resolution of 2 km and 
applicable for rural areas only. They are based on rural background measurements; in the case of O3, 
ǘƘŜȅ ǎŜǊǾŜ ŀǎ ƛƴǇǳǘ ǘƻ ǘƘŜ 99!Ωǎ ƛƴŘƛŎŀǘƻǊ AIR004 (EEA, 2025b). Among the O3 vegetation-related maps, 
Phytotoxic Ozone Dose (PODY) indicators are also presented. PODY is the O3 flux through the stomata 
of leaves above a specific threshold Y accumulated during a specified time; it is calculated based on 
the methodology described in the Air Convention Mapping Manual (CLRTAP, 2024) according to Jarvis 
(1976) and Emberson et al. (2000a). Maps of the PODY for representative species of crops in Europe 
i.e. wheat, potato and tomato are presented, as well as the maps of the PODY for representative trees 
i.e. beech and spruce. The PODY annual maps are calculated based on hourly O3 rural maps (created 
similarly to the annual O3 maps), hourly meteorological data and the soil hydraulic properties data.  

Next to the annual indicator maps, tables showing the population exposure to PM10, PM2.5, O3 and NO2, 
and the exposure of vegetation to ozone in terms of AOT40 indicators are presented. The tables of 
population exposure are prepared using the concentration and population density maps in 1 km grid 

 
(2) PM10 and PM2.5 are particulate matter with a diameter of 10 µm and 2.5 µm or less, respectively. 
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resolution. For PM10, PM2.5 and NO2, the population exposure in each grid cell is calculated separately 
for urban areas directly influenced by traffic and for the background (both rural and urban) areas, in 
order to better reflect the population exposed to traffic emissions. The tables of the vegetation 
exposure are prepared using the concentration maps in 2 km grid resolution and the Corine Land Cover 
2018 dataset in 100 m resolution (EU, 2020).  
 
Where applicable, the maps and population exposure estimates are presented both with respect to 
the EU standards to be already attained (EC, 2004; EC, 2008) and the new or revised EU standards to 
be attained by 1 January 2030 (EU, 2024). Where possible, exposure estimates are also assessed in 
relation to the WHO air quality guidance (AQG) levels (WHO, 2021a); in case of BaP in relation to the 
reference level (RL; WHO, 2021b). Table 1.1 presents a comparison of these different standards. This 
comparison is only possible for annual average concentrations, for which both current and revised limit 
values are defined, as well as the WHO AQG levels. For other air quality metrics based on short-term 
concentrations, such an assessment cannot be made, as the 2004 and 2008 Directives and the 2024 
Directive differ in the allowed number of exceedances of the short-term limit values.  
 

Table 1.1 Overview of the current (EC, 2004; EC, 2008) EU annual limit (LV) and target (TV) 
values, revised (EU, 2024) EU annual limit values to be attained by 1 January 2030 
(LV2030) and WHO Air Quality Guidelines (AQG) levels and WHO reference level (RL) 
(WHO, 2021a; WHO, 2021b) for the pollutants assessed in this report 

Pollutant Averaging period LV (µg/m3) LV2030 (µg/m3) 
WHO AQG level 

(µg/m3) 

PM10 calendar year 40 20 15 

PM2.5 calendar year 25 10 5 

NO2 calendar year 40 20 10 

  TV (ng/m3) LV2030 (ng/m 3) WHO RL (ng/m3) 

BaP calendar year 1 1.0 0.12 

 
All tables present exposure results for individual countries, for the EU-27, for the whole mapped area 
and for five large European regions (i.e. Northern Europe, Western Europe, Central Europe, Southern 
Europe and South-eastern Europe, see Annex 1, Section A1.2, Map A1.1) (3).   
 
Chapters 2, 3, 4 and 5 present the concentration maps and exposure estimates for particulate matter, 
O3, NO2 and NOx, and BaP, respectively. Chapter 4 presents only the concentration map for NOx; 
concentrations above the critical level for the protection of vegetation occur in very limited areas and, 
as such, it is considered not to provide relevant information from the European scale perspective. 
Chapter 6 provides information of accumulated risks, showing in which areas population is exposed to 
concentrations above the legal standards for more than one pollutant. Finally, Chapter 7 summarizes 
the trends in exposure estimates in the period 2005-2023.  
 
Annex 1 describes briefly the different methodological aspects. Annex 2 documents the input data 
applied in the 2023 mapping and exposure analysis. Annex 3 presents the technical details of the maps 
and their uncertainty analysis including the cross-validation results. Annex 4 presents the 
concentration maps including concentration values measured at the stations, in order to provide more 
complete information of the air quality in 2023 across Europe.  

 
(3) Northern Europe: Denmark, Estonia, Finland, Iceland, Latvia, Lithuania, Norway, Sweden;  Western Europe: Belgium, 
France north of 45°, Ireland, Luxembourg, Netherlands; Central Europe: Austria, Czechia, Germany, Hungary, Liechtenstein, 
Poland, Slovakia, Slovenia, Switzerland; Southern Europe: Andorra, Cyprus, France (metropolitan) south of 45°, Greece, 
Italy, Malta, Monaco, Portugal (excl. Azores, Madeira), San Marino, Spain (without Canarias); South-eastern Europe: 
Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Kosovo, Montenegro, North Macedonia, Romania, Serbia, Türkiye.  
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2 Particulate matter 

The Ambient Air Quality Directive (EC, 2008) sets limit values for long-term and for short-term PM10 
concentrations and for long-term PM2.5 concentrations. In 2024, the revised Directive on ambient air 
quality and cleaner air for Europe (EU, 2024) entered into force, which new or revised air quality 
standards to be reached by 1 January 2030. The 2008 EU long-term annual average PM10 limit value is 
set at 40 µg/m3, while the revised 2030 EU annual limit value (LV2030) of the same indicator is set at 20 
µg/m3. The Air Quality Guideline (AGQ) level recommended by the World Health Organization (WHO) 
in 2021 (WHO, 2021a) is set to 15 µg/m3. The EU 2008 short-term limit value indicates that the daily 
average PM10 concentration should not exceed 50 µg/m3 during more than 35 days per year. It 
corresponds to the 90.4 percentile of daily PM10 concentrations in one year. This daily limit value is the 
most frequently exceeded 2008 air quality PM limit value in Europe. The new 2030 EU short-term limit 
value means that from 2030, the daily average PM10 concentration of 45 µg/m3 should not be exceeded 
more than 18 times per year. The AQG levels recommended by the WHO in 2021 (WHO, 2021a) for 
short-term PM10 concentrations indicates that the 99 percentile of the daily average PM10 
concentrations should not exceed 45 µg/m3 (99 percentile means 3-4 exceedance days per year). 
 
The 2008 EU annual limit value (LV) for the annual average PM2.5 concentrations is set at 25 µg/m3. In 
EC (2008), there is also an indicative limit value (ILV) of 20 µg/m3 defined as Stage 2, in place since 
2020. The 2030 EU PM2.5 annual limit value (LV2030) is set to 10 µg/m3 The Air Quality Guideline level 
recommended by the World Health Organization in 2021 (WHO, 2021a) for the PM2.5 annual average 
is set to 5 µg/m3. A new 2030 EU short-term limit value means that from 2030, the daily average PM2.5 
concentration of 25 µg/m3 should not be exceeded more than 18 times per year (EU, 2024).. 
 
This chapter presents the 2023 situation in relation to both 2008 EU PM10 limit values, i.e. the annual 
average and the 90.4 percentile of the daily averages, and the PM2.5 annual average. The 90.4 
percentile of the daily averages is a more relevant PM10 indicator in the context of the Ambient Air 
Quality Directive (EC, 2008) than the 36th highest daily mean, which was used up to 2013 maps (Horálek 
et al., 2017a).  
 
The maps of PM10 and PM2.5 are based on the improved mapping methodology developed and tested 
in Horálek et al. (2019). The map layers are created for the rural, urban background and urban traffic 
areas separately on a grid at 1 km resolution. Subsequently, the urban background and urban traffic 
map layers are merged together using the gridded GRIP road data (Meijer et al., 2018) into one urban 
map layer. This urban map layer is further combined with the rural map layer into the final PM10 or 
PM2.5 map using a population density grid at 1 km resolution. For details, see Annex 1, Section A1.1. 
The supplementary data used are chemical transport model (CTM) output, altitude, wind speed and 
land cover for rural areas, CTM output for urban background areas and CTM output and wind speed 
for urban traffic areas (Annex 3, Sections A3.1 and A3.2). For all PM10 and PM2.5 indicators, the final 
combined map is presented in the 1 km grid resolution. Be it noted that this final map is representative 
for rural and urban background areas, but not for urban traffic areas (which are smoothed in this 1 km 
spatial resolution).  
 
The current number of PM2.5 measurement stations is still somewhat limited and its spatial distribution 
is irregular over Europe. Therefore, in this paper the mapping of the health-related indicator PM2.5 
annual average is based on a mapping methodology developed in Denby et al. (2011). This 
methodology derives additional pseudo PM2.5 annual mean concentrations from PM10 annual mean 
measurement concentrations. As such, it increases the number and spatial coverage of PM2.5 ΨŘŀǘŀ 
ǇƻƛƴǘǎΩ ŀƴŘ ǘƘŜǎŜ Řŀǘŀ ŀǊŜ ǳǎŜŘ ǘƻ ŘŜǊƛǾŜ ŀ 9ǳǊƻǇŜŀƴ ǿƛŘe map of annual mean PM2.5. Pseudo PM2.5 
stations data are estimated using PM10 measurement data, surface solar radiation, latitude and 
longitude.  
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The population exposure tables are calculated based on the concentration maps, according to the 
methodology described in Horálek et al. (2019), i.e. they are calculated separately for urban areas 
directly influenced by traffic and for the background (both rural and urban) areas, in order to better 
reflect the population exposed to traffic. For details, see Annex 1, Equation A1.6. 
 
Annex 3, Sections A3.1 and A3.2 provide details on the regression and kriging parameters applied for 
deriving the PM10 and PM2.5 maps, as well as the uncertainty analysis of these maps.  

2.1 PM10 annual average 

2.1.1 Concentration map 

Map 2.1 presents the final combined concentration map for the 2023 PM10 annual average. Light green 
areas show concentrations above the WHO AQG level of 15 µg/m3, yellow areas show concentrations 
above the LV2030 of 20 µg/m3. Red and purple areas indicate concentrations above the LV of 40 µg/m3. 
 
The stations are not presented in the map, in order to better visualise the urban areas. However, 
concentration values from the station measurements used in the kriging interpolation methodology 
(Annex 3, Section A3.1) are considered to provide relevant information to the concentration map. In 
Map A4.1 of Annex 4 these point values are presented on top of Map 2.1. This illustrates the smoothing 
effect that the interpolation method can have on the gridded concentration fields. 
 
Map 2.1 shows annual mean concentrations above the LV in urban areas of south-eastern Europe 
states (Bosnia and Herzegovina, North Macedonia and Greece), similarly to previous years. A larger, 
more continuous area with concentrations above LV occurs in the south-eastern and eastern parts of 
Türkiye. In general, the south-eastern, the south and the central parts of Europe appear with higher 
concentrations and population-weighted concentrations than the western and the northern parts.  
 

Map 2.1 Concentration map of PM10 annual average, 2023 

 

Map 2.2 presents the difference between 2023 and the 5-year mean 2018-2022 for annual average for 
PM10. Orange to red areas show an increase of PM10 concentration in 2023, while blue areas show a 
decrease.  
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At the annual average PM10 difference map the highest increases are observed in Türkiye, parts of 
southern and south-eastern Europe with the highest increases in Cyprus, Greece, Bulgaria and parts of 
Italy (Sardinia and south of Italy). On the other hand, there are decreases in the most of remaining 
countries, mainly central Europe with the most notable decrease in Poland, parts of some countries in 
south-eastern Europe with the most notable decrease in eastern Romania. 
 

Map 2.2 Difference in concentrations between 2023 and the 5-year mean 2018-2022 for PM10 
annual average 

 
 
Be it noted that besides the actual changes in the concentrations, the variability of the linear regression 
model and variogram parameters, changes in the measurement network and changes in the dispersion 
model may cause minor differences in the concentration levels estimated.  
 
The uncertainty of the concentration map can be expressed in relative terms of the absolute Root 
Mean Square Error (RMSE) uncertainty related to the mean air pollution indicator value for all stations 
(see Annex 1, Section A1.4). This relative mean uncertainty (RRMSE, relative RMSE expressed as 
percent) of the final combined map of PM10 annual average is 25% for rural areas and 31% for urban 
background areas including Turkish stations (i.e. quite similar to the last years), and 20% for rural areas 
and 19% for urban background areas without Turkish stations (Annex 3, Section A3.1). This means 
quite good mapping uncertainty, compared to the data quality objective for models of PM10 annual 
average (i.e. 50%) as set in the Ambient Air Quality Directive (EC, 2008). The main reason for presenting 
the results also without Turkish stations is to enable the comparison with previous years.  

2.1.2 Population exposure 

Table 2.1 and Figure 2.1 give the population frequency distribution for a limited number of exposure 
classes to PM10 concentrations for individual countries, for five European regions, for EU-27, and for 
the total considered area. Table 2.1 also presents the 2023 population-weighted concentration and 
the difference in the population-weighted concentrations between 2023 and the 5-year mean 2018-
2022 according to Equation A1.7.  
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Table 2.1 Population exposure and population-weighted concentration, PM10 annual average, 
2023 

Country ISO 
Population 

(inhbs·1000) 

PM10 ς annual average, exposed population (%) Population-weighted concentration 

< 15 15-20 20-30 30-40 40-50 > 50 2023 5-year mean Diff. 

Albania AL 2 762 6.8 12.2 58.6 22.4   25.6 26.9 -1.2 

Andorra AD 80 100.0 0.0     12.7 17.9 -5.2 

Austria AT 9 105 81.9 15.6 2.5    13.5 15.9 -2.4 

Belgium BE 11 743 33.0 66.3 0.7    15.8 18.6 -2.8 

Bosnia and Herzegovina BA 3 194 7.5 18.0 38.5 31.0 4.9  26.6 32.3 -5.8 

Bulgaria BG 6 448 4.6 22.0 67.7 5.7   22.8 26.4 -3.6 

Croatia HR 3 851 21.7 42.5 35.7 0.0   18.6 21.9 -3.3 

Cyprus CY 1 419  0.1 17.3 75.3 7.3  33.1 32.1 1.0 

Czechia CZ 10 828 39.7 56.0 4.3    15.5 19.7 -4.2 

Denmark (incl. Faroe Islands) DK 5 987 98.9 1.1     11.9 14.9 -3.0 

Estonia EE 1 366 97.1 2.9     9.8 11.4 -1.6 

Finland FI 5 564 99.9 0.1     8.1 9.1 -1.1 

France (metropolitan) FR 66 017 63.2 34.1 2.6    14.4 16.0 -1.7 

Germany DE 83 119 93.3 6.7     12.6 15.2 -2.6 

Greece GR 10 414 1.1 9.6 55.3 33.8 0.2  27.0 26.2 0.8 

Hungary HU 9 600 6.7 71.2 22.1    18.2 22.4 -4.2 

Iceland IS 388 100.0      9.2 9.1 0.2 

Ireland IE 5 271 100.0      10.8 11.9 -1.2 

Italy IT 58 997 4.2 21.7 67.2 6.9   22.7 23.8 -1.1 

Latvia LV 1 883 55.2 43.7 1.1    13.9 17.3 -3.4 

Liechtenstein LI 40 100.0      11.4 12.2 -0.8 

Lithuania LT 2 857 40.1 53.1 6.8    15.2 18.8 -3.5 

Luxembourg LU 661 91.9 8.1     13.3 15.4 -2.1 

Malta MT 542  0.4 99.6    26.8 27.6 -0.8 

Monaco MC 39  80.5 19.5    17.0 19.9 -2.9 

Montenegro ME 617 12.9 51.4 35.7    19.2 26.0 -6.8 

Netherlands NL 17 811 44.4 55.6     15.3 17.5 -2.2 

North Macedonia MK 1 830 3.0 6.4 47.5 38.2 4.9  29.0 34.1 -5.1 

Norway NO 5 489 97.3 2.7     8.8 10.0 -1.3 

Poland PL 36 754 9.0 45.9 45.1    19.9 25.3 -5.4 

Portugal (excl. Azores, Madeira) PT 10 022 28.8 49.7 21.5    16.9 17.9 -1.0 

Romania RO 19 055 14.2 52.5 33.3    18.9 22.5 -3.7 

San Marino SM 34 5.2 83.6 11.2    19.2 20.8 -1.7 

Serbia (incl. Kosovo) RS 8 350 2.5 19.7 53.7 24.1   25.0 30.8 -5.8 

Slovakia SK 5 429 16.9 75.3 7.9    16.8 21.1 -4.3 

Slovenia SI 2 117 38.4 44.1 17.5    16.5 19.0 -2.5 

Spain (excl. Canarias) ES 45 872 18.3 48.8 33.0    18.5 19.7 -1.2 

Sweden SE 10 522 97.6 2.4     9.1 10.7 -1.6 

Switzerland CH 8 815 92.0 7.4 0.6    12.2 13.6 -1.4 

Türkiye TR 85 280 0.3 2.5 12.6 38.3 30.4 15.9 40.5 40.0 0.5 

Total 560 170 
 

37.5 26.1 
21.4 8.1 

4.5 2.3 
20.4 

22.2 -1.8 

63.6 6.8   

EU-27 443 198 
 

43.9 31.4 
22.6 2.1 

0.0  
16.8 

19.2 -2.4 

75.3 0.0   

Northern Europe 34 055 90.8 8.6 0.6    10.2 12.2 -2.1 

Western Europe  86 334 58.6 39.8 1.6    14.4 16.5 -2.0 

Central Europe 165 805 61.5 25.9 12.6    15.0 18.5 -3.5 

Southern Europe 142 589 15.6 32.8 45.4 6.1 0.1  20.6 21.5 -1.0 

South-Eastern Europe 131 386 3.9 14.4 24.6 27.9 19.3 10.0 33.6 34.4 -0.8 

Kosovo XK 1 709 2.2 20.4 77.0 0.4   22.4 28.1 -5.7 

Serbia (excl. Kosovo) RS 6 641 2.5 19.5 47.7 30.2   25.7 31.5 -5.8 

 
Note: The percentage value "0.0" indicates that an exposed population exists, but it is small and estimated to be less than 0.05%. Empty cells mean no population 
in exposure. 5-year mean, i.e. 5-year mean 2018-2022. Diff., i.e. difference concentrations between 2023 and 5-year mean 2018-2022. 
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Figure 2.1 Percentage of the population (%) exposed to different PM10 annual averages (µg/m3) at 
country level, 2023 

 
 
It is estimated that 63% and 36% of population of the considered mapped area has been exposed to 
annual average concentrations above the WHO Air Quality Guideline levels of 15 µg/m3 (WHO, 2021a) 
and the new 2030 EU limit value of 20 µg/m3 (EU, 2024), respectively. The same is true for 56% and 
25% of the EU-27 population.  
 
Approximately 7% of population of the considered mapped area has been exposed to concentrations 
above the EU annual limit value (ALV) of 40 µg/m3; the same is the case for 0.02% of the EU-27 
population.  
 
No population has been exposed to concentrations above the ALV in 36 out of 41 mapped countries. 
A limited fraction of the population (up to 7%) has been exposed to concentrations above the ALV in 
Greece, North Macedonia, Bosnia and Herzegovina and Cyprus (in ascending order). 46% of the 
population has been exposed to concentrations above the ALV in Türkiye. However, as the current 
mapping methodology tends to underestimate high values (see Annex 3, Section A3.1), the percentage 
of population exposed to concentrations above the ALV will most likely be underestimated. Additional 
population exposure above the ALV could therefore be expected in countries like Albania, Bosnia and 
Herzegovina, Cyprus, Greece, North Macedonia, Serbia and Türkiye where a relatively large fraction 
(ca. 20-40%) of the population lives in areas with concentration levels 30-40 µg/m3. 
 
The population-weighted concentration of the annual average for 2023 for the considered European 
population (including Türkiye) is estimated to be 20.4 µg/m3 and 16.8 µg/m3 for the EU-27 only. Values 
decreased by 1.8 and 2.4 µg/m3 compared to the previous 5-year mean 2018-2022, respectively. When 
assessing the absolute change in individual countries, the steepest decrease was found in Montenegro 
(6.8 µg/m3), the highest increase was estimated in Cyprus (1 µg/m3).  
 
Figure 2.2 shows, for the whole mapped area, the population frequency distribution for exposure 
classes of 1 µg/m3. The highest population frequency can be seen for classes between 9 and 25 µg/m3. 
One can see a quite continuous strong decline of population frequency for classes between 25 and 30 
µg/m3 and a mild decline for classes beyond 40 µg/m3. 
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Figure 2.2 Population exposure frequency distribution, PM10 annual average, 2023. The WHO AQG 
level (15 µg/m3) is marked by the green line, the 2030 EU limit value (20 µg/m3) is 
marked by the yellow line, the current EU LV (40 µg/m3) is marked by the red line 

 

Note: Apart from the population distribution shown in the graph, it was estimated that 0.14% of population lived in areas 
with PM10 annual average concentrations between 75 and 230 µg/m3. 

 
Figure 2.3 shows for individual countries the PM10 annual average concentration to which the 
population in that country was exposed in 2023. It can be seen that, as already pointed out, the 
countries with the highest mean exposures to PM10 annual average are located in the central and 
south-eastern parts of Europe. 
 

Figure 2.3 PM10 annual average concentrations to which the population per country was exposed 
in 2023. The WHO AQG level (15 µg/m3) is marked by the green line, the 2030 EU limit 
value (20 µg/m3) is marked by the yellow line, the current EU limit value (40 µg/m3) is 
marked by the red line. 

 

Note: For each country, the box plot shows the concentration to which a percentage of the population was exposed: 50% in 
the case of the black marker, 25% and 75% in the cases of the ōƻȄΩǎ ŜŘƎŜǎΣ н% and 98% ƛƴ ǘƘŜ ŎŀǎŜǎ ƻŦ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎΦ 
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2.2 PM10 ς 90.4 percentile of daily means 

The Ambient Air Quality Directive (EC, 2008) describes the PM10 Řŀƛƭȅ ƭƛƳƛǘ ǾŀƭǳŜ ό5[±ύ ŀǎ άŀ Řŀƛƭȅ 
average of 50 µg/m3 ƴƻǘ ǘƻ ōŜ ŜȄŎŜŜŘŜŘ ƳƻǊŜ ǘƘŀƴ ор ǘƛƳŜǎ ŀ ŎŀƭŜƴŘŀǊ ȅŜŀǊέΦ ¢Ƙƛǎ ǊŜǉǳƛǊŜƳŜƴǘ Ŏŀƴ 
be evaluated by the indicator 36th highest daily mean, which is in principle equivalent to the indicator 
90.4 percentile of daily mean. However, for measurement data these two indicators are equivalent 
only if no data is missing, which is in general not the case. As shown in de Leeuw (2012), the additional 
uncertainty related to incomplete time series is substantially smaller when using percentile values 
instead of the x-th highest value. Furthermore, the Air Quality Directive requires the use of the 90.4 
percentile when random measurements are used to assess the requirements of the PM10 DLV. As in 
the previous reports since the maps for 2014 (Horálek et al., 2017a), the PM10 daily means are 
expressed as the 90.4 percentile instead of the formerly used 36th highest daily mean. The analysis 
does not include comparisons against the WHO AQG levels and the revised LV2030 for daily means, due 
to the different pollutant aggregations (i.e. corresponding 99 and 95.1 percentile of daily means, 
respectively). 

2.2.1 Concentration map 

Map 2.3 presents the final combined map, where red and purple marked areas indicate values of the 
90.4 percentile of daily means above 50 µg/m3 (i.e. concentrations above the DLV of 50 µg/m3 on more 
than 35 measurement days). The similar mapping procedure as in the case of the annual average is 
used. The mapping details and the uncertainty analysis are presented in Annex 3. Large areas with 
concentrations above the DLV are observed in northern Italy (i.e. the Po Valley) and in southern, south-
eastern and eastern parts of Türkiye. Urban and surrounding areas with concentrations above the DLV 
are observed in Balkan countries and Cyprus. 
 
In general, the south-eastern, the south and the central parts of Europe appear with higher 
concentrations and population-weighted concentrations than the western and the northern parts.  
 

Map 2.3 Concentration map of PM10 indicator 90.4 percentile of daily means, 2023 

 
 
The relative mean uncertainty (relative RMSE or RRMSE) of the final combined map of the 90.4 
percentile of PM10 daily means is 26% for rural and 30% for urban background areas including Turkish 
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stations. The mean uncertainty for the map without Türkiye is 20% for both rural areas and 22% for 
urban background areas (Annex 3, Section A3.1). Thus, the mapping uncertainty of this is at the similar 
level as in the case of the PM10 annual average. 

Map 2.4 presents the difference between 2023 and the 5-year mean 2018-2022 for the 90.4 percentile 
of daily means for PM10. Orange to red areas show an increase of PM10 concentration in 2023, while 
blue areas show a decrease.  
 

Map 2.4 Difference in concentrations between 2023 and the 5-year mean 2018-2022 for PM10 
90.4 percentile 

 
 
The situation is similar to that of the annual average value of PM10. The highest increases are observed 
in Türkiye, parts of southern and south-eastern Europe with the highest increases in Cyprus, Greece 
and parts of Italy (Sardinia, Sicilia and south of Italy). On the other hand, there are decreases in the 
most of remaining countries, mainly central Europe with the most notable decrease in Poland, parts 
of some Balkan countries with the most notable decrease in western Romania, and in Po Valley in Italy. 

2.2.2 Population exposure 

Table 2.2 and Figure 2.4 give the population frequency distribution for a limited number of exposure 
classes to PM10 indicator 90.4 percentile of daily means for individual countries, for five European 
regions, for EU-27, and for the total considered area. More detailed Table 2.2 also presents the 2023 
population-weighted concentration and the difference in the population-weighted concentrations 
between 2023 and the 5-year mean 2018-2022 according to Equation A1.7.  
 
In 2023 about 16% of the considered European population (including Türkiye) and 3% of the EU-27 
population are estimated to live in areas with PM10 concentrations above the EU daily LV of 50 µg/m3.  
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Table 2.2 Population exposure and population-weighted concentrations, PM10 indicator 90.4 
percentile of daily means, 2023 

Country ISO 
Population 

(inhbs·1000) 

PM10 - perc90.4, exposed population (%) Population-weighted concentration 

< 20 20-30 30-40 40-50 50-75 > 75 2023 5-year mean Diff. 

Albania AL 2 762 0.2 11.6 12.4 18.4 57.5  48.7 48.2 0.6 

Andorra AD 80 14.5 85.4 0.1    26.0 31.3 -5.4 

Austria AT 9 105 20.8 74.8 4.4    23.2 27.6 -4.4 

Belgium BE 11 743 2.2 88.5 9.3    27.3 32.4 -5.2 

Bosnia and Herzegovina BA 3 194 0.0 12.4 20.9 16.6 36.4 13.6 51.3 64.0 -12.7 

Bulgaria BG 6 448 0.7 17.8 42.2 36.4 2.9  37.2 45.3 -8.2 

Croatia HR 3 851 1.3 38.6 34.3 24.2 1.6  33.1 40.9 -7.8 

Cyprus CY 1 419   2.4 14.0 80.2 3.5 55.6 52.8 2.8 

Czechia CZ 10 828 8.2 80.6 11.2    25.8 34.8 -9.0 

Denmark (incl. Faroe Islands) DK 5 987 79.4 20.6     19.3 25.0 -5.7 

Estonia EE 1 366 59.0 38.6 2.5    18.4 20.5 -2.1 

Finland FI 5 564 87.9 10.9 1.2    15.3 17.0 -1.7 

France (metropolitan) FR 66 017 13.6 79.8 6.5 0.0   24.4 26.9 -2.5 

Germany DE 83 119 39.8 60.2     20.7 25.6 -5.0 

Greece GR 10 414 0.0 6.0 29.5 41.1 23.3  43.7 43.1 0.6 

Hungary HU 9 600 0.0 39.6 59.8 0.7   31.1 39.7 -8.6 

Iceland IS 388 72.7 27.3     18.0 16.7 1.3 

Ireland IE 5 271 81.4 18.6     18.0 20.6 -2.6 

Italy IT 58 997 0.8 11.7 47.0 27.8 12.7  39.6 42.1 -2.5 

Latvia LV 1 883 27.8 45.0 27.2    24.6 30.2 -5.6 

Liechtenstein LI 40 66.9 33.1     20.0 21.7 -1.6 

Lithuania LT 2 857 22.1 55.1 22.8    26.1 32.1 -6.0 

Luxembourg LU 661 18.0 82.0     21.4 25.4 -4.0 

Malta MT 542   2.6 97.4   42.5 42.9 -0.4 

Monaco MC 39  80.5 19.5    27.4 30.7 -3.4 

Montenegro ME 617 0.6 28.0 37.4 32.3 1.7  36.0 50.7 -14.8 

Netherlands NL 17 811 1.9 98.1 0.0    23.6 28.8 -5.1 

North Macedonia MK 1 830 0.2 5.0 7.6 22.9 59.4 4.9 55.9 66.0 -10.1 

Norway NO 5 489 66.2 30.8 2.9 0.1   17.2 18.6 -1.4 

Poland PL 36 754 0.4 34.5 53.9 11.2   32.7 45.3 -12.6 

Portugal (excl. Azores, Madeira) PT 10 022 9.3 58.8 30.7 1.2   27.6 29.3 -1.7 

Romania RO 19 055 4.0 41.6 41.8 12.5 0.0  31.6 38.5 -6.9 

San Marino SM 34  15.8 84.2    32.6 37.1 -4.5 

Serbia (incl. Kosovo) RS 8 350 0.2 10.0 33.7 26.1 30.0 0.0 43.1 57.3 -14.2 

Slovakia SK 5 429 1.6 69.1 29.3    28.7 37.7 -9.0 

Slovenia SI 2 117 3.0 56.7 39.4 0.9   28.8 33.8 -5.0 

Spain (excl. Canarias) ES 45 872 4.8 40.2 53.5 1.5   29.9 31.8 -1.8 

Sweden SE 10 522 83.3 14.4 2.2 0.1 0.0  16.6 19.2 -2.6 

Switzerland CH 8 815 27.6 70.2 1.9 0.3   21.8 24.2 -2.3 

Türkiye TR 85 280 0.0 0.9 4.8 7.9 60.0 26.4 68.6 69.1 -0.5 

Total  
560 170 

14.3 40.7 
21.1 7.9 

12.1 4.0 
34.5 

38.4 -3.9 

55.0 16.1   

EU-27 443 198 
16.6 48.8 

24.5 7.5 
2.6 0.0 

28.1 
32.9 -4.7 

65.4 2.6   

Northern Europe 34 055 71.1 23.9 5.0 0.0 0.0  18.3 21.7 -3.4 

Western Europe  86 334 13.6 82.8 3.6    24.0 27.8 -3.8 

Central Europe 165 805 23.0 55.9 18.4 2.7   24.9 32.2 -7.3 

Southern Europe 142 589 3.9 29.6 42.8 16.0 7.8 0.0 34.7 36.4 -1.7 

South-Eastern Europe 131 386 0.7 10.4 16.1 12.7 43.1 17.0 57.2 60.2 -3.0 

Kosovo XK 1 709 0.1 5.3 56.2 34.6 3.7 0.0 39.0 54.8 -15.8 

Serbia (excl. Kosovo) RS 6 641 0.2 11.2 27.9 23.9 36.7  44.2 57.9 -13.7 

  
Note: The percentage value "0.0" indicates that an exposed population exists, but it is small and estimated to be less than 0.05%. Empty cells mean no population 
in exposure. 5-year mean, i.e. 5-year mean 2018-2022. Diff., i.e. difference concentrations between 2023 and 5-year mean 2018-2022. 
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No population has been exposed to concentrations above the DLV in 27 out of 41 mapped countries. 
A limited fraction of the population (up to 4%) was exposed to concentrations above the DLV in 
Sweden, Romania, Croatia, Montenegro, Bulgaria and Kosovo (in ascending order). More than 10% but 
less than 50% of the population has been exposed to concentrations above the DLV in Italy, Greece 
and Serbia. More than half of the population has been estimated to be exposed to concentrations 
above the DLV in Bosnia and Herzegovina (50%), Albania (58%), North Macedonia (64%), Cyprus (83%) 
and Türkiye (86%). 
 

Figure 2.4 Percentage of the population (%) exposed to different values of PM10 indicator 90.4 
percentile of daily means, 2023 

 
 
The European-wide population-weighted concentration of the 90.4 percentile of PM10 daily means is 
estimated for 2023 at 34.5 µg/m3 for the total mapped area and 28.1 µg/m3 for the EU-27. The 
population-weighted concentration of this PM10 indicator decreased by 3.9 µg/m3 for the considered 
European population and by 4.7 µg/m3 for EU-27 compared to the previous 5-year mean 2018-2022. 
When assessing the absolute change in individual countries, the steepest decrease was found in 
Kosovo (15.8 µg/m3), the highest increase was estimated in Cyprus (2.8 µg/m3).  
 
Figure 2.5 shows, for the whole mapped area, the population frequency distribution for exposure 
classes of 2 µg/m3. One can see the highest population frequency for classes between 18 and 50 µg/m3, 
then a continuous mild decline of population frequency for classes above 50 µg/m3. 
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Figure 2.5 Population exposure frequency distribution, PM10 indicator 90.4 percentile of daily 
means, 2023. The EU daily limit value (50 µg/m3) is marked by the red line. 

 

Note: Apart from the population distribution shown in the graph, it was estimated that 0.13% of population lived in areas 
with values of PM10 indicator 90.4 percentile of daily means between 135 and 690 µg/m3. 

 
Figure 2.6 shows for individual countries the P90.4 of the PM10 daily concentrations to which the 
population was exposed in 2023. It can be seen that the countries with the highest values of PM10 
indicator 90.4 percentile of daily means are located mainly in south-eastern parts of Europe. 
 

Figure 2.6 PM10 expressed as indicator 90.4 percentile of daily means to which the population was 
exposed in 2023, per country. The EU daily limit value (50 µg/m3) is marked by red line 

 

Note: For each country, the box plot shows the concentration to which a percentage of the population was exposed: 50% in 
the case of the black marker, 25% and 75% in the cases of the ōƻȄΩǎ ŜŘƎŜǎΣ 2% and 98% ƛƴ ǘƘŜ ŎŀǎŜǎ ƻŦ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎΦ 

 
As in previous years, the daily LV was more widely exceeded than the annual LV in 2023. 
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2.3 PM2.5 annual average 

2.3.1 Concentration map 

Map 2.5 presents the final combined map for the 2023 PM2.5 annual average. Light green areas show 
concentrations above WHO AQG of 5 µg/m3, while yellow areas show concentrations above the LV2030 
of 10 µg/m3. Red areas show concentrations above the indicative LV of 20 µg/m3 defined as Stage 2 
(ILV). The dark red areas show concentrations above the annual limit value (ALV) of 25 µg/m3.  
 
Due to the lack of enough rural PM2.5 stations in Türkiye, no proper interpolation results could be 
estimated for this country in a rural map. Therefore, the estimated PM2.5 values for Türkiye are not 
presented in the final map. 
 
According to Map 2.5, the areas with the highest PM2.5 concentrations appear to be the Po Valley in 
northern Italy, in the Krakow ς Katowice (Poland) ς Ostrava (Czechia) industrial region and areas of 
Bosnia and Herzegovina, Serbia, North Macedonia, Albania, Romania, Bulgaria and Greece. 
Concentrations above the ALV appear in urban areas in Bosnia and Herzegovina and in North 
Macedonia. Several other cities and areas in south-eastern and central Europe also show elevated 
PM2.5 annual average concentrations. Like in the case of PM10, the central and the south and south-
eastern parts of Europe show higher concentrations than the western and the northern parts.  
 
Similarly to the PM10, the final map in 1 km resolution is representative for the rural and the urban 
background areas, but not for the urban traffic areas (which are smoothed in the 1 km resolution). 
In order to provide more complete information of the air quality across Europe, the final combined 
map including the measurement data at stations is presented in Map A4.3 of Annex 4. 
 

Map 2.5 Concentration map of PM2.5 annual average, 2023 

 
 
The relative mean uncertainty of the 2023 map of PM2.5 annual average is 27% for rural and 26% for 
urban background areas and it is determined exclusively on the actual PM2.5 measurement data points, 
i.e. not on the pseudo stations (Annex 3, Section A3.2). Similarly as in the case of PM10, this uncertainty 
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is satisfactory, compared to the data quality objective for models of PM2.5 annual average (i.e. 50%) as 
set in the Air Quality Directive (EC, 2008). 
 
Map 2.6 presents the difference between 2023 and the 5-year mean 2018-2022 for annual average for 
PM2.5. Orange to red areas show an increase of PM2.5 concentration in 2023, while blue areas show a 
decrease.  
 
At the annual average PM2.5 difference map the highest increases are in parts of southern Europe with 
the highest increases in Greece, Bulgaria and parts of Bosnia and Herzegovina, as well as in the north 
of Italy and parts of northern Europe (Norway and Sweden). Moderate increases are also observed in 
southern Italy and parts of southern Spain. On the other hand, there are decreases in most of the 
remaining countries, mainly in central Europe (especially in Poland, Hungary, Slovakia), extending into 
Czechia, Germany, the Benelux countries and Austria, and in parts of some countries in south-eastern 
and southern Europe (northern Spain, northern Italy, Serbia and Romania). 
 

Map 2.6 Difference in concentrations between 2023 and the 5-year mean 2018-2022 for PM2.5 
annual average 

 

2.3.2 Population exposure 

Table 2.3 and Figure 2.7 give the population frequency distribution for a limited number of exposure 
classes to PM2.5 concentrations calculated on a grid of 1 km resolution. Table 2.3 also presents the 
population-weighted concentration for individual countries, large regions, EU-27 and for the total 
mapping area.  
 
About 96% and 42% of the considered European population (excluding Türkiye), has been exposed to 
annual average concentrations above the WHO Air Quality Guideline level of 5 µg/m3 (WHO, 2021a) 
and the new 2030 EU limit value of 10 µg/m3 (EU, 2024), respectively. The same is true for 97% and 
41% of the EU-27 population.  
 
The total considered and the EU-27 population exposed to concentrations above the EU ALV of 
25 µg/m3 has been 0.2% and none, respectively.  
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Table 2.3 Population exposure and population-weighted concentration, PM2.5 annual average 
2023 

Country ISO 
Population 

(inhbs·1000) 

PM2.5 ς annual average, exposed population (%) Population-weighted concentration 

< 5 5-10 10-15 15-20 20-25 > 25 2023 5-year mean Diff. 

Albania AL 2 762 0.0 4.1 27.7 45.5 22.7  16.8 17.4 -0.6 

Andorra AD 80 23.9 76.1     5.8 8.7 -2.9 

Austria AT 9 105 1.3 78.9 19.8    9.1 10.9 -1.8 

Belgium BE 11 743 0.3 85.8 13.9    8.8 10.8 -2.0 

Bosnia and Herzegovina BA 3 194  4.6 21.2 25.3 33.4 15.5 19.3 23.6 -4.3 

Bulgaria BG 6 448 0.0 3.9 54.1 41.7 0.3  14.6 17.2 -2.7 

Croatia HR 3 851 0.0 22.2 39.5 36.6 1.7  13.2 15.4 -2.2 

Cyprus CY 1 419  2.4 48.0 47.1 2.5  14.7 14.4 0.3 

Czechia CZ 10 828 0.0 31.4 63.2 5.4   10.9 14.3 -3.3 

Denmark (incl. Faroe Islands) DK 5 987 2.4 97.6     6.6 8.6 -2.0 

Estonia EE 1 366 42.9 57.1     5.2 5.9 -0.6 

Finland FI 5 564 80.0 20.0     4.3 5.0 -0.7 

France (metropolitan) FR 66 017 0.7 89.5 9.8    8.5 9.5 -1.1 

Germany DE 83 119 0.1 98.9 1.0    7.9 10.0 -2.1 

Greece GR 10 414  2.5 33.0 52.9 11.5  16.5 16.0 0.5 

Hungary HU 9 600  2.4 94.6 3.0   12.4 15.1 -2.7 

Iceland IS 388 100.0      4.1 4.1 -0.1 

Ireland IE 5 271 20.5 79.5     6.2 7.3 -1.1 

Italy IT 58 997 0.2 15.4 49.7 26.2 8.5  14.0 14.7 -0.8 

Latvia LV 1 883 1.7 82.0 16.3    8.0 10.2 -2.1 

Liechtenstein LI 40 0.6 99.4     7.8 8.3 -0.5 

Lithuania LT 2 857  91.1 8.9    8.3 11.2 -2.9 

Luxembourg LU 661 0.5 99.5     7.2 8.0 -0.9 

Malta MT 542  3.5 96.5    10.9 11.4 -0.5 

Monaco MC 39  100.0     8.7 11.1 -2.4 

Montenegro ME 617 0.0 9.7 60.3 30.0   13.4 17.9 -4.5 

Netherlands NL 17 811  99.9 0.1    8.2 10.2 -1.9 

North Macedonia MK 1 830  2.2 12.9 41.9 26.3 16.7 19.5 23.2 -3.7 

Norway NO 5 489 46.8 53.2     5.0 5.5 -0.5 

Poland PL 36 754  6.8 59.5 33.3 0.4  14.0 17.9 -3.9 

Portugal (excl. Azores, Madeira) PT 10 022 7.2 79.8 13.0    7.7 8.3 -0.6 

Romania RO 19 055 0.0 8.2 68.5 23.2 0.0  13.2 15.3 -2.1 

San Marino SM 34  12.1 87.9    12.5 12.9 -0.5 

Serbia (incl. Kosovo) RS 8 350  0.8 28.3 42.8 28.0 0.0 17.5 21.5 -4.1 

Slovakia SK 5 429 0.0 6.5 86.7 6.8   12.3 15.3 -2.9 

Slovenia SI 2 117 0.0 20.5 63.9 15.6   12.1 13.4 -1.4 

Spain (excl. Canarias) ES 45 872 2.6 54.5 42.9    9.5 10.2 -0.7 

Sweden SE 10 522 60.3 39.7     4.7 5.5 -0.7 

Switzerland CH 8 815 3.3 93.9 2.3 0.5   7.7 8.7 -1.0 

Total (without Türkiye) 474 890 
3.8 54.1 

28.4 11.1 
2.4 0.2 

10.4 
12.2 -1.7 

57.9 2.6   

EU-27 443 198 
3.4 55.5 

29.4 10.3 
1.5  

10.3 
12.0 -1.7 

58.9 1.5   

Northern Europe 34 055 42.8 55.5 1.7    5.5 6.8 -1.2 

Western Europe  86 334 1.5 90.5 8.0    8.3 9.8 -1.4 

Central Europe 165 805 0.3 62.4 28.6 8.6 0.1  10.0 12.7 -2.6 

Southern Europe 142 589 1.5 38.8 39.6 15.5 4.5  11.7 12.3 -0.6 

South-Eastern Europe without Türkiye  46 106 0.0 6.7 48.4 32.9 10.1 1.8 15.1 17.8 -2.7 

Kosovo XK 1 709  0.7 27.3 68.6 3.3 0.1 16.4 20.1 -3.8 

Serbia (excl. Kosovo) RS 6 641  0.9 28.6 36.2 34.4  17.8 21.9 -4.1 

 
Note: The percentage value "0.0" indicates that an exposed population exists, but it is small and estimated to be less than 0.05%. Empty cells mean no population 
in exposure. 5-year mean, i.e. 5-year mean 2018-2022. Diff., i.e. difference concentrations between 2023 and 5-year mean 2018-2022. 
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No population in 37 out of 40 countries has been exposed to concentrations above the ALV. In Kosovo, 
0.1% of population has been exposed to concentrations above the ALV. In Bosnia and Herzegovina and 
North Macedonia, 16% and 17% of the population have been exposed above this ALV, respectively. 
 
Concentrations above the indicative limit value (ILV) of 20 µg/m3 were found in areas with 3% of the 
considered European population and with 2% of the EU-27 population. No population has been 
exposed to concentrations above the ILV in 28 countries. In Romania, Bulgaria, Poland, Croatia, Cyprus, 
Kosovo and Italy (in ascending order) between 0.02 and 9% of the population is exposed to 
concentrations above the ILV. In Greece, Albania, Serbia, North Macedonia and Bosnia and 
Herzegovina, 12-49% of the population suffers from exposures above this ILV. 

 

Figure 2.7 Percentage of the population (%) exposed to different values of PM2.5 annual average 
(µg/m3), 2023 

 
 
Since PM2.5 is one of the most relevant pollutants linked to health problems and premature mortality 
(EEA, 2024) it should be mentioned that at least some part of the population, with the exception of 
Iceland, was exposed to PM2.5 annual mean concentrations above the WHO AQG level in each country 
(a minimum of 20% in Finland). More than 90% and 100% of the population has been exposed to 
concentrations above the WHO AQG level in 33 and 13 countries, respectively. 
 
As the current mapping methodology tends to underestimate high values (Annex 3, Section A3.2), the 
percentages and/or the number of countries with population exposed to concentrations above both 
the current ALV and the indicative ILV will most likely be higher. 
 
The population-weighted concentration of the PM2.5 annual means has been estimated for 2023 at 
10.4 µg/m3 for European population (excluding Türkiye) and 10.3 µg/m3 for the EU-27, which means a 
decrease about 1.7 µg/m3 compared to 5-year mean for both characteristics. When assessing the 
absolute change in individual countries, the steepest decrease was found in Montenegro (4.5 µg/m3), 
the highest increase was estimated in Greece (0.5 µg/m3).  
 
Figure 2.8 shows, for the whole mapped area, the population frequency distribution for exposure 
classes of 0.5 µg/m3. The highest population frequency is found for classes between 6 and 14 µg/m3. 
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Figure 2.8 Population exposure frequency distribution, PM2.5 annual average, 2023. The WHO AQG 
level (5 µg/m3) is marked by the green line, the new 2030 EU annual limit value level (10 
µg/m3) is marked by the yellow line, the EU annual indicative limit value (20 µg/m3) is 
marked by the orange line and the EU annual limit value (25 µg/m3) is marked by the 
red line 

 

Note: Apart from the population distribution shown in the graph, it was estimated that 0.02% of population lived in areas 
with PM2.5 annual average concentrations between 30 and 32 µg/m3. 

 
The boxplot showing for individual countries the PM2.5 annual average concentrations to which the 
population per country was exposed in 2023 is presented in Figure 2.9. 
 

Figure 2.9 PM2.5 annual average concentrations to which the population per country was exposed 
in 2023. The WHO AQG level (5 µg/m3) is marked by the green line, the 2030 EU limit 
value (10 µg/m3) by the yellow line, the EU PM2.5 indicative limit value (20 µg/m3) by the 
orange line and the current EU limit value (50 µg/m3) is marked by the red line 

 

Note: For each country, the box plot shows the concentration to which a percentage of the population was exposed: 50% in 
the case of the black marker, 25% and 75% in the cases of the ōƻȄΩǎ ŜŘƎŜǎΣ н҈ ŀƴŘ фу҈ ƛƴ ǘƘŜ ŎŀǎŜǎ ƻŦ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎΦ 
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3 Ozone 

For ozone, four health-related indicators, i.e. 93.2 percentile of maximum daily 8-hour means (calendar 
year and 3-year mean), peak season average of maximum daily 8-hour means, SOMO35 and SOMO10, 
and seven vegetation-related indicators, i.e. AOT40 for vegetation, AOT40 for forests, POD6 for crops 
(wheat, potato and tomato) and POD1 for trees (beech and spruce) are considered. For the definition 
of the SOMO35, SOMO10 and AOT40 and POD indicators, see following sections and Annexes 1 and 2. 
 
The separate rural and urban background health-related indicator map layers are calculated at a 
resolution of 10 km. Subsequently, the final health-related indicator maps are created by combining 
rural and urban areas based on the 1 km resolution population density map, following the procedure 
as described in Annex 1, Section A1.1. The supplementary data used are chemical transport model 
(CTM) output, altitude and surface solar radiation for rural areas and CTM output, wind speed and 
surface solar radiation for urban areas (Annex 3). The final concentration maps are presented on the 
1 km grid resolution. The population exposure tables are calculated on the basis of these health-related 
indicator maps. 
 
The vegetation-related indicator maps are created for rural areas only, as urban areas are considered 
not to represent areas covered by vegetation (although the vegetation located in the outskirts of 
agglomerations might be excluded by this approach). These maps are calculated from observations at 
rural background stations and are representative for rural areas only. The supplementary data used 
are CTM output, altitude and surface solar radiation. These supplementary data sources are the same 
as those used for the human health related ozone indicators in the rural areas. The maps have a 
resolution of 2 km. This resolution serves the needs of the EEA´s AIR004 indicator on ecosystem 
exposure to ozone (EEA, 2025b).  
 
Annex 3, Section A3.3 provides details on the regression and kriging parameters applied for deriving 
the maps of the ozone indicators, as well as the uncertainty analysis of the maps.  

3.1 Ozone ς 93.2 percentile of maximum daily 8-hour means 

The Ambient Air Quality Directive (EC, 2008) describes the O3 target value (TV) for the protection of 
ƘǳƳŀƴ ƘŜŀƭǘƘ ŀǎ άŀ ƳŀȄƛƳǳƳ Řŀƛƭȅ у-hour mean of 120 µg/m3 not to be exceeded on more than 25 
ǘƛƳŜǎ ŀ ŎŀƭŜƴŘŀǊ ȅŜŀǊΣ ŀǾŜǊŀƎŜŘ ƻǾŜǊ ǘƘǊŜŜ ȅŜŀǊǎέΦ hƴ ŀƴ ŀƴƴǳŀƭ ōŀǎƛǎΣ what it is called the target value 
threshold (4), can be evaluated by the indicator 26th highest maximum daily 8-hour mean, which is in 
principle equivalent to the indicator 93.2 percentile of maximum daily 8-hour means. However, for 
measurement data these two indicators are equivalent only if no data is missing, which is in general 
not the case. As shown in de Leeuw (2012), the additional uncertainty related to incomplete time series 
is substantially smaller when using percentile values instead of the x-th highest value. As in the 
previous reports since 2014 maps, this ozone indicator is expressed as the 93.2 percentile of maximum 
daily 8-hour means instead of the formerly used 26th highest maximum daily 8-hour mean. In this 
report, the 3-year mean of the indicator 93.2 percentile of maximum daily 8-hour means is also 
presented for the first time. The analysis does not include comparisons against the WHO AQG levels 
and the revised LV2030 for maximum daily 8-hour mean, due to different pollutant aggregations (i.e. 
corresponding 99 and 95.1 percentile of maximum daily 8-hor means, respectively). 

3.1.1 Concentration map 

Map 3.1 presents the final combined map for 93.2 percentile of maximum daily 8-hour means for the 
current calendar year (2023) and 3-year mean (2021-2023). In the maps, the red and dark red areas 
show values of the 93.2 percentile of maximum daily 8-hour means above 120 µg/m3 on more than 25 

 
(4) A maximum daily 8-hour mean of 120 µg/m3 not to be exceeded on more than 25 times a calendar year. 
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days in 2023, i.e. above the TV threshold in 2023 and above the TV in the 3-year mean 2021-2023, 
respectively.  

The map shows that percentile values above 120 µg/m3 occur in several areas of Europe in 2023. Those 
values are particularly evident in large areas of Türkiye, Bosnia and Herzegovina, Croatia, northern Italy 
and Switzerland. To a lesser extent, values above 120 µg/m3 occurred in Greece, France, Slovenia, 
Austria, Spain, Liechtenstein, Germany, Cyprus, Poland, Czechia, Albania, Hungary, North Macedonia, 
Montenegro, Kosovo, Andorra, Bulgaria, Malta, Slovakia and Monaco.  
 
Regarding the 3-year mean (2021-2023) of the 93.2 percentile of maximum daily 8-hour means, that 
percentile values above 120 µg/m3 occur in large areas of Türkiye, Bosnia and Herzegovina, northern 
Italy and Switzerland. To a lesser extent, values above 120 µg/m3 (3-year mean) occurred in Greece, 
Austria, France, Croatia, Slovenia, Cyprus, Liechtenstein, Spain, Portugal, Kosovo, North Macedonia, 
Germany, Albania, Bulgaria, Poland, Malta, Hungary, Montenegro, Monaco, Serbia, Andorra and 
Czechia. 
 
In general, the southern, the south-eastern and central parts of Europe show higher ozone 
concentrations than the northern parts, which is caused mainly by higher solar radiation and 
temperature in these areas. Nevertheless, concentrations above the TV threshold can occur even in 
northern Europe during warm year as it was presented for 2018 (Horálek et al., 2021).  
 

Map 3.1 Concentration map of ozone indicator 93.2 percentile of maximum daily 8-hour means, 
2023 (left) and 3-year mean 2021-2023 (right) 

 

 
In order to provide more complete information of the air quality across Europe, the final combined 
map for 2023 including the measurement data at stations is presented in Map A4.4 of Annex 4. 
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The relative mean uncertainty of the 2023 map of the 93.2 percentile of maximum daily 8-h ozone 
means is about 8% for rural and 11% for urban areas (Annex 3, Section A3.2). The low uncertainty 
values are influenced by the character of this ozone indicator. Note that the Air Quality Directive (EC, 
2008) sets no modelling uncertainty for ozone annual indicators. 
  
In 2023, the 93.2 percentile of daily 8-ƘƻǳǊ ƳŀȄƛƳŀ ŦƻǊ hї ǎƘƻǿŜŘ ƳƛȄŜŘ ǇŀǘǘŜǊƴǎ ŀŎǊƻǎǎ ǘƘŜ ŜƴǘƛǊŜ 
mapped area compared to the 2018-2022 average. The highest decreases (more than 10 µg/m³) were 
observed particularly in a large area of Türkiye; smaller decreases (between 4 and 10 µg/m³) were 
observed in parts of different states of southern and south-eastern Europe. Regarding western and 
central Europe, decreases were observed in large areas of France, Germany, Ireland and Poland.  
 
In contrast, the largest areas with increases were observed in parts of southern, central and northern 
Europe, especially in Bosnia and Herzegovina, Croatia, Romania, Poland, the Baltic states, and southern 
Finland, where levels rose by more than 4 µg/m³ in some areas.  
 

Map 3.2 Difference in concentrations between 2023 and the 5-year mean 2018-2022 for ozone 
indicators 93.2 percentile of daily 8-hour maxima 

 

3.1.2 Population exposure 

Table 3.1 and Figure 3.1 give, for the 93.2 percentile of maximum daily 8-hour means, the population 
frequency distribution for a limited number of exposure classes in 2023. Table 3.1 also presents the 
population-weighted concentration for individual countries, large regions, EU-27 and for the total 
mapped area. Table 3.2 and Figure 3.2 present the same characteristics for the 3-year mean (2021-
2023) of the 93.2 percentile of maximum daily 8-hour means. 
 
In 2023, it has been estimated that 12% of the considered European population (including Türkiye) and 
12% of the EU-27 population lived in areas where the ozone concentration was above the health-
related target value threshold of 120 µg/m3.  
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Table 3.1 Population exposure and population-weighted concentrations, ozone indicator  
93.2 percentile of maximum daily 8-hour means, 2023 

Country ISO 
Population 

(inhbs·1000) 

Ozone τ perc93.2, exposed population (%) Population-weighted 
concentration 

< 90 90-100 100-110 110-120 120-140 > 140 2023 5-yr mean Diff. 

Albania AL 2 762  1.4 47.8 50.1 0.8  110.0 109.8 0.2 

Andorra AD 80  72.4 9.7 14.2 3.6  101.9 102.2 -0.3 

Austria AT 9 105  0.2 12.7 76.4 10.7  115.1 116.6 -1.5 

Belgium BE 11 743  3.3 75.6 21.0   107.5 110.7 -3.2 

Bosnia and Herzegovina BA 3 194   2.1 37.3 60.6 0.1 122.4 113.4 9.0 

Bulgaria BG 6 448 28.9 49.6 20.2 1.3 0.0  94.2 96.4 -2.2 

Croatia HR 3 851   21.7 54.9 23.4 0.0 115.8 113.7 2.1 

Cyprus CY 1 419  7.0 48.6 42.3 2.1  108.8 110.0 -1.2 

Czechia CZ 10 828   13.0 86.3 0.7  113.8 116.1 -2.4 

Denmark (incl. Faroe Islands) DK 5 987 11.3 66.5 22.2    96.5 98.2 -1.7 

Estonia EE 1 366  99.0 1.0    96.4 93.3 3.1 

Finland FI 5 564 0.9 99.0 0.1    95.0 91.3 3.7 

France (metropolitan) FR 66 017 0.1 8.3 56.6 23.9 11.1  109.3 112.3 -2.9 

Germany DE 83 119  0.2 31.2 59.4 9.2  112.8 115.1 -2.2 

Greece GR 10 414 0.0 2.8 11.7 31.2 54.3 0.0 118.1 113.8 4.4 

Hungary HU 9 600  0.1 42.0 40.5 17.4  112.7 112.1 0.5 

Iceland IS 388 27.0 72.2 0.8    90.7 88.7 2.0 

Ireland IE 5 271 80.1 19.9     87.4 91.5 -4.2 

Italy IT 58 997 0.9 3.3 27.6 27.3 28.8 12.1 119.2 121.8 -2.5 

Latvia LV 1 883  65.6 34.4    97.9 94.0 3.9 

Liechtenstein LI 40    99.9 0.1  118.4 120.2 -1.8 

Lithuania LT 2 857  0.1 99.9    104.2 98.3 5.9 

Luxembourg LU 661   5.1 94.9   112.1 111.2 0.9 

Malta MT 542   72.1 27.7 0.1  109.1 106.5 2.6 

Monaco MC 39     100.0  120.5 122.2 -1.7 

Montenegro ME 617  4.0 38.5 57.5 0.0  109.9 107.5 2.5 

Netherlands NL 17 811  7.5 77.8 14.7   105.6 106.1 -0.6 

North Macedonia MK 1 830 0.9 40.8 53.0 5.0 0.3  102.3 102.3 0.0 

Norway NO 5 489 2.9 96.2 1.0 0.0   94.7 94.1 0.5 

Poland PL 36 754  0.8 59.8 38.9 0.5  109.2 109.4 -0.2 

Portugal (excl. Azores, Madeira) PT 10 022  5.8 70.1 24.1   106.1 101.9 4.2 

Romania RO 19 055 3.4 46.0 47.8 2.7   100.3 99.7 0.6 

San Marino SM 34    100.0   115.5 117.6 -2.1 

Serbia (incl. Kosovo) RS 8 350 1.4 20.6 41.8 36.2 0.0  106.4 106.2 0.2 

Slovakia SK 5 429  2.3 58.9 38.9 0.0  108.4 110.8 -2.4 

Slovenia SI 2 117   19.8 76.3 3.9  113.5 116.2 -2.8 

Spain (excl. Canarias) ES 45 872 0.4 14.4 32.7 40.8 11.7  109.8 109.5 0.3 

Sweden SE 10 522 4.4 90.2 5.4    95.0 96.2 -1.2 

Switzerland CH 8 815   2.5 27.4 70.0 0.1 122.2 121.7 0.5 

Türkiye TR 85 280 33.1 20.1 24.2 17.1 5.5 0.0 96.7 103.7 -7.0 

Total 
560 167 

 

6.4 13.7 
36.2 31.6 

10.8 1.3 
108.1 110.0 -1.9 

20.1 12.1 

EU-27 443 198 
1.9 11.6 

39.6 34.5 
10.7 1.7 

110.0 111.1 -1.1 
13.5 12.4 

Northern Europe 34 055 4.1 79.7 16.2 0.0   96.2 95.3 0.9 

Western Europe  86 334 4.7 8.7 62.3 20.3 4.1  106.6 109.1 -2.4 

Central Europe 165 805  0.4 35.6 54.1 10.0 0.0 112.5 113.9 -1.4 

Southern Europe 142 589 0.5 7.1 32.9 31.7 22.7 5.1 114.4 115.1 -0.7 

South-Eastern Europe 131 386 22.9 24.3 29.1 17.8 5.8 0.0 99.5 103.5 -4.0 

Kosovo XK 1 709  33.6 55.5 10.8 0.1  102.8 104.8 -2.0 

Serbia (excl. Kosovo) RS 6 641 1.7 17.3 38.3 42.7   107.3 106.5 0.8 

 
Note: The percentage value "0.0" indicates that an exposed population exists, but it is small and estimated to be less than 0.05%. Empty cells mean no population 
in exposure. 5-year mean, i.e. 5-year mean 2018-2022. Diff., i.e. difference concentrations between 2023 and 5-year mean 2018-2022. 
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Table 3.2 Population exposure and population-weighted concentrations, ozone indicator  
93.2 percentile of maximum daily 8-hour means, 2021-2023 (3-year mean) 

Country ISO 
Population 

(inhbs·1000) 

Ozone τ perc93.2, exposed population (%) Population-weighted 
concentration 

< 90 90-100 100-110 110-120 120-140 > 140 2021-2023 

Albania AL 2 762  4.4 26.9 67.5 1.2  111.8 

Andorra AD 80  72.3 12.2 13.6 1.9  98.5 

Austria AT 9 105  0.0 10.5 88.4 1.1  114.4 

Belgium BE 11 743  6.2 89.2 4.6   105.3 

Bosnia and Herzegovina BA 3 194   1.6 75.0 23.4  117.6 

Bulgaria BG 6 448 36.2 47.1 13.1 3.6 0.0  93.9 

Croatia HR 3 851   10.4 75.0 14.6  114.6 

Cyprus CY 1 419  4.4 45.3 40.5 9.8  109.9 

Czechia CZ 10 828   18.9 81.0 0.0  112.9 

Denmark (incl. Faroe Islands) DK 5 987 16.6 79.1 4.2    94.1 

Estonia EE 1 366 28.4 71.6 0.0    92.1 

Finland FI 5 564 39.1 60.9     90.6 

France (metropolitan) FR 66 017 0.1 5.3 65.6 21.4 7.7  108.7 

Germany DE 83 119  3.0 46.0 50.4 0.6  110.2 

Greece GR 10 414 0.2 5.2 22.6 28.5 43.5 0.0 116.7 

Hungary HU 9 600   21.9 56.3 21.8  114.3 

Iceland IS 388 74.8 25.0 0.2    89.0 

Ireland IE 5 271 51.4 48.6 0.0    89.5 

Italy IT 58 997 0.6 2.2 26.6 26.6 26.4 17.6 121.4 

Latvia LV 1 883 2.2 97.6 0.2    93.4 

Liechtenstein LI 40    99.9 0.1  116.5 

Lithuania LT 2 857  94.2 5.8    98.2 

Luxembourg LU 661   87.6 12.4   107.0 

Malta MT 542   72.1 27.2 0.7  109.2 

Monaco MC 39     100.0  121.9 

Montenegro ME 617  3.6 63.6 32.8 0.0  108.4 

Netherlands NL 17 811  37.4 61.0 1.6   102.0 

North Macedonia MK 1 830 4.0 15.9 55.0 24.8 0.3  104.2 

Norway NO 5 489 26.0 73.6 0.4 0.0   91.2 

Poland PL 36 754  4.9 59.1 35.8 0.2  107.9 

Portugal (excl. Azores, Madeira) PT 10 022 1.8 27.0 60.2 10.6 0.4  102.6 

Romania RO 19 055 2.4 40.0 53.8 3.8   100.6 

San Marino SM 34    100.0   114.9 

Serbia (incl. Kosovo) RS 8 350 0.1 5.9 37.7 56.1 0.2  110.5 

Slovakia SK 5 429   54.7 45.3   109.3 

Slovenia SI 2 117   3.3 81.8 14.9  116.2 

Spain (excl. Canarias) ES 45 872 1.5 14.9 40.0 37.8 5.8  108.2 

Sweden SE 10 522 24.0 75.2 0.8    92.4 

Switzerland CH 8 815   0.5 71.3 27.5 0.7 118.6 

Türkiye TR 85 280 37.6 13.6 15.0 22.6 11.0 0.2 99.0 

Total 
560 167 

 

8.1 13.8 
37.1 31.1 

8.0 2.0 

107.5 21.9 10 

EU-27 443 198 
2.9 13.7 

42.5 31.2 
7.3 2.4 

109.0 16.6 9.7 

Northern Europe 34 055 23.0 75.5 1.5 0.0   92.7 

Western Europe  86 334 3.0 14.9 68.0 13.7 0.4  105.0 

Central Europe 165 805  2.6 41.4 52.7 3.3 0.0 110.8 

Southern Europe 142 589 0.9 8.2 34.9 28.8 19.7 7.5 114.6 

South-Eastern Europe 131 386 26.0 17.8 22.9 25.1 8.0 0.1 101.1 

Kosovo XK 1 709  5.1 76.3 17.9 0.7  106.4 

Serbia (excl. Kosovo) RS 6 641 0.1 6.2 27.8 65.8 0.1  111.5 

 
Note: The percentage value "0.0" indicates that an exposed population exists, but it is small and estimated to be less than 0.05%. Empty cells mean no population 
in exposure.  
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No population has been exposed to concentrations above the TV threshold in 15 countries. In Slovakia, 
Bulgaria, Kosovo, Montenegro, Liechtenstein, Malta, North Macedonia, Poland, Czechia, Albania, 
Cyprus, Andorra, Slovenia, Türkiye, Germany (in ascending order) up to 10% of population has been 
exposed to concentrations above the TV threshold. In Austria, France, Spain, Hungary, Croatia, Italy, 
this was the case for between 11% and 50% of the population. More than half of population has been 
exposed to concentrations above the TV threshold in Greece, Bosnia and Herzegovina, Switzerland and 
Monaco. 

Figure 3.1 Percentage of the population (%) exposed to different values of the ozone indicator 93.2 
percentile of maximum daily 8-hour means (µg/m3), 2023 

 

Figure 3.2 Percentage of the population (%) exposed to different values of the ozone indicator 93.2 
percentile of maximum daily 8-hour means (µg/m3), 3-year mean (2021-2023) 

 
 
Based on the 3-year mean (2021-2023), it is estimated that 10% of the considered European population 
(including Türkiye) and 9.7% of the EU-27 population lived in areas where ozone concentrations 
exceeded the health-related target value of 120 µg/m3.  
 
No population has been exposed to concentrations above the TV in 2021-2023 in 15 countries. In 
Montenegro, Bulgaria, Czechia, Liechtenstein, Poland, Serbia, North Macedonia, Portugal, Germany, 
Malta, Kosovo, Austria, Albania, Andorra, Spain, France and Cyprus up to 10% of population has been 
exposed to concentrations above the TV. In Türkiye, Croatia, Slovenia, Hungary, Bosnia and 
Herzegovina, Switzerland, Greece and Italy, this was the case for between 11% and 50% of the 
population. More than half of population has been exposed to concentrations above the TV in Monaco. 
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As the current mapping methodology tends to underestimate high values due to interpolation 
smoothing (Annex 3, Section A3.3), the percentage of population exposed to values above the TV 
threshold is most likely somewhat underestimated; additional population exposure above the TV 
threshold in 2023 might be expected in some other countries: Albania, Austria, Croatia, Czechia, 
Germany, Luxembourg, Liechtenstein, Montenegro, Slovenia and San Marino, and above the TV in 
Albania, Austria, Bosnia, Croatia, Czechia, Germany, Hungary, Liechtenstein, San Marino, Serbia, 
Slovenia and Switzerland (in the case of 3-year mean). The reason is that in these countries the 
estimated percentage population exposed to the concentrations between 110 µg/m3 and 120 µg/m3 
is considerable (more than 50%). 
 
The overall population-weighted ozone concentrations in 2023 in terms of the 93.2 percentile of 
maximum daily 8-hour means has been estimated to be 108.1 µg/m3 and 110.0 µg/m3 for the 
considered European area and for the EU-27, respectively, i.e. of about 1.9 µg/m3 and 1.1 µg/m3 lower 
than the 5-year 2018-2022 mean concentration, respectively. When assessing the change in individual 
countries, the steepest absolute decrease was found in Türkiye (7 µg/m3), the highest increase was 
estimated in Bosnia and Herzegovina (9 µg/m3). 
 
Based on the 3-year mean (2021-2023), the overall population-weighted ozone concentrations in 
terms of the 93.2 percentile of maximum daily 8-hour means has been estimated to be 107.5 µg/m3 
and 109.0 µg/m3 for the considered European area and for the EU-27. 
 
One can see that more population was exposed to concentrations above the 120 µg/m3 in 2023 
compared to the 3-year mean 2021-2023, indicating that 2023 was a year with higher O3 levels than 
the previous two.  
 
Figure 3.3 (left) shows, for the whole mapped area, the population frequency distribution for exposure 
classes of 2 µg/m3. The highest population frequency is found for classes between 100 and  
120 µg/m3. For classes above 120 µg/m3, a sharp decline of population frequency can be seen. Figure 
3.3 (right), based on 3-year mean (2021-2023), shows that the highest frequency is concentrated in 
the range of approximately 104 to 114 µg/m³. For classes above 114 µg/m3, a sharp decline in 
population frequency is observed. 
 

Figure 3.3 Population exposure frequency distribution, O3 indicator 93.2 percentile of maximum 
daily 8-hour means, 2023 (left) and 3-year mean 2021-2023 (right). The EU target value 
threshold (120 µg/m3) is marked by the red line 

  
The boxplot showing for individual countries the ozone concentrations expressed as the indicator 93.2 
percentile of maximum daily 8-hour means for year 2023 and 3-year mean (2021-2023) to which the 
population per country was exposed is presented in Figure 3.4. 
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Figure 3.4 Concentrations of O3 indicator 93.2 percentile of maximum daily 8-hour means to which 
the population per country was exposed in 2023 (top) and 3-year mean 2021-2023 
(bottom) 

  

 

Note: For each country, the box plot shows the concentration to which a percentage of the population was exposed: 50% in 
the case of the black marker, 25% and 75% in the cases of the ōƻȄΩǎ ŜŘƎŜǎΣ н҈ ŀƴŘ фу҈ ƛƴ ǘƘŜ ŎŀǎŜǎ ƻŦ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎΦ 

3.2 Ozone ς peak season average of maximum daily 8-hour means 

In September 2021, the WHO introduced new AQG for O3. The new long-term Air Quality Guideline 
(AQG) level (5) ŦƻǊ hї ƛǎ ǎŜǘ ǘƻ сл µg/m³ and it is related to the average of daily maximum 8-hour mean 

 
(5) Besides the short-term AQG of 100 µg/m3 defined as 99th percentile of the annual distribution of daily maximum 8-hour 
mean O3 concentration (WHO, 2021a). 
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hї ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ the so-called peak season. The peak season is defined as the six consecutive 
months of the year with the highest six-month running-average ozone concentration (WHO, 2021a). 
For details of the calculations of this indicator, see Annex 2 Section A2.1. 
 
The new long-term WHO AQG level ŦƻǊ hї όƛΦŜΦ сл ҡƎκ ƳшΣ ƴƻǘ ǘƻ ōŜ ŜȄŎŜŜŘŜŘ ōȅ ǘƘŜ ŀǾŜǊŀƎŜ ƻŦ ǘƘŜ 
daily maximum 8-ƘƻǳǊ ƳŜŀƴ hї ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŘǳǊƛƴƎ ǘƘŜ ǇŜŀƪ ǎŜŀǎƻƴύ was determined based on 
average concentrations observed in studies that examined the health effects of long-term O3 exposure. 
By setting this guideline, WHO aims to minimize the health risks associated with long-term ozone 
exposure and non-accidental mortality (WHO, 2021a). This peak season indicator is not regulated in 
any of the EU air quality directives, and there are no associated limit or target values defined. 

3.2.1 Concentration map 

Map 3.3 presents the final combined map for ozone peak season average of maximum daily 8-hour 
means. In the map, all coloured area except the dark green ones show values of peak season average 
of maximum daily 8-hour means above 60 µg/m3.  
 
The map shows that in 2023, areas with peak season average of maximum daily 8-hour means 
exceeding 60 µg/m3 cover the entire mapped region with the exception of a few urban areas in Türkiye 
and Bulgaria. Similar to other O3 characteristics, lower values (< 80 µg/m3) were observed in northern 
and western Europe (Finland, northern Sweden and Ireland), while higher values (> 100 µg/m3) are 
observed in central Europe (Switzerland, Slovenia, parts of Austria), as well as in southern and south-
eastern Europe (parts of Italy, parts of Spain and Portugal, southern France, parts of Balkan countries, 
Cyprus, and large areas of Türkiye). 
 
In order to provide more complete information of the air quality across Europe, the final combined 
map including the measurement data at stations is presented in Map A4.5 of Annex 4. 
 

Map 3.3 Ozone indicator peak season average of maximum daily 8-hour means, 2023 
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Since the concentration map for ozone peak season average of maximum daily 8-hour means was 
presented for the first time for 2022, it was not possible to calculate a 5-year mean (2018-2022) and 
subsequently create a differences map, as done for other pollutants and indicators. 
 
The relative mean uncertainty of the 2023 map of the peak season average of maximum daily 8-hour 
means is about 8% for rural and 10% for urban areas (Annex 3, Section A3.2). The low uncertainty 
values are influenced by the character of this ozone indicator. Note that the Air Quality Directive (EC, 
2008) sets no modelling uncertainty for ozone long-term indicators.  

3.2.2 Population exposure 

Figure 3.5 and Table 3.3 give, for the peak season average of maximum daily 8-hour means, the 
population frequency distribution for a limited number of exposure classes for individual countries, 
large regions, EU-27 and for the total mapped area. Table 3.3 also presents the population-weighted 
concentration.  
 
In 2023, it has been estimated that 98% of the considered European population (including Türkiye) and 
almost 100% of the EU-27 population lived in areas where the ozone concentration was above the 
peak season average of maximum daily 8-hour means of 60 µg/m3.  
 

Figure 3.5  Percentage of the population (%) exposed to different values of ozone peak season 
average of maximum daily 8-hour means, 2023 

 
 
The overall population-weighted ozone concentrations in terms of peak season average of maximum 
daily 8-hour means has been estimated to be 87.7 µg/m3 in 2023 for the considered European area 
(including Türkiye) and 89.8 µg/m3 for the EU-27. When considering individual countries, the highest 
overall population-weighted ozone concentrations in terms of peak season average has been 
estimated to be 102.3 µg/m3 in Monaco and 99.9 µg/m3

 in Bosnia and Herzegovina, respectively, while 
the lowest was estimated to be 74.4 µg/m3 in Ireland. 
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Table 3.3 Population exposure and population-weighted concentrations, ozone peak season 
average of maximum daily 8-hour means, 2023 

Country ISO 
Population 

(inhbs·1000) 

Ozone τ peak season average of maximum daily 8-hour means (%) Population-weighted 
concentration 

< 60 60 - 80 80 - 90 90 - 100 100 - 120 > 120 2023 

Albania AL 2 762   20.5 78.6 0.9  92.1 

Andorra AD 80   73.9 14.9 11.2  87.9 

Austria AT 9 105   21.0 78.4 0.6  93.0 

Belgium BE 11 743  2.7 97.0 0.4   84.5 

Bosnia and Herzegovina BA 3 194   1.0 52.8 45.3 0.9 99.9 

Bulgaria BG 6 448 0.7 65.0 28.7 5.7 0.0  78.8 

Croatia HR 3 851   30.4 45.8 23.7 0.0 95.7 

Cyprus CY 1 419  47.6 37.8 12.7 1.9  81.5 

Czechia CZ 10 828   9.1 90.9 0.0  93.0 

Denmark (incl. Faroe Islands) DK 5 987  23.3 76.7 0.0   81.6 

Estonia EE 1 366  19.0 81.0    81.8 

Finland FI 5 564  76.9 23.1    78.7 

France (metropolitan) FR 66 017  1.1 69.1 26.7 3.1  88.1 

Germany DE 83 119  0.0 59.7 40.3 0.0  89.4 

Greece GR 10 414  2.8 30.0 33.3 33.9  94.3 

Hungary HU 9 600   29.6 70.4   92.4 

Iceland IS 388  93.1 6.9    77.8 

Ireland IE 5 271  97.4 2.6    74.4 

Italy IT 58 997  2.6 17.0 40.3 40.1  97.7 

Latvia LV 1 883   100.0 0.0   85.2 

Liechtenstein LI 40    99.9 0.1  93.3 

Lithuania LT 2 857   65.6 34.4   89.1 

Luxembourg LU 661   94.6 5.4   87.2 

Malta MT 542    98.2 1.8  97.0 

Monaco MC 39     100.0  102.3 

Montenegro ME 617   4.3 94.0 1.7  93.8 

Netherlands NL 17 811  0.6 99.4 0.0   85.1 

North Macedonia MK 1 830  22.2 67.9 9.4 0.5  83.3 

Norway NO 5 489  53.4 46.4 0.2   80.2 

Poland PL 36 754   53.1 46.9 0.0  89.3 

Portugal (excl. Azores, Madeira) PT 10 022  14.6 64.7 20.8 0.0  86.3 

Romania RO 19 055  20.4 70.9 8.6 0.0  84.3 

San Marino SM 34    100.0   97.6 

Serbia (incl. Kosovo) RS 8 350  8.7 58.7 32.5 0.2  87.5 

Slovakia SK 5 429   54.2 45.8 0.0  89.4 

Slovenia SI 2 117   18.5 76.9 4.6  93.8 

Spain (excl. Canarias) ES 45 872  10.8 15.5 46.0 27.6  93.8 

Sweden SE 10 522  51.1 48.9 0.0   80.0 

Switzerland CH 8 815   3.4 93.4 3.1  95.0 

Türkiye TR 85 280 11.6 48.2 21.3 16.8 2.0 0.0 75.6 

Total 
555 254 

 

1.7 14.0 
43.1 32.7 

8.5 0.0 

87.7 15.7 8.5 

EU-27 
443 198 

 

0.0 7.7 
48.0 34.5 

9.8 0.0 

89.8 7.7 9.8 

Northern Europe 34 055  42.8 54.2 3.0   81.2 

Western Europe  86 334  6.8 80.3 12.8 0.0  85.4 

Central Europe 165 805  0.0 47.5 52.2 0.3  90.3 

Southern Europe 142 589  6.1 23.6 40.6 29.7  94.8 

South-Eastern Europe 131 386 7.3 37.8 32.1 19.5 3.3 0.0 79.7 

Kosovo XK 1 709  6.1 73.2 19.8 0.9  86.2 

Serbia (excl. Kosovo) RS 6 641  9.3 55.0 35.7 0.0  87.8 

 
Note: The percentage value "0.0" indicates that an exposed population exists, but it is small and estimated to be less than 0.05%. Empty cells mean no population 
in exposure.  
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Figure 3.6 shows, for the whole mapped area, the population frequency distribution for exposure 
classes of 1 µg/m3. The highest population frequency is found for classes between 84 and  
96 µg/m3. For classes above 96 µg/m3, a sharp decline of population frequency can be seen. 
 

Figure 3.6 Population exposure frequency distribution, ozone peak season average of maximum 
daily 8-hour means, 2023. The WHO AQG level (60 µg/m3) is marked by the green line 

 

 
The boxplot in Figure 3.7 shows for individual countries the ozone concentrations expressed as peak 
season average of maximum daily 8-hour means to which the population per country was exposed in 
2023. It can be seen that the countries with the highest ozone concentrations are located in the 
southern, south-eastern and central parts of Europe.  
 

Figure 3.7 Population frequency distribution, O3 peak season average of maximum daily 8-hour 
means, 2023. The WHO AQG level (60 µg/m3) is marked by the green line. 
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3.3 Ozone ς SOMO35 and SOMO10 

SOMO35 is the annually accumulated ozone maximum daily 8-hourly means in excess of 35 ppb (i.e. 
70 µg/m3). It is not regulated in the EU air quality directives and there are no associated limit or target 
values defined. Nevertheless, it is considered by the WHO as a good indicator of human exposure to 
ozone (WHO, 2013). Comparing the 93.2 percentile of maximum daily 8-hour means versus the 
SOMO35 for all background stations shows no simple relationship between the two indicators. 
However, it seems that the TV threshold of the 93.2 percentile of maximum daily 8-hour means (120 
µg/m3) is related approximately with a SOMO35 value in the range of 6 000-8 000 µg/m3·d. This 
comparison motivates a somewhat arbitrarily chosen threshold of 6 000 µg/m3·d, in order to facilitate 
the discussion of the estimated SOMO35 levels in their spatial and temporal context. This threshold is 
used in this and previous papers (Horálek et al., 2023, and the references cited therein) when dealing 
with the population exposure estimates. 
 
SOMO10 is the annually accumulated ozone maximum daily 8-hourly means in excess of 10 ppb (i.e. 
20 µg/m3). This indicator was introduced due to its link to the health impact assessment, since the 
WHO recommended using the SOMO10 as an alternative to the SOMO35 when estimating the health 
impact of ozone (WHO, 2013).  

3.3.1 Concentration maps 

Maps 3.4 and 3.5 present the final combined map for SOMO35 and SOMO10 in 2023. In the final 
combined map of SOMO35, the orange areas show values above 6 000 µg/m3·d, while the red and dark 
red areas show values above 8 000 µg/m3·d. In the case of SOMO10, the boundaries of concentration 
classes have been chosen quite arbitrary, in order to reflect the concentration distribution of this 
indicator. In the final combined map of SOMO10, the red and dark red areas show values above 
24 000 µg/m3·d. 
 

Map 3.4 Concentration map of ozone indicator SOMO35, 2023 

 
 
Like in the case of the 93.2 percentile of the maximum daily 8-hour means, generally the southern and 
south-eastern parts of Europe show higher ozone SOMO35 and SOMO10 concentrations than the 
northern parts. Higher levels of ozone also occur more frequently in mountainous areas south of 50 
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degrees latitude than in lowlands. In 2023, SOMO35 levels above 6 000 µg/m3·d were estimated in 
large areas of Türkiye, Italy, Spain, Austria, in parts of many Balkan countries and in southern France. 
SOMO10 levels above 24 000 µg/m3·d were mainly found in the same areas. 
 
The relative mean uncertainty of the 2023 maps of the SOMO35 and SOMO10 is about 33% and 12%, 
respectively, for rural areas and 39% and 14%, respectively, for urban areas (see Annex 3). 
 

Map 3.5 Concentration map of ozone indicator SOMO10, 2023 

 
 
Map 3.6 presents the difference between 2023 and the 5-year mean 2018-2022 for the O3 indicators 
SOMO35 and SOMO10. Orange to red areas show an increase of those O3 indicators in 2023, while 
blue areas show a decrease. Quite similar patterns as in Map 3.2 can be seen. 
 
The largest increases in SOMO35 and SOMO10 levels were recorded in some areas of several Balkan 
countries, in Poland and in the Baltic states. Increases were also observed in smaller areas of Italy, 
Spain, and Portugal; in the case of SOMO10, also in Germany, Austria, and the Benelux countries.  Areas 
with the highest decreases were found in Türkiye and some Balkan states, plus, parts of Italy, France, 
Germany, Austria, Slovakia and Hungary in the case of SOMO35. 
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Map 3.6 Difference concentrations between 2023 and the 5-year mean 2018-2022 for SOMO35 
and SOMO10 

 
 

3.3.2 Population exposure 

SOMO35 

Table 3.4 and Figure 3.8 give for SOMO35 the population frequency distribution for a limited number 
of exposure classes. Table 3.4 also presents the population-weighted concentration for individual 
countries, large regions, EU-27 and for the total mapped area. 
 
It has been estimated that in 2023 about 16% of the considered European population (including 
Türkiye), and about 17% of the EU-27 population, lived in areas with SOMO35 values above 6 000 
µg/m3·d (see above on the motivation of this criterion). 
 
In 2023, like in the previous several years, the northern and western European countries (with the 
exception of France) have had almost no inhabitants exposed to SOMO35 concentrations above 6 000 
µg/m3·d. No population has been exposed to concentrations SOMO35 concentrations above 6 000 
µg/m3·d in 11 countries. In Norway, Hungary, Poland, Slovakia, Czechia, Romania, Germany, Portugal, 
Serbia, Liechtenstein, Bulgaria, North Macedonia, Switzerland, Kosovo, France, Austria (in ascending 
order) up to 10% of population was exposed to SOMO35 concentrations above 6 000 µg/m3·d. In 
Montenegro, Türkiye, Albania, Andorra, Slovenia, San Marino, Croatia and Spain, between 13 and 49% 
of population has been exposed to SOMO35 concentrations above 6 000 µg/m3·d. More than half of 
population has been exposed to concentrations above 6 000 µg/m3·d in Italy, Greece, Bosnia and 
Herzegovina, Cyprus, Monaco and Malta. 
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Table 3.4 Population exposure and population-weighted concentrations, ozone indicator 
SOMO35, 2023 

Country ISO 
Population 

(inhbs·1000) 

Ozone τ SOMO10, exposed population, 2023 (%) Population-weighted concentration  

< 2 000 
2 000- 
4 000 

4 000- 
6 000 

6 000- 
8 000 

8 000-
10 000 

>  
10 000 2023 

5-year 
mean Diff. 

Albania AL 2 762  1.5 77.1 21.2 0.2  5 676 5 764 -89 

Andorra AD 80  71.0 4.8 14.6 9.6  4 786 4 619 167 

Austria AT 9 105  7.9 83.1 8.5 0.4 0.0 4 982 5 440 -457 

Belgium BE 11 743  95.6 4.4    3 365 3 542 -178 

Bosnia and Herzegovina BA 3 194   13.6 48.8 34.1 3.4 7 499 5 512 1 987 

Bulgaria BG 6 448 20.4 65.4 12.6 1.6 0.0  2 788 3 170 -382 

Croatia HR 3 851   53.5 26.5 9.9 10.1 6 706 5 733 973 

Cyprus CY 1 419   0.4 95.7 4.0  7 194 6 730 464 

Czechia CZ 10 828  2.8 97.0 0.2   4 673 5 059 -385 

Denmark (incl. Faroe Islands) DK 5 987 10.3 89.4 0.3    2 827 2 853 -26 

Estonia EE 1 366 1.1 98.9 0.0    2 360 2 138 222 

Finland FI 5 564 55.9 44.1     1 962 1 872 91 

France (metropolitan) FR 66 017 0.1 57.6 34.2 8.0 0.1 0.0 4 177 4 513 -336 

Germany DE 83 119  51.9 47.7 0.3 0.0  4 104 4 447 -343 

Greece GR 10 414  2.5 21.7 55.9 12.6 7.3 7 111 6 883 228 

Hungary HU 9 600  18.7 81.3 0.0   4 727 4 877 -151 

Iceland IS 388 78.0 21.8 0.2    1 907 1 829 77 

Ireland IE 5 271 79.8 20.2     1 659 2 121 -462 

Italy IT 58 997 0.5 8.6 37.6 39.0 14.3 0.0 6 194 6 452 -257 

Latvia LV 1 883  99.9 0.1    2 873 2 198 675 

Liechtenstein LI 40   98.5 1.4 0.1  4 925 5 573 -648 

Lithuania LT 2 857  55.9 44.1    3 979 2 599 1 380 

Luxembourg LU 661  80.2 19.8    3 888 3 894 -6 

Malta MT 542    86.1 13.9  7 576 6 241 1 335 

Monaco MC 39    100.0   7 353 7 204 149 

Montenegro ME 617  17.0 70.3 12.8 0.0  5 051 5 342 -291 

Netherlands NL 17 811  99.7 0.3    3 356 3 235 121 

North Macedonia MK 1 830  71.5 24.5 4.0 0.1  3 875 4 020 -146 

Norway NO 5 489 29.9 69.5 0.6 0.0   2 255 2 361 -105 

Poland PL 36 754  44.2 55.8 0.0 0.0  4 063 3 972 91 

Portugal (excl. Azores, Madeira) PT 10 022  34.8 64.3 0.9 0.0  4 223 3 843 380 

Romania RO 19 055 4.6 76.6 18.5 0.3 0.0  3 367 3 300 67 

San Marino SM 34   55.2 44.8   5 889 5 785 104 

Serbia (incl. Kosovo) RS 8 350 1.3 58.0 38.2 2.5 0.0  3 919 4 142 -224 

Slovakia SK 5 429  45.8 54.1 0.1 0.0  4 204 4 730 -526 

Slovenia SI 2 117  0.9 71.9 26.9 0.3  5 542 5 802 -260 

Spain (excl. Canarias) ES 45 872 1.4 15.4 34.7 48.3 0.2  5 612 5 191 421 

Sweden SE 10 522 46.2 53.8 0.0    2 168 2 612 -445 

Switzerland CH 8 815  0.1 93.7 5.6 0.6 0.0 5 292 5 749 -456 

Türkiye TR 85 280 23.8 36.4 26.6 11.4 1.6 0.3 3 491 4 931 -1 440 

Total 560 167 

6.6 40.5 
37.0 

13.2 2.4 0.3 
4 346 4 635 -289 

47.2 15.9 

EU-27 
443 198 

3.5 41.9 
38.2 

13.8 2.4 0.3 
4 488 4 593 -105 

45.3 16.5 

Northern Europe 34 055 31.0 65.1 3.9 0.0   2 460 2 437 22 

Western Europe  86 334 4.6 76.3 18.9 0.3 0.0 0.0 3 554 3 776 -222 

Central Europe 165 805  39.2 59.5 1.3 0.1 0.0 4 297 4 543 -246 

Southern Europe 142 589 0.7 13.1 37.8 40.6 7.2 0.6 5 864 5 822 42 

South-Eastern Europe 131 386 16.8 43.0 27.2 10.1 2.2 0.6 3 732 4 547 -815 

Kosovo XK 1 709  62.1 29.9 8.0 0.0  4 085 4 341 -256 

Serbia (excl. Kosovo) RS 6 641 1.6 57.0 40.4 1.1 0.0  3 876 4 095 -219 

 
Note: The percentage value "0.0" indicates that an exposed population exists, but it is small and estimated to be less than 0.05%. Empty cells mean no population 
in exposure. 5-year mean, i.e. 5-year mean 2018-2022. Diff., i.e. difference concentrations between 2023 and the 5-year mean 2018-2022.  
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Figure 3.8 Percentage of the population (%) exposed to different values of the ozone indicator 
SOMO35 (µg/m3·d), 2023 

 

 
In 2023, the population-weighted ozone concentration in terms of SOMO35 for the total mapped area 
was estimated to be 4 346 µg/m3·d, i.e. 289 µg/m3·d lower than the 5-year 2018-2022 mean SOMO35 
concentration. For the EU-27, it was 4 488 µg/m3·d, i.e. 105 µg/m3·d lower than the 5-year 2018-2022 
mean SOMO35 concentration. When assessing the change in individual countries, the steepest 
absolute decrease was found in Türkiye (1 440 µg/m3·d), while the highest increase was estimated in 
Bosnia and Herzegovina (1 987 µg/m3·d). 
 
Figure 3.9 shows, for the whole mapped area, the frequency distribution of SOMO35 for population 
exposure classes of 250 µg/m3·d. The highest frequencies are found for classes between 3 000 and  
5 000 µg/m3·d. One can see a steep decline of population frequency for exposure classes between  
5 000 and 6 000 µg/m3·d and a continuous mild decline of population frequency for classes above 6 000 
µg/m3·d.  
 

Figure 3.9 Population exposure frequency distribution, ozone indicator SOMO35, 2023 

 
 
Figure 3.10 shows for individual countries the ozone indicator SOMO35 to which the population was 
exposed in 2023. It can be seen that the countries with the highest ozone concentrations are located 
in the southern and south-eastern parts of Europe.  
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Figure 3.10  Ozone concentrations expressed as indicator SOMO35 to which the population per 
country was exposed in 2023 

 
Note: For each country, the box plot shows the concentration to which a percentage of the population was exposed: 50% in 
the case of the black marker, 25% and 75% in the cases of the ōƻȄΩǎ ŜŘƎŜǎΣ н% and 98% ƛƴ ǘƘŜ ŎŀǎŜǎ ƻŦ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎΦ 

 

SOMO10 

Figure 3.11 and Table 3.5 give for SOMO10 the population frequency distribution for a limited number 
of exposure classes for individual countries, large regions, EU-27 and for the total mapped area. Table 
3.5 also presents the population-weighted concentration. 
 

Figure 3.11  Percentage of the population (%) exposed to different values of the ozone indicator 
SOMO10 (µg/m3·d), 2023 
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Table 3.5 Population exposure and population-weighted concentrations, ozone indicator 
SOMO10, 2023 

Country ISO 
Population 

(inhbs·1000) 

Ozone τ SOMO10, exposed population, 2023 (%) Population-weighted concentration  

< 15 000 
15 000-
18 000 

18 000-
21 000 

21 000-
24 000 

14 000-
27 000 

> 27 
000 2023 

5-year 
mean Diff. 

Albania AL 2 762  2.2 47.3 47.4 3.1  21 290 21 309 -19 

Andorra AD 80   72.4 8.3 13.4 5.9 21 002 19 042 1 960 

Austria AT 9 105  6.9 69.4 21.2 2.4 0.1 20 268 20 014 254 

Belgium BE 11 743  17.4 82.0 0.6   18 551 17 471 1 079 

Bosnia and Herzegovina BA 3 194   8.8 72.7 18.5 0.0 22 711 19 997 2 714 

Bulgaria BG 6 448 50.0 34.1 12.2 3.6 0.2 0.0 15 860 16 329 -469 

Croatia HR 3 851   39.7 38.1 22.1 0.1 22 127 20 578 1 549 

Cyprus CY 1 419   80.6 19.1 0.2  20 907 21 633 -726 

Czechia CZ 10 828   87.0 13.0 0.0  20 103 19 743 360 

Denmark (incl. Faroe Islands) DK 5 987  29.4 70.5 0.0   18 621 18 439 182 

Estonia EE 1 366  91.5 8.5    17 326 16 886 441 

Finland FI 5 564  97.9 2.1    16 853 16 307 546 

France (metropolitan) FR 66 017   78.1 21.2 0.7 0.0 20 237 19 823 414 

Germany DE 83 119  3.7 90.9 5.4 0.0  19 392 18 587 805 

Greece GR 10 414 0.5 3.0 16.7 47.9 25.1 6.8 23 010 22 424 586 

Hungary HU 9 600  5.6 89.3 5.1   19 535 18 962 573 

Iceland IS 388  89.9 9.9 0.2   17 300 16 898 402 

Ireland IE 5 271  67.6 32.4    17 013 17 527 -515 

Italy IT 58 997  1.5 40.6 52.0 5.8 0.0 21 289 21 139 149 

Latvia LV 1 883  65.0 35.0    17 497 16 518 980 

Liechtenstein LI 40   96.2 3.7 0.1  19 596 19 563 33 

Lithuania LT 2 857  0.1 99.9    19 129 16 962 2 167 

Luxembourg LU 661   97.7 2.3   19 407 18 132 1 275 

Malta MT 542     99.8 0.2 25 705 24 252 1 453 

Monaco MC 39    100.0   24 000 23 388 612 

Montenegro ME 617  15.7 60.4 22.6 1.3  19 984 20 414 -430 

Netherlands NL 17 811  12.0 87.9 0.1   18 781 17 349 1 432 

North Macedonia MK 1 830  68.0 23.7 7.7 0.6 0.0 17 701 17 572 128 

Norway NO 5 489  63.5 36.3 0.2   17 669 17 206 463 

Poland PL 36 754  11.3 87.9 0.8 0.0  18 927 18 145 781 

Portugal (excl. Azores, Madeira) PT 10 022  0.5 56.6 42.8 0.1  20 414 19 236 1 179 

Romania RO 19 055 2.8 68.3 24.4 4.5 0.1  17 651 17 037 614 

San Marino SM 34   51.9 48.1   21 209 20 441 768 

Serbia (incl. Kosovo) RS 8 350  61.4 28.9 9.5 0.2  17 986 17 685 301 

Slovakia SK 5 429  30.1 65.2 4.7 0.0  19 096 19 197 -101 

Slovenia SI 2 117  0.8 57.4 38.8 3.0 0.0 20 722 20 604 118 

Spain (excl. Canarias) ES 45 872  4.3 18.8 63.6 13.3 0.0 22 106 21 255 852 

Sweden SE 10 522  78.4 21.6 0.0   17 503 17 704 -201 

Switzerland CH 8 815   83.8 14.8 1.3 0.1 20 688 20 213 475 

Türkiye TR 85 280 55.0 24.3 13.6 6.4 0.7 0.0 14 631 17 563 -2 932 

Total 560 167 

8.8 15.2 
53.8 19.2 

2.8 0.2 
19 095 19 033 62 

24 22.2 

EU-27 
443 198 

0.9 12.2 
61.8 21.6 

3.3 0.2 
19 892 19 300 592 

13.1 25.0 

Northern Europe 34 055  64.2 35.8 0.0   17 739 17 336 404 

Western Europe  86 334  8.7 86.1 5.1 0.1 0.0 19 229 18 504 725 

Central Europe 165 805  6.1 87.1 6.5 0.2 0.0 19 459 18 780 679 

Southern Europe 142 589 0.0 2.2 32.5 55.5 9.2 0.5 21 688 21 222 466 

South-Eastern Europe 131 386 37.6 32.7 18.0 9.9 1.7 0.0 16 048 17 672 -1 624 

Kosovo XK 1 709  73.9 13.5 12.2 0.5  17 686 18 220 -534 

Serbia (excl. Kosovo) RS 6 641  58.2 32.9 8.8 0.2  18 063 17 557 506 

 
Note: The percentage value "0.0" indicates that an exposed population exists, but it is small and estimated to be less than 0.05%. Empty cells mean no population 
in exposure. 5-year mean, i.e. 5-year mean 2018-2022. Diff., i.e. difference concentrations between 2023 and 5-year mean 2018-2022.  
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Figure 3.12 shows the population frequency distribution of SOMO10 for population exposure classes 
of 500 µg/m3·d. The graph shows the highest frequencies for classes between 16 000 and  
23 000 µg/m3·d. 
 

Figure 3.12  Population exposure frequency distribution, ozone indicator SOMO10, 2023 

 
 
Figure 3.13 shows for individual countries the ozone indicator SOMO10 to which the population was 
exposed in 2023. It can be seen that the countries with the highest ozone concentrations are located 
in the southern and south-eastern parts of Europe.   
 

Figure 3.13  Ozone concentrations expressed as indicator SOMO10 to which the population per 
country was exposed in 2023 

 

Note: For each country, the box plot shows the concentration to which a percentage of the population was exposed: 50% in 
the case of the black marker, 25% and 75% in the cases of the ōƻȄΩǎ ŜŘƎŜǎΣ 2% and 98% ƛƴ ǘƘŜ ŎŀǎŜǎ ƻŦ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎΦ 
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3.4 Ozone ς AOT40 vegetation and AOT40 forests 

In the Ambient Air Quality Directive (EC, 2008) a target value (TV) and a long-term objective (LTO) for 
the protection of vegetation from high ozone concentrations accumulated during the growing season 
ƘŀǾŜ ōŜŜƴ ŘŜŦƛƴŜŘΦ ¢± ŀƴŘ [¢h ŀǊŜ ǎǇŜŎƛŦƛŜŘ ǳǎƛƴƎ άŀŎŎumulated ozone exposure over a threshold of 
пл ǇŀǊǘǎ ǇŜǊ ōƛƭƭƛƻƴέ ό!h¢плύΦ ¢Ƙƛǎ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ŀ ǎǳƳ ƻŦ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ƘƻǳǊƭȅ 
concentrations greater than 40 ppb (i.e. 80 µg/m3) and 40 ppb, using only observations between 08:00 
and 20:00 Central European Time (CET) each day, calculated over three months from 1 May to 31 July. 
The TV is 18 000 µg/m3·h (averaged over five years) and the LTO is 6 000 µg /m3·h. 
 
Note that the term άvegetationέ as used in the Ambient Air Quality Directive (EC, 2008) is not further 
defined. Nevertheless, the TV used in the directive is quite similar as the critical level used in 
the Mapping Manual (CLRTAP, 2024ύ ŦƻǊ άŀƎǊƛŎǳƭǘǳǊŀƭ ŎǊƻǇǎέ όŀƭǘƘƻǳƎƘ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴǎ ƻŦ !h¢пл ōȅ the 
EU and the CLRTAP are slightly different), so the term vegetation in the Air Quality Directive has been 
interpreted as primarily agricultural crops. Therefore, the exposure of agricultural crops has been 
evaluated here based on the AOT40 for vegetation as defined in the Air Quality Directive and the 
agricultural areas, defined as the CORINE Land Cover level-1 class 2 Agricultural areas (encompassing 
the level-2 classes 2.1 Arable land, 2.2 Permanent crops, 2.3 Pastures and 2.4 Heterogeneous 
agricultural areas), see Annex 2 Section A2.3. Note that in addition to these agricultural areas there 
ŀǊŜ ǎŜǾŜǊŀƭ ƻǘƘŜǊ /[/ ŎƭŀǎǎŜǎ ǘƘŀǘ ŎƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ άǾŜƎŜǘŀǘƛƻƴέΣ ƴŀƳŜƭȅ ƭŜǾŜƭ-2 classes 1.4 
Artificial, non-agricultural vegetated areas (encompassing the level-3 classes 1.4.1 Green urban areas 
and 1.4.2 Sport and leisure facilities), 3.1 Forests (see below) and 3.2 Scrub and/or herbaceous 
vegetation associations. These other CLC classes have not been considered (apart from forests, see 
below). 
 
Next to the AOT40 for vegetation protection, the Ambient Air Quality Directive (EC, 2008) defines also 
the AOT40 for forest protection, which is calculated similarly as the AOT40 for vegetation, but is 
summed over six months from 1 April to 30 September. For AOT40 for forests there is no TV defined 
in the Air Quality Directive. However, there is a critical level (CL) established by the CLRTAP, see CLRTAP 
(2024). This critical level is set at 10 000 µg/m3·h. Although CLRTAP (2024) calculates the AOT40 
indicators somewhat differently (e.g. it uses the ozone concentration corrected at canopy height), this 
CL level is further used for the AOT40 for forests calculated according to the EC (2008). 

For the exposure of forests evaluation, the CLC level-2 class 3.1 Forests has been used. 
 
The ecosystem based accumulative ozone indicators described in this section are specifically prepared 
for calculation of the EEA indicator on ecosystem exposure to ozone (EEA, 2025b). For the estimation 
of the vegetation and forested area exposure to accumulated ozone, the maps in this section are 
created on a grid of 2 km resolution. The exposure frequency distribution outcomes are based on the 
overlay with the 100 m grid resolution of the CLC2018 land cover classes.  

3.4.1 Concentration maps 

The interpolated maps of AOT40 for vegetation and AOT40 for forests are applicable for rural areas 
only. Map 3.7 presents the final map of AOT40 for vegetation in 2023. Note that in the Ambient Air 
Quality Directive (EC, 2008) the TV is actually defined as 18 000 µg/m3·h averaged over 5 years. Here 
both 2023 data and 5-year mean (2019-2023) are presented (5-year mean for AOT40 for vegetation is 
presented for the first time in this report). Data for the current calendar year (i.e. 2023) are evaluated 
against what it is called the target value threshold, an AOT40 of 18 000 µg/m3·h for just one year. 
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Map 3.7 Concentration map of ozone indicator AOT40 for vegetation, rural map, 2023 (left) and 
5-year mean 2019-2023 (right) 

 
 
The areas in the map with AOT40 for vegetation in 2023 above the TV threshold of 18 000 µg/m3·h are 
marked in red and dark red. The areas below the long-term objective (LTO) are marked in green. AOT40 
levels above the TV threshold for vegetation occur specifically in southern and south-eastern of Europe 
(Italy, parts of Spain, France and parts of the Balkan countries and Türkiye) and also in central Europe 
(parts of Switzerland, Germany, Austria, Slovenia, Czechia, Slovakia, Poland and Hungary). The highest 
levels (dark red) were estimated, similarly to previous years, in the north of Italy, in the south-west of 
Türkiye and in Cyprus. Based on the 5-year mean of AOT40 for vegetation, the situation is quite similar 
in terms of the spatial distribution of AOT40 values, a bit worse in Türkiye and the Balkans. The relative 
mean uncertainty of the 2023 map of the AOT40 for vegetation is about 36% (Annex 3, Section A3.3). 
 
Map 3.8 presents the final map of AOT40 for forests in 2023. The areas in the map with concentrations 
below the critical level (CL) defined by CLRTAP (2024) are marked in green. One can see large forested 
areas exceeding this level in most of Europe, with the exception of parts of some northern countries 
and Ireland. The highest values of the AOT40 for forests in 2023 were found mainly in southern Europe 
(Spain, south of France, parts of the Balkan states, the Po Valley and Cyprus) and Türkiye. The relative 
mean uncertainty of the 2023 map of the AOT40 for forests is about 30% (Annex 3, Section A3.3).  
 
In order to provide more complete information of the air quality across Europe, the AOT40 maps 
including the AOT40 values based on the actual rural background measurement data at stations are 
presented in Maps A4.8 and A4.9 of Annex 4. 
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Map 3.8 Concentration map of ozone indicator AOT40 for forests, rural map, 2023 

 
 
Map 3.9 presents the difference between 2023 and the 5-year mean 2018-2022 for AOT40 for 
vegetation and for AOT40 for forests. Orange to red areas show an increase of AOT40 in 2023, while 
blue areas show a decrease. 
 

Map 3.9 Difference concentrations between 2023 and the 5-year mean 2018-2022 for ozone 
indicators, AOT40 for vegetation (left) and AOT40 for forests (right) 

 




































































































































































