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Summary 

European air quality concentrations maps have been prepared for the year 2019. The maps are based 
primarily on air quality data as reported under the 2008 Ambient air quality directive by EEA member 
and cooperating countries and voluntary reporting countries (EC, 2008). The countries considered for 
mapping include the most of Europe, apart from its eastern part. Concentration maps have been 
produced to assess the situation with respect to the most stringent air quality limit values and the 
indicators most relevant for the assessment of impacts on human health and vegetation. 

Methodology 

The mapping method follows the methodology developed earlier (Horálek et al, 2021, and references 
cited therein); it combines the monitoring data with the results from a chemical transport model and 
other supplementary data (such as land cover, meteorological and satellite data). The method 
όΨwŜƎǊŜǎǎƛƻƴ ς Interpolation ς aŜǊƎƛƴƎ aŀǇǇƛƴƎΩύ ƛǎ ōŀǎŜŘ ƻƴ ŀ ƭƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻƴ ƳƻŘŜƭ ŦƻƭƭƻǿŜŘ ōȅ 
kriging of the residuals produced from that model (residual kriging). Next to this, maps of Phytotoxic 
Ozone Dose (POD) indicators have been presented since 2018, based on methodology described in 
CLRTAP (2017a) according to Emberson et al. (2000). These maps are prepared based on hourly 
ozone rural maps, hourly meteorological data and soil hydraulic properties data. 

Population exposure 

Concentrations of particulate matter continued to exceed the EU and WHO standards in large parts 
of Europe. 6 % of the considered European population is exposed to levels above the EU PM10 limit 
value of 40 µg·m-3; 39 % of the considered European population is exposed to levels above the 2005 
WHO PM10 Air Quality Guideline (AQG) level of 20 µg·m-3(WHO, 2005)(1). Table 2.2 shows that 16 % 
of the population is exposed to PM10 concentrations above the daily limit value in more than 35 days 
per year. Figure ES.1 shows that the countries with the highest values of annual averages PM10 are 
located in the central and south-eastern parts of Europe.  

Figure ES.1: PM10 annual mean concentrations to which the population per country was exposed in 
2019. The 2005 WHO AQG level (20 µg·m-3) is marked by the green line, the EU annual 
limit value (40 µg·m-3) 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 % is 
ǎƘƻǿƴ ōȅ ǘƘŜ ōƭŀŎƪ ƳŀǊƪŜǊΣ нр ҈ ŀƴŘ тр ҈ ōȅ ǘƘŜ ōƻȄΩǎ ŜŘƎŜǎΣ н ҈ ŀƴŘ фу ҈ ōȅ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎ. 

 
(1) After the drafting of this report, WHO introduced its new Air Quality Guidelines (WHO, 2021). Throughout the report, the 
old 2005 WHO AQG levels are kept. 
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1.2 % of the considered European population (excluding Turkey in the case of PM2.5) is exposed to 
levels above the EU PM2.5 limit value of 25 µg·m-3; 64 % of the considered European population is 
exposed to levels above the 2005 WHO PM2.5 AQG level of 10 µg·m-3, see Table 3.1. The 
concentrations of PM2.5 and PM10 are often highly correlated, with the highest PM2.5 exposures found 
in the central and south-eastern parts of Europe similarly as in the case of PM10, see Figure ES.2. 

Figure ES.2: PM2.5 annual mean concentrations to which the population per country was exposed in 
2019. The 2005 WHO AQG level (10 µg·m-3) is marked by the green line, the EU annual 
limit value (25 µg·m-3) 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 % is 
ǎƘƻǿƴ ōȅ ǘƘŜ ōƭŀŎƪ ƳŀǊƪŜǊΣ нр ҈ ŀƴŘ тр ҈ ōȅ ǘƘŜ ōƻȄΩǎ ŜŘƎŜǎΣ н ҈ ŀƴŘ фу ҈ ōȅ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎ. 

 

The NO2 annual mean concentration map shows a different spatial distribution than the PM maps. 
Table 5.1 indicates that in 12 countries a limited fraction of the considered European population (3 % 
in total) is exposed to concentrations above the EU annual limit value of 40 µg·m-3 (which is the same 
as the 2005 WHO AQG level). Figure ES.3 shows that in all countries, the majority of population lived 
well below the limit value in 2019, according to the presented assessment.  
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Figure ES.3: NO2 annual mean concentrations to which the population per country was exposed in 
2019. The EU annual limit value and 2005 WHO AQG level (40 µg·m-3 in both cases) are 
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 % is 
ǎƘƻǿƴ ōȅ ǘƘŜ ōƭŀŎƪ ƳŀǊƪŜǊΣ нр ҈ ŀƴŘ тр ҈ ōȅ ǘƘŜ ōƻȄΩǎ ŜŘƎŜǎΣ н ҈ ŀƴŘ фу ҈ ōȅ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎ. 

High exposures are observed in the larger urban areas (e.g. Milan, Naples, Rome, Turin, Paris, 
Barcelona, Madrid, London, Athens, Bucharest, Ankara, and Istanbul). 

Exposure to ozone concentrations above the EU target value (TV) threshold (a maximum daily 8-hour 
average value of 120 µg·m-3 not to be exceeded on more than 25 days per year) occurs in 2019 in a 
large area of Europe, namely in most of Austria, Germany, Italy, Switzerland and Turkey, and in parts 
of Spain, France, west Balkan countries, Greece and Czechia. 22 % of the considered European 
population live in areas where the ozone TV is exceeded (Table 4.1). Figure ES.4 shows that the 
countries with the highest values of SOMO35 are located in the southern parts of Europe. 

Figure ES.4: Ozone concentrations (expressed as the indicator SOMO35) to which the population per 
country was exposed in 2019 

 

Note: For each country, the box plot shows the concentration to which a percentage of the population was exposed: 50 % is 
ǎƘƻǿƴ ōȅ ǘƘŜ ōƭŀŎƪ ƳŀǊƪŜǊΣ нр ҈ ŀƴŘ тр ҈ ōȅ ǘƘŜ ōƻȄΩǎ ŜŘƎŜǎΣ н ҈ ŀƴŘ фу ҈ ōȅ ǘƘŜ ǿƘƛǎƪŜǊǎΩ ŜŘƎŜǎ. 
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Accumulated risks  

Although the spatial distributions of PM, NO2 and ozone concentrations differ widely, the possibility 
of an accumulation of risk resulting from high exposures to all three pollutants cannot be excluded. 
The maps for the three most frequently exceeded EU standards (PM10 daily limit value, O3 target 
value and NO2 annual limit value) have been combined, see Map ES.1. 

The combined population exposure shows the following results: out of the total population of 623 
million in the mapping area, 6.9 % (43.0 million) people live in areas where two or three of these air 
quality standards are exceeded; and 0.3 % (2.2 million) people live in areas where all three standards 
are exceeded. The worst situation is observed in Italy (in particular the Po valley), where 2.5 % of the 
population live in areas where all three standards are exceeded; this is followed by Turkey, where it 
is also the case for 0.8 % of the population. 

Map ES.1: Exceedance of Health-Related Air Quality Standards, 2019 

 

Vegetation exposure  

Standards for the protection of vegetation have been set, among others, for NOx and ozone. In a 
limited number of cases, the NOx critical level has been exceeded, though this is relevant only if there 
is vegetation in those areas. A larger impact on vegetation can be expected from the direct exposure 
to ozone. The target value for the protection of vegetation (AOT40) is exceeded in about 37 % of the 
agricultural areas. The long-term objective is exceeded in 86 % of the agricultural areas. The critical 
level for the protection of forests (AOT40) is exceeded in about 85 % of the forested areas. 

Critical levels of Phytotoxic Ozone Dose (POD) for wheat (both for grain yield and protein yield of 
wheat) has been exceeded in large parts of central, western and southern Europe. In most of Europe, 
critical levels for tuber yield of potato (in terms of POD for potato) have been exceeded, with the 
highest values of POD for potato in central Europe, the Baltic States, France and parts of Italy.  

Changes over time 

Since 2005, the maps 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. While PM10 and ozone maps have been prepared for the whole period 2005-
2019, PM2.5 maps have been routinely constructed since 2010 and NO2 maps since 2014, with few 
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maps for older years available. Thus, PM2.5 maps are available for the whole period 2005-2019 apart 
from 2006, while in the case of NO2 the maps for 2006, 2008, 2011 and 2012 are missing. Throughout 
the years, some methodology changes have been applied. Apart from minor changes, a major change 
was introduced for PM10 and PM2.5 since 2017 maps, taking into account air quality in urban traffic 
areas, as was done for all the NO2 maps.  

The population-weighted concentration is calculated for the area of all countries considered in the 
report, both including and excluding Turkey, because the area of Turkey has not been mapped until 
2016. For changes in population-weighted concentrations, excluding Turkey, see Figure ES.5. For 
comparability reasons, the results based on both the old and the new PM mapping methodology 
have been included in Figure ES.5.  

The PM concentrations show a steady decrease of about 0.6 µg·m-3 per year for PM10 annual average 
and 0.4 µg·m-3 per year for PM2.5 annual average. It is estimated that the considered European 
inhabitants have been exposed on average to an annual mean PM10 concentration of 19 µg·m-3 and 
to an annual mean PM2.5 concentration of 12 µg·m-3 in 2019, being both the lowest values in the 
fifteen-year time series.  

For the ozone concentration (expressed as SOMO35) no trend is observed for the period 2005-2019, 
due to the year-to-year variability. The NO2 concentration (in terms of annual average) shows a 
decrease of about 0.5 µg·m-3 per year. 

Figure ES.5: Population-weighted concentration of PM10 (annual mean), PM2.5 (annual mean), ozone 
(SOMO35), and NO2 (annual mean) in 2005-2019. For PM10 and PM2.5, results based on 
both the old (blue dots) and the updated (red dots) mapping methodology are presented, 
where available 

    

    
 

Again, the agricultural-weighted concentration is calculated for the area of all countries considered in 
the report, both including and excluding Turkey. For changes in agricultural-weighted concentrations 
(in terms of AOT40 for vegetation), excluding Turkey, see Figure ES.6. No trend is observed for 
the agricultural-weighted concentration over the period 2005-2019, in terms of AOT40 for 
vegetation. 
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Figure ES.6 : Agricultural-weighted concentration of ozone indicator AOT40 for vegetation in 2005-
2019 
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1 Introduction 

This report provides an update of European air quality concentration maps, population exposure and 
vegetation exposure estimates for 2019. It builds on the previous reports (Horálek et al., 2021, and 
references cited therein). The analysis is based on interpolation of annual statistics of validated 
monitoring data from 2019, reported by the EEA member and cooperating countries (and the 
voluntary reporting country of Andorra) in 2020. The paper presents mapping results and includes 
an uncertainty analysis of the interpolated maps, adopting the latest methodological developments, 
see Horálek et al. (2021) and references cited therein. The mapping area covers all of Europe apart 
from Belarus, Moldova, Ukraine and the European parts of Russia and Kazakhstan. Turkey (including 
both European and Asian areas) is included in the mapping area for all pollutants except PM2.5, due 
to the lack of rural stations in Turkey for PM2.5 in 2019 reported data to the AQ e-reporting database 
(EEA, 2021a).  

In this report PM10, PM2.5, ozone, NO2 and NOx are considered for 2019, 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. Another potentially relevant pollutant, 
benzo[a]pyrene (BaP), is not presented, as the station coverage is not dense enough for enabling the 
regular mapping. The current status of mapping the BaP concentrations in Europe was discussed by 
Horálek et al. (2017a).  

The mapping is primarily based on air quality measurements. It combines monitoring data, chemical 
transport model results and other supplementary data (such as altitude and meteorology). The 
method is a linear regression model followed by kriging of the residuals produced from that model 
όΨǊŜǎƛŘǳŀƭ ƪǊƛƎƛƴƎΩύΦ Lǘ ǎƘƻuld be noted that this methodology does not allow for formal compliance 
checking with the limit or target values as set by the Ambient air quality directive (EC, 2008). 

The maps of health-related indicators of ozone are created for the rural and urban (including 
suburban) background areas separately on a grid at 10x10 km2 resolution. Subsequently, the rural 
and urban background maps are merged into one final combined air quality indicator map using a 
1x1 km2 population density grid, following a weighting criterion applied per grid cell. This fine 
resolution takes into account the smaller settlements in Europe that are not resolved at the 10x10 
km2 grid resolution. The maps of health-related indicators of PM10, PM2.5, and NO2 (not ozone) are 
constructed by the improved mapping methodology developed in Horálek et al. (2017b, 2018, 2019): 
together with the rural and urban background map layers, the urban traffic map layer is constructed 
and incorporated into the final merged map using the road data. All individual map layers are created 
at 1x1 km2 resolution and land cover and road data are included in the mapping process as 
supplementary data.  

The maps of ozone and NOx vegetation-related indicators are constructed at a grid resolution of 2x2 
km2 and applicable for rural areas only. They are based on rural background measurements; in the 
ŎŀǎŜ ƻŦ ƻȊƻƴŜΣ ǘƘŜȅ ǎŜǊǾŜ ŀǎ ƛƴǇǳǘ ǘƻ ǘƘŜ 99!Ωǎ ŎƻǊŜ ǎŜǘ ƛƴŘƛŎŀǘƻǊ /{Lллр ό99!Σ нлнмōύΦ  

Among the ozone vegetation-related indicators, maps of Phytotoxic Ozone Dose (POD6) indicators 
are also presented, following the conclusions of Colette et al. (2018). POD is the ozone flux through 
the stomata of leaves above a specific threshold accumulated during a specified time; it is calculated 
based on methodology described in CLRTAP (2017a) according to Emberson et al. (2000) based on 
Jarvis (1976).  

Maps of the POD were presented for the first time in Horálek et al. (2021). This indicator takes into 
account the plant physiology, not only the ozone concentrations in the ambient air (as in the AOT40 
indicators), and reflects the ozone actually absorbed by the vegetation. It is widely acknowledged 
that the impact of ozone on vegetation is more closely related to the ozone flux absorbed through 
the stomata than to the exposure to ozone in the atmosphere (Musselman and Massman, 1998; 
Nussbaum et al., 2003). The POD annual maps are calculated based on hourly ozone rural maps 
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(created similarly to the annual ozone maps), hourly meteorological data and the soil hydraulic 
properties data. In the report, the maps of POD for representative species of crops in Europe (i.e., 
wheat, potato and tomato), in agreement with CLRTAP (2017a), are presented.  

Next to the annual indicator maps, tables on the population exposure to PM10, PM2.5, O3, and NO2, 
and the exposure of vegetation to ozone in terms of AOT40 indicators are presented. Tables of 
population exposure are prepared using the population density map of 1x1 km2 grid 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 with a 2x2 km2 grid resolution based on the Corine Land Cover 2018 dataset (EU, 2020).  

Chapters 2, 3, 4 and 5 present the concentration maps and exposure estimates for PM10, PM2.5, 
ozone and NO2, respectively. Chapter 5 presents only the concentration map for NOx; exceedances of 
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 
summarizes the trends in exposure estimates in the period 2005-2019.  

Annex 1 describes briefly the different methodological aspects. Annex 2 documents the input data 
applied in the 2019 mapping and exposure analysis. Annex 3 presents the technical details of the 
maps and their uncertainty analysis including the cross-validation results. Annex 4 shows 
concentration change in 2019 in comparison to the five-year average 2014-2018. Annex 5 presents 
the concentration maps including concentration values measured at the stations, in order to provide 
more complete information of the air quality in 2019 across Europe. 
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2 PM10 

The Ambient Air Quality Directive (EC, 2008) sets limit values for long-term and for short-term PM10 
concentrations. The long-term annual PM10 limit value is set at 40 µg·m-3. The Air Quality Guideline 
level recommended by the World Health Organization in 2005 (WHO, 2005) for the PM10 annual 
average is 20 ˃ ƎϊƳ-3. The short-term limit value indicates that the daily average PM10 concentration 
should not exceed 50 µg·m-3 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 air 
quality PM limit value in Europe. The Air Quality Guideline level recommended by the World Health 
Organization in 2005 (WHO, 2005) for the short-term limit value indicates that the 99 percentile of 
the daily average PM10 concentrations should not exceed 50 µg·m-3 (meaning, three days of 
exceedance are allowed). 

This chapter presents the 2019 updates of two PM10 indicators: the annual average and the 90.4 
percentile of the daily averages. The latter is a more relevant indicator in the context of the Ambient 
Air Quality Directive (EC, 2008) than the formerly used 36th highest daily mean (Horálek et al., 
2016b).  

The maps of PM10 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 1x1 km2 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 map using a population density grid at 1x1 km2 resolution. For both PM10 indicators, this final 
combined map in this 1x1 km2 grid resolution is presented.  

The population exposure tables are calculated based on these 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. 

2.1 PM10 annual average 

2.1.1 Concentration map 

Map 2.1 presents the final combined concentration map for the 2019 PM10 annual average as the 
result of interpolation and merging of the separate map layers as described in Annex 1, Section A1.1 
(for a more detailed description, see Horálek et al., 2007, 2019). Red and purple areas indicate 
exceedances of the limit value (LV) of 40 µg·m-3. 

The final combined concentration map presented in Map 2.1 is constructed on a 1x1 km2 grid 
resolution (Annex 1, Section A1.1). 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. In Map A5.1 of Annex 5 these point values are presented on top of Map 2.1 and 
illustrate the smoothing effect the interpolation methodology can have on the gridded concentration 
fields. 

Map 2.1 shows annual LV exceedances in southern Spain near Almeria, in urban areas of southern 
and south-eastern Europe states (Bosnia and Herzegovina, Bulgaria, Greece, North Macedonia, and 
Serbia), in parts of Turkey and in southern Poland in the region around Katowice. The spatial extent 
of the exceedance area near Almeria has increased in 2019 compared to five-year average 2014-2018 
(Map A4.1). Concerning the estimated exceedances in the Almeria area, it should be noted that they 
are primarily based on high concentration values indicated in this area by the chemical transport 
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modelling, and not on measurements (which are not available in this area with the minimum data 
coverage required to be taken into account). 

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) of the final combined 
map of PM10 annual average is 20 % for rural areas and 28 % for urban background areas including 
Turkish stations (i.e., quite similar to the last years), and respectively 18 % for rural areas and 20 % 
for urban background areas without Turkish stations (Annex 3, Section A3.1). The main reason for 
presenting the results without Turkish stations is to enable the comparison with previous years.  

Be it noted that the final combined map in 1x1 km2 resolution is representative for rural and urban 
background areas, but not for urban traffic areas (which are smoothed in this spatial resolution). 

Map 2.1: Concentration map of PM10 annual average, 2019 

 

2.1.2 Population exposure 

Table 2.1 and Figure 2.1 give the population frequency distribution for a limited number of exposure 
classes. Table 2.1 also presents the population-weighted concentration for individual countries, for 
EU-28 and for the total mapping area according to Equation A1.7. 

About 39 % of the considered European population(2), including Turkey(3), has been exposed to 
annual average concentrations above the 2005 Air Quality Guideline level ƻŦ нл ˃ƎϊƳ-3 recommended 
by the World Health Organization (WHO, 2005). The same is true for 33 % for the considered 
European population excluding Turkey and for 32 % of the EU-28 population.  

 

 
(2) We consider Europe apart from Belarus, Moldova, Ukraine and the European parts of Russia and Kazakhstan, due to the 
lack of the measurement air quality data for these countries. 

(3) The whole Turkish population, both European and Asian. 
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Table 2.1: Population exposure and population-weighted concentration, PM10 annual average, 2019 

Country ISO 
Population 

[inhbs·1000] 

PM10 ς annual average, exposed population, 2019 [%] PM10 ann. avg. 

< 10 10 - 20 20 - 30 30 - 40 40 - 50 > 50 Pop. weighted 

Albania AL 2 797 0.0 9.1 59.7 30.6 0.6  27.2 

Andorra AD 84 0.3 21.4 78.3    23.1 

Austria AT 8 381 5.7 86.1 8.3    16.1 

Belgium BE 10 944 0.0 72.6 27.4    18.5 

Bosnia and Herzegovina BA 3 802 0.0 18.4 38.4 25.4 10.8 7.0 29.8 

Bulgaria BG 7 363 0.0 13.3 56.7 24.0 5.9  27.2 

Croatia HR 4 288 0.1 39.8 57.7 2.4   21.1 

Cyprus CY 1 018  14.0 77.5 4.4 4.2  26.3 

Czechia CZ 10 423 0.1 64.3 34.9 0.7   19.3 

Denmark (incl. Faroe Islands) DK 5 577 0.2 97.5 2.3    16.2 

Estonia EE 1 291 35.0 65.0 0.0    11.1 

Finland FI 5 339 60.6 39.4 0.0    9.2 

France (metropolitan) FR 62 744 1.5 88.5 9.8 0.2   16.1 

Germany DE 80 174 0.7 97.4 1.9    15.3 

Greece GR 10 634 0.0 19.9 55.5 23.0 1.6 0.0 25.3 

Hungary HU 9 937  23.7 75.6 0.7   21.9 

Iceland IS 318 72.7 27.3     8.9 

Ireland IE 4 574 15.9 84.1 0.0    12.4 

Italy IT 59 409 0.5 24.1 65.3 10.1   23.3 

Latvia LV 2 080 1.3 65.5 32.1 1.1   17.6 

Liechtenstein LI 34 7.5 92.5     12.0 

Lithuania LT 3 028  50.5 47.9 1.6   19.4 

Luxembourg LU 511 0.0 100.0     14.9 

Malta MT 417  0.2 89.6 10.2   27.9 

Monaco MC 33   100.0    22.2 

Montenegro ME 620 0.1 18.6 57.6 23.7   24.7 

Netherlands NL 16 600  96.6 3.4    18.1 

North Macedonia MK 2 061  3.0 60.1 13.3 21.0 2.6 31.3 

Norway NO 4 906 48.7 51.3 0.0    10.0 

Poland PL 38 494 0.0 16.2 65.5 17.3 1.0  25.1 

Portugal (excl. Azores, Madeira) PT 10 047 1.6 81.6 16.7 0.0 0.0  17.3 

Romania RO 20 138 0.1 37.2 56.1 6.7   22.2 

San Marino SM 32  12.3 87.7    21.9 

Serbia (incl. Kosovo*) RS 8 896 0.0 5.7 42.3 51.0 0.3 0.7 29.3 

Slovakia SK 5 399 0.0 53.3 46.5 0.2   20.5 

Slovenia SI 2 042 0.3 65.9 33.8    18.8 

Spain (excl. Canarias) ES 44 722 1.1 59.5 36.9 1.5 0.7 0.2 19.3 

Sweden SE 9 539 43.3 56.1 0.6    10.9 

Switzerland CH 7 893 9.7 89.6 0.7    13.2 

Turkey TR 71 920 0.9 13.8 14.3 24.8 28.1 18.1 37.3 

United Kingdom (& Crown dep.) UK 63 415 2.5 95.0 2.5    15.0 

Total 601 926 
 

2.9 57.9 
26.0 7.3 

3.7 2.2 
21.0 

60.7 6.0 

Total without Turkey 530 007 
3.1 63.9 

27.6 4.9 
0.4 0.1 

18.7 
67.0 0.5 

EU-28 498 253 
2.6 65.6 

27.6 3.9 
0.3 0.0 

18.5 
68.2 0.3 

         

Kosovo* KS 1 748 0.0 6.2 56.4 37.4 0.0  27.7 

Serbia (excl. Kosovo*) RS 7 148 0.0 5.6 38.8 54.3 0.4 0.9 29.7 

 

(*) under the UN Security Council Resolution 1244/99 

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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Approximately 6 % of population of the considered European area (including Turkey) has been 
exposed to ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŜȄŎŜŜŘƛƴƎ ǘƘŜ 9¦ ŀƴƴǳŀƭ ƭƛƳƛǘ ǾŀƭǳŜ ό![±ύ ƻŦ пл ˃ƎϊƳ-3; the same is the 
case for 0.5 % for the considered European population excluding Turkey and for less than 0.5 % of 
the EU-28 population. More than 45 % of the population has been exposed to concentrations above 
the ALV in Turkey, almost 24 % and 18 % of the population has been exposed to concentrations 
above the ALV in North Macedonia and Bosnia and Herzegovina, respectively. A limited fraction of 
the population (< 0.05-6 %) has been exposed to concentrations above the ALV in Albania, Bulgaria, 
Cyprus, Greece, Poland, Portugal, Serbia and Spain. However, as the current mapping methodology 
tends to underestimate high values (see Annex 3, Section A3.1), the exceedance percentage will most 
likely be underestimated. Additional population exposure above the ALV could therefore be expected 
in countries like Albania, Bosnia and Herzegovina, Bulgaria, Greece, Montenegro, Serbia and Turkey 
where a relatively large fraction (ca 20-50 %) of the population lives in areas with concentration 
levels above 30 µg·m-3. 

The population-weighted concentration of the annual average for 2019 for the considered European 
population is estimated to be about 21 µg·m-3 including Turkey and about 19 µg·m-3 both for the 
considered European population without Turkey and for EU-28 only. The value for EU-28 and 
considered European population without Turkey decreased by about 2 µg·m-3 compared to the 
previous five-year mean (for more details, see Annex 4, Section A4.1). 

Figure 2.1: Percentage of the population (%) exposed of PM10 annual average (µg·m-3), 2019 

 

(* ) under the UN Security Council Resolution 1244/99. 

 

Figure 2.2 shows, for the whole mapped area (that is, all considered Europe including Turkey), the 
population frequency distribution for exposure classes of 1 µg·m-3. One can see the highest 
population frequency for classes between 15 and 19 µg·m-3. A quite continuous decline of population 
frequency is visible for classes between 20 and 35 µg·m-3 and beyond 40 µg·m-3. 
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Figure 2.2: Population frequency distribution, PM10 annual average, 2019. The 2005 WHO AQG level 
(20 µg·m-3) is marked by the green line, the EU annual limit value (40 µg·m-3) is marked by 
the red line 

 

Note: Apart from the population distribution shown in graph, it was estimated that 0.03 % of population lived in areas with 
PM10 annual average concentration in between 80 and 175 µg·m-3. 

2.2 PM10 ς 90.4 percentile of daily means 

The Air Quality Directive (EC, 2008) describes the PM10 Řŀƛƭȅ ƭƛƳƛǘ ǾŀƭǳŜ ό5[±ύ ŀǎ άa daily average of 
50 µg·m-3 ƴƻǘ ǘƻ ōŜ ŜȄŎŜŜŘŜŘ ƳƻǊŜ ǘƘŀƴ ор ǘƛƳŜǎ ŀ ŎŀƭŜƴŘŀǊ ȅŜŀǊέΦ ¢Ƙƛǎ ǊŜǉǳƛǊŜƳŜƴǘ Ŏŀƴ ōŜ 
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, the PM10 daily means are 
expressed as the 90.4 percentile instead of the formerly used 36th highest daily mean. 

2.2.1 Concentration map 

Map 2.2 presents the final combined map, where red and purple marked areas indicate values of the 
90.4 percentile of daily means above 50 µg·m-3 (i.e., exceedances of the DLV of 50 µg·m-3 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 above 
the DLV are observed in northern Italy (i.e., the Po Valley), in the region with the agglomerations 
Ostrava (Czechia) ς Katowice (Poland) ς Krakow (Poland) and in eastern parts of Turkey. Urban areas 
with concentrations above the DLV are observed in Albania, Andorra, Bosnia and Herzegovina, 
Bulgaria, Croatia, Cyprus, Czechia, France, Greece, Hungary, Italy, Malta, Montenegro, North 
Macedonia, Poland, Portugal, Romania, Serbia, Slovakia, Slovenia, Spain and Turkey. 
In general, the central and the south-eastern parts of Europe appear with higher concentrations than 
the western and the northern parts. Similarly to the PM10 annual averages, the estimated 
exceedances in the Almeria area are based on the chemical transport modelling, not on 
measurements. 
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Map 2.2: Concentration map of PM10 indicator 90.4 percentile of daily means, 2019 

 

The relative mean uncertainty (relative RMSE) of the final combined map of the 90.4 percentile of 
PM10 daily means is 23 % for rural areas and 32 % for urban background areas including Turkish 
stations. The mean uncertainty for the map without Turkey is 20 % for rural areas and 21 % for urban 
background areas (Annex 3, Section A3.1).  

For the comparison with five-year average 2014-2018 values, see Annex 4, Section A4.1. The final 
combined map including the indicator 90.4 percentile of daily means based on the actual 
measurement data at stations is presented in Map A5.2 of Annex 5. 

2.2.2 Population exposure 

Table 2.2 and Figure 2.3 give the population frequency distribution for a limited number of exposure 
classes calculated at 1x1 km2 grid resolution. Table 2.2 also presents the population-weighted 
concentration for individual countries, for EU-28 and for the total mapping area.  

In 2019 about 16 % of the considered European population including Turkey, 8 % of the considered 
European population excluding Turkey and 6 % of the EU-28 population are estimated to live in areas 
where the 90.4 percentile of the PM10 daily means exceeded the EU limit value of 50 µg·m-3. In 
Albania, Bosnia and Herzegovina, Kosovo, Montenegro, North Macedonia, Serbia (both including and 
excluding Kosovo) and Turkey, more than half of the population (ca >50-74 %) was exposed to 
concentrations exceeding the DLV. In Bulgaria, Greece, Italy, Malta and Poland the portion of the 
population living in areas with concentrations above the DLV was between 10 % and 50 %. Less than 
10 % (ca. <0.05-8 %) of the population living in areas with concentrations above the DLV was 
estimated in Andorra, Croatia, Cyprus, Czechia, France, Hungary, Portugal, Romania, Slovakia, 
Slovenia and Spain. 

The European-wide population-weighted concentration of the 90.4 percentile of PM10 daily means is 
estimated for 2019 at about 37 µg·m-3 for the total mapped area (including Turkey), 33 µg·m-3 
(without Turkey), and 32 µg·m-3 for the EU-28. The value for both EU-28 and the considered 
European population without Turkey decreased by about 4 µg·m-3 compared to the previous five-
year mean (for more details, see Annex 4, Section A4.1). 
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Table 2.2: Population exposure and population-weighted concentrations, PM10 indicator 90.4 
percentile of daily means, 2019 

Country ISO 
Population 

[inhbs·1000] 

PM10 - perc90.4, exposed population, 2019 [%] PM10 - perc90.4 

< 20 20 ς 30 30 - 40 40 - 50 50 - 75 > 75 Pop. Weighted 

Albania AL 2 797 0.0 3.3 14.3 31.9 49.3 1.2 50.4 

Andorra AD 84 0.3 9.6 13.4 76.3 0.3   44.1 

Austria AT 8 381 11.2 44.5 41.7 2.7     28.3 

Belgium BE 10 944 0.2 14.4 85.3 0.1     33.1 

Bosnia and Herzegovina BA 3 802 0.1 6.9 13.9 16.0 42.0 21.2 59.6 

Bulgaria BG 7 363 0.2 5.8 22.3 35.7 36.0   46.8 

Croatia HR 4 288 0.4 15.4 31.7 44.5 8.1 0.0 39.8 

Cyprus CY 1 018 0.0 7.2 15.1 69.3 8.5   42.6 

Czechia CZ 10 423 0.3 23.8 60.0 13.1 2.9   34.4 

Denmark (incl. Faroe Islands) DK 5 577 0.7 90.8 8.6       28.0 

Estonia EE 1 291 54.8 40.3 4.9       20.4 

Finland FI 5 339 75.5 22.6 1.9 0.0     17.2 

France (metropolitan) FR 62 744 4.8 59.8 32.9 2.4 0.0   27.8 

Germany DE 80 174 2.0 83.1 14.8 0.1     26.9 

Greece GR 10 634 0.0 5.4 45.1 35.3 14.1 0.1 41.3 

Hungary HU 9 937 0.0 4.2 50.7 42.5 2.5   38.6 

Iceland IS 318 78.6 16.6 4.8       17.9 

Ireland IE 4 574 31.9 66.6 1.5       22.1 

Italy IT 59 409 0.8 10.9 44.2 20.4 23.7   40.9 

Latvia LV 2 080 4.4 47.1 45.9 2.6     30.2 

Liechtenstein LI 34 11.0 89.0         21.9 

Lithuania LT 3 028 0.0 33.1 61.0 6.0     32.9 

Luxembourg LU 511 0.4 91.1 8.5       26.3 

Malta MT 417   0.0 9.5 80.2 10.2   42.2 

Monaco MC 33     100.0       34.3 

Montenegro ME 620 0.7 11.9 9.3 7.4 70.7   50.2 

Netherlands NL 16 600   36.6 63.4       30.4 

North Macedonia MK 2 061 0.0 1.2 5.4 36.4 32.3 24.7 60.1 

Norway NO 4 906 50.7 46.1 3.2       19.1 

Poland PL 38 494 0.0 1.8 36.1 36.9 24.3 0.9 45.0 

Portugal (excl. Azores, Madeira) PT 10 047 5.8 58.0 35.6 0.5 0.2 0.0 28.3 

Romania RO 20 138 0.2 15.8 45.7 31.6 6.8   38.2 

San Marino SM 32   2.4 84.6 12.9     38.9 

Serbia (incl. Kosovo*) RS 8 896 0.0 3.0 8.9 17.4 69.4 1.2 55.9 

Slovakia SK 5 399 0.0 4.8 64.7 30.0 0.5   37.5 

Slovenia SI 2 042 0.9 31.6 49.1 18.4 0.1   33.6 

Spain (excl. Canarias) ES 44 722 3.0 43.0 48.4 3.6 1.8 0.2 30.9 

Sweden SE 9 539 48.5 47.8 3.2 0.5     20.8 

Switzerland CH 7 893 13.1 77.8 9.0 0.0     24.5 

Turkey TR 71 920 1.0 8.9 8.2 8.0 42.1 31.8 64.7 

United Kingdom (& Crown dep.) UK 63 415 3.9 84.2 11.8       26.5 

Total 601 926 
4.3 40.3 

29.0 10.5 
11.9 4.1 

36.6 
44.6 16.0 

Total without Turkey 530 007 
4.8 44.5 

31.8 10.8 
7.8 0.4 

32.8 
49.3 8.1 

EU-28 498 253 
4.3 45.5 

33.2 10.7 
6.2 0.1 

32.2 
49.8 6.3 

         

Kosovo* KS 1 748 0.0 3.4 9.4 12.4 74.7   56.5 

Serbia (excl. Kosovo*) RS 7 148 0.0 2.9 8.8 18.6 68.1 1.5 55.8 

 
(*) under the UN Security Council Resolution 1244/99 

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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As in previous years, the daily limit value was more widely exceeded than the annual limit value in 
2019.  

Figure 2.3: Percentage of the population (%) exposed of PM10 indicator 90.4 percentile of daily means, 
2019 

 

(* ) under the UN Security Council Resolution 1244/99. 

 

Figure 2.4 shows, for the whole mapped area, the population frequency distribution for exposure 
classes of 2 µg·m-3. One can see the highest population frequency for classes between 24 and 32 
µg·m-3, continuous decline of population frequency for classes between 22 and 34 µg·m-3 and 
continuous mild decline of population frequency for classes between 36 and 70 µg·m-3. 

Figure 2.4: Population frequency distribution, PM10 indicator 90.4 percentile of daily means, 2019. The 
EU daily limit value (50 µg·m-3) is marked by the red line 

 

Note: Apart from the population distribution shown in graph, it was estimated that 0.014 % of population lived in areas 
with values of PM10 indicator 90.4 percentile of daily means in between 160 and 250 µg·m-3. 
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Figure 2.5 shows for individual countries the PM10 daily concentrations to which the population per 
country was exposed in 2019. It can be seen that the countries with the highest values of PM10 
indicator 90.4 percentile of daily means are located in the central and south-eastern parts of Europe. 

Figure 2.5: PM10 expressed as indicator 90.4 percentile of daily means to which the population per 
country was exposed in 2019. The EU daily limit value (50 µg·m-3) 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 
edges. 
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3 PM2.5 

In the Ambient Air Quality Directive (EC, 2008), the limit value (LV) for the annual average PM2.5 
concentrations was set at 25 µg·m-3. In the Air Quality Directive there is also an indicative limit value 
(ILV) of 20 µg·m-3 defined as Stage 2, in place since 2020. The Air Quality Guideline level 
recommended by the World Health Organization in 2005 (WHO, 2005) for the PM2.5 annual average 
is 10 ˃ ƎϊƳ-3. 

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. (2011a, 
2011b). 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 9ǳǊƻpean wide map of annual mean PM2.5. 
Pseudo PM2.5 stations data are estimated using PM10 measurement data, surface solar radiation, 
latitude and longitude.  

Like for PM10, the map of PM2.5 is based on the improved mapping methodology developed in 
Horálek et al. (2019). The map layers are created for the rural, urban background and urban traffic 
areas separately on a grid at 1x1 km2 resolution. Subsequently, the urban background and urban 
traffic map layers are merged together using the gridded road data into one urban map layer. This 
urban map layer is further combined with the rural map layer into the final PM2.5 map using a 
population density grid at 1x1 km2 resolution. This final combined map is presented at this 1x1 km2 
grid resolution.  

Annex 3, Section A3.2 provides details on the regression and kriging parameters applied for deriving 
the PM2.5 annual average map, as well as the uncertainty analysis of the map. Annex 4, Section A4.3 
discusses briefly the concentration and population exposure change in 2019 in comparison to the 
five-year average 2014-2018. 

3.1 PM2.5 annual average 

3.1.1 Concentration map 

Map 3.1 presents the final combined map for the 2019 PM2.5 annual average as a result of the 
interpolation and merging of the separate rural and urban map layers as described in Annex 1, 
Section A1.1. The dark red areas show exceedances of the ALV of 25 µg·m-3. Red areas show 
exceedances of the indicative LV of 20 µg·m-3 defined as Stage 2 (ILV2020). 

Due to the lack of rural PM2.5 stations in Turkey, no proper interpolation results could be estimated 
for this country in a rural map. Therefore, the estimated PM2.5 values for Turkey are not presented in 
the final map. 

According to Map 3.1, the areas with the highest PM2.5 concentrations appear to be the Po Valley in 
northern Italy, the areas around the Balkan cities of Belgrade, Podgorica, Sarajevo, Sofia, Skopje and 
Tirana, the Krakow ς Katowice (Poland) ς Ostrava (Czechia) industrial region and the area around 
Warsaw. Different other cities in Bosnia and Herzegovina, Bulgaria, Greece, North Macedonia, Poland 
and Serbia including Kosovo also show elevated PM2.5 annual average concentrations, as well as 
some areas near Almeria in southern Spain (estimated based on the chemical transport modelling, 
not on measurements). Like in the case of PM10, the central and the south-eastern parts of Europe 
show higher concentrations than the western and the northern parts.  

The relative mean uncertainty of the 2019 map of PM2.5 annual average is 20.5 % for both rural and 
urban background areas and determined exclusively on the actual PM2.5 measurement data points, 
i.e., not on the pseudo stations (Annex 3, Section A3.2). 
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Map 3.1: Concentration map of PM2.5 annual average, 2019 

 

Similarly to the PM10, the final map in 1x1 km2 resolution is representative for the rural and the urban 
background areas, but not for the urban traffic areas (which are smoothed in the 1x1 km2 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 A5.3 of Annex 5. 

For the comparison with five-year average 2014-2018 values, see Annex 4, Section A4.2. 

3.1.2 Population exposure 

Table 3.1 and Figure 3.1 give the population frequency distribution for a limited number of exposure 
classes calculated on a grid of 1x1 km2 resolution. Table 3.1 also presents the population-weighted 
concentration for individual countries, for EU-28 and for the total mapping area.  

The population exposure has been calculated according to Equation A1.6 of Annex 1, i.e., it has been 
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. 

In 2019, 64 % of considered European (excluding Turkey) and 65 % of the EU-28 population has been 
exposed to PM2.5 annual mean concentrations above the 2005 Air Quality Guideline level ƻŦ мл ˃ƎϊƳ-3 
as defined by the World Health Organization (WHO, 2005). Since PM2.5 is one of the most relevant 
pollutants linked to health problems and premature mortality (EEA, 2019) it should be mentioned 
that more than half of the population has been exposed to PM2.5 annual mean concentrations above 
the 2005 WHO AQG level in more than two thirds of countries. The only countries, where the PM2.5 
annual mean concentrations did not exceed the 2005 WHO AQG level, were Finland, Iceland, 
Liechtenstein, and Norway. 














































































































































































