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Summary 

This report analyses evolution and trends of air quality in Europe, based on a 15-year time series of 
spatial data fusion maps for the years 2005-2019. The analysis has been performed for PM10 annual 
average, the ozone indicator SOMO35 and NO2 annual average. The mapping area covers all of 
Europe apart from its eastern part (i.e., apart from Belarus, Moldova, Ukraine and the European 
parts of Russia, Kazakhstan and Turkey). 

For the purpose of the trend analysis, a consistent reconstruction of the full 15-year time series of air 
quality maps has been performed, based on a consistent mapping methodology and input data. For 
the reconstruction, the Regression ς Interpolation ς Merging Mapping (RIMM) methodology that 
combines monitoring, modelling and other supplementary data as routinely used in the regular 
annual mapping (Horálek et al., 2022, and reports cited therein) has been applied. Consistent EMEP 
MSC-W modelling results, ECMWF meteorological data and other supplementary data have been 
used. Measurement data only from stations with a sufficient temporal coverage (i.e. 75 % of years) 
have been considered, in order to apply as consistent set of measurement data among the years as 
possible.  

In order to check the representativeness of this subset of the measurement stations, we have 
compared the maps created based on the subset with the maps created based on all stations 
available, for four years. Based on this analysis, it has been concluded that for most of the area, the 
differences in relative terms differ less than 25 %. In the case of PM10, in the areas with higher 
differences, the subset was slightly adapted, in order to improve the results. Subsequently, the final 
reconstructed consistent maps have been prepared and further used for the trend analysis. 

The trend analysis has been performed based on time series of the aggregated data for individual 
countries, for four large European regions, for EU-28(1) and for the entire mapping area, both for 
spatial and population-weighted aggregations. For detecting the trends in time series of the annual 
values, the non-parametric Mann-Kendall test has been used. For estimating the slope of a linear 
trend, the non-ǇŀǊŀƳŜǘǊƛŎ {ŜƴΩǎ ƳŜǘƘƻŘ Ƙŀǎ ōŜŜƴ ŜȄŜŎǳǘŜŘΦ 

For the European-wide PM10 annual average aggregations across the whole mapping area, 
statistically significant downward trend of -лΦп ˃ƎΦƳ-3 per year (or -2.2 % per year, in relative terms) 
for spatially averaged concentrations and of -лΦт ˃ƎΦƳ-3 per year (or -2.4 % per year) for population-
weighted averaged concentrations have been estimated. 

In the case of ozone, no significant trend was detected for the whole mapping area and for most 
countries. Although Sen´s slopes are mostly negative, the trends are not significant (according to the 
Mann-Kendall test) for most of the European countries and for the entire area. A significant decrease 
was detected for some countries of the Southern Europe. 

For the European-wide NO2 annual average aggregations across the whole mapping area, statistically 
significant downward trends of -лΦн ˃ƎΦƳ-3 per year (or -2.2 % per year, in relative terms) for spatially 
averaged concentrations and of -лΦр ˃ƎΦƳ-3 per year (or -2.0 % per year) for population-weighted 
averaged concentrations have been estimated.  

The trends calculated based on the aggregated data for the whole mapping area have been 
compared to the statistics derived exclusively from observations in Solberg et al. (2022). Those 
estimates in the rural and the urban background sites are very consistent with the mapped trends 
when comparing the whole mapping area (i.e., the spatial averaged concentrations, constituted of a 

 
(1) The report covers a 15-year period 2005-2019 ǇǊƛƻǊ ǘƻ ǘƘŜ ¦ƴƛǘŜŘ YƛƴƎŘƻƳΩǎ ǿƛǘƘŘǊŀǿŀƭ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΦ ¢ƘŜ 

ǿƛǘƘŘǊŀǿŀƭ ƻŦ ǘƘŜ ¦Y ŦǊƻƳ ǘƘŜ 9¦ ŘƛŘ ƴƻǘ ŀŦŦŜŎǘ ǘƘŜ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘƛǎ ŘƻŎǳƳŜƴǘΦ ²Ŝ ƘŀǾŜ ƪŜǇǘ ǘƘŜ ǘŜǊƳƛƴƻƭƻƎȅ ά9¦-нуέ 
to refer to the current EU-27 and the UK. Note that in the most of the 15-year period, the EU consisted of the 28 countries. 
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majority of rural areas) and the population-weighted concentrations (mainly influenced by urban 
areas), respectively, both for PM10 and NO2. For ozone, the SOMO35 trends based on observations 
were found not to be significant except at traffic sites (which are not considered here) in Solberg et 
al. (2022), i.e., similar findings as in this report were reported. 

In addition, maps of trends have been constructed based on the trend estimates for all 1x1 km2 grid 
cells of a map, following the approach applied by Denby et al. (2008, 2010). For PM10, slight downward 
trend in the major part of the European area has been detected in general, with more prominent 
downward trend in the area of Po valley in northern Italy, in the Ostrava-Katowice industrial region 
near the Czech-Polish border and in some other areas. In the case of ozone, slight decline in parts of 
Southern and Central and South-Eastern Europe has been observed, while no clear trend has been 
detected in the rest of Europe. For NO2, a slight downward trend in the major part of European area 
has been observed, with more prominent downward trend in the area of Po valley as well as in the 
areas around large European cities (London, Paris, Madrid, Napoli, Thessaloniki) and in Benelux. 
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1 Introduction 

ETC/ATNI and its predecessors have been producing reference annual European-wide air quality 
maps for the main indicators for now fifteen years, using data fusion mapping (Horálek et al., 2022, 
and reports cited therein). The mapping methodology (Regression ς Interpolation ς Merging 
Mapping, RIMM) combines monitoring data, chemical transport model (CTM) results and other 
supplementary data. In 2019, the then available 12-year time series of existing maps were used for 
trend analysis. A statistical tool to assess slope and significance of the trends was applied to existing 
PM10 (annual average), PM2.5 (annual average) and ozone (SOMO35) maps. In addition, several 
aggregation products (e.g. evolution by country, urban vs. rural, regional classification etc.) were 
proposed. However, the 2019 analysis faced limitations because of missing years, changes in 
mapping methodology, changes in EMEP model version used in the data fusion mapping and 
observation gaps in some countries. 

Because of these limitations, it was decided to perform a consistent reconstruction of the full 15-year 
time series of air quality maps from 2005 through 2019. We have performed such a reconstruction 
based on consistent mapping methodology and input data. Consistent EMEP model results, ECMWF 
meteorological data and other supplementary data have been applied. Measurement data only from 
stations with sufficient data coverage (i.e. 75 % of years) have been used, in order to apply as 
consistent set of measurement data among the years as possible.  

When preparing the reconstructed time series of the maps, we have gathered consistent input data 
over the whole period 2005-2019. In doing this, we have prepared a subset of air quality 
measurement  stations with sufficient data coverage. In order to check the representativeness of this 
subset, we have compared the maps created based on this subset with the maps created based on all 
stations available, for four years. Following this, we have produced the 15-year period time series of 
the maps, using a slightly simplified methodology compared to routine map production, in order to 
allow an automatization of the map production. The mapping area covers all of Europe apart from 
Belarus, Moldova, Ukraine and the European parts of Russia, Kazakhstan and Turkey. The area of 
Turkey was not included (although is mapped in the regular mapping for most pollutants in the last 
years), due to a lack of enough measurement data in this area for the 15-year period.  

Based on the reconstructed time series of maps, a trend analysis has been prepared for the period 
2005-2019. The trend analysis has been performed based on time series of aggregated data for 
individual countries, for four large European regions, for EU-28 and for the entire mapping area, both 
for spatial and population-weighted aggregations. In addition, maps of trends have been constructed 
based on the trend estimates for all 1x1 km2 grid cells of a map, following the approach applied by 
Denby et al. (2008, 2010). 

Maps of three pollutants, i.e. PM10 (annual average), ozone (SOMO35) and NO2 (annual average) 
have been analysed. Originally, we intended also to analyse PM2.5 (annual average), however, due to 
the lack of PM2.5 stations in the first years of the analysed period, it was not possible to easily 
prepare consistent 15-year time series of the maps for this pollutant. 

Chapter 2 describes the methodology and the input data applied, including the production of the 
consistent 15-year time series of the air quality maps. Chapters 3, 4 and 5 present the results of the 
trend analysis for PM10, ozone and NO2, including graphs and maps. Chapter 6 provides conclusions 
and recommendations. Annex 1 presents the analysis of spatial coverage of the stations for 
consistent maps. Annex 2 gives the technical details of the maps and their uncertainty analysis. 
Annex 3 shows graphs at the country level comparing the results presented in this report with results 
based on the regular maps. Annex 4 gives the numerical results of the trend analysis. 
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2 Data and methodology 

2.1 Reconstructed consistent air quality maps 

European-wide air quality maps based on spatial interpolation and data fusion of measurement, 
modelled and other supplementary data have been reconstructed for years 2005-2019, based on a 
consistent mapping methodology and input data. Section 2.1.1 describes the mapping methodology. 
Section 2.1.2 presents the methodology for uncertainty analysis of the mapping results. Section 2.1.3 
documents the input data applied in the 2005-2019 reconstructed maps. Section 2.1.4 presents the 
preparation and testing of the reconstructed consistent 15-year time series of the maps. 

2.1.1 Mapping methodology 

The mapping methodology used is the Regression ς Interpolation ς Merging Mapping (RIMM) as 
routinely used in the spatial mapping under the ETC/ATNI (Horálek et. al., 2022); it consists of a linear 
regression model followed by kriging of the residuals from that regression model (residual kriging): 

ὤί  ὧ ὥὢ ί ὥὢ ί Ễ ὥὢ ί –Ƕί    (2.1) 

where ὤί  is the estimated concentration at a point so, 

 :Ó ὢ ί  is the chemical transport model (CTM) data at point so,  
 X2(s0ύΣΧΣ ·n(s0)  are n-1 other supplementary variables at point so, 
 c, a1, a2ΣΣΧΣ ŀn  are the n+1 parameters of the linear regression model calculated based on 

the data at the points of measurement, 
 –Ƕί  is the spatial interpolation of the residuals of the linear regression model at 

point so, based on the residuals at the points of measurement. 

For different pollutants and area types (rural, urban background, and for PM10 and NO2 also urban 
traffic), different supplementary data are used. The spatial interpolation of the regression residuals is 
carried out using ordinary kriging, according to  

–Ƕί В ‗–ί   with В ‗ ρ,     (2.2) 

where –Ƕί  is the interpolated value at a point so,  
 N is the number of the measurement points used in the interpolation, which is 

ŦƛȄŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ǾŀǊƛƻƎǊŀƳΤ ƛƴ ŀƴȅ ŎŀǎŜΣ нл Җ b Җ рл,  
 (́si)  is the residual of the linear regression model at the measurement point si,  
 1˂ΣΧΣ N˂ are the estimated weights based on the variogram, see Cressie (1993). 

For PM10, prior to linear regression and interpolation, a logarithmic transformation to measurements 
and CTM modelled concentrations is executed. After interpolation, a back-transformation is applied. 

Separate map layers are created for rural and urban background areas on a grid at resolution of 
1x1 km2 (for PM10 and NO2) and 10x10 km2 (for ozone), and for urban traffic areas at 1x1 km2 (for 
PM10 and NO2). The rural background map layer is based on rural background stations, the urban 
background map layer on urban and suburban background stations and the potential urban traffic 
map layer is based on urban and suburban traffic stations.  

The separate handling of the rural and urban background map layers is based on the assumption that 
the estimated rural map layer value is lower (PM10 and NO2) or higher (ozone) than the estimated 
urban background map layer value. In areas where this criterion does not hold, a joint urban/rural 
background map layer (created using all background stations regardless their type) is applied and the 
rural and urban background map layers are adjusted by this layer.  

Subsequently, the separate map layers are merged into one combined final map at 1x1 km2 
resolution, according to 
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ὤ ί ρ ύ ί Ͻὤ ί ύ ί ρ ύ ί Ͻὤ ί ύ ί Ͻὤ ίπ   
for PM10 and NO2 

ὤ ί ρ ύ ί Ͻὤ ί ύ ί Ͻὤ ί  for ozone   (2.3) 

where  ὤ ί  is the resulting estimated concentration in a grid cell so for the final map, 

ὤ ί , ὤ ί  and ὤ ί
 

are the estimated concentration in a grid cell so for the 
rural background, the urban background and urban traffic map layer, respectively,

 
ύ ί

 
is the weight representing the ratio of the urban character of the grid cell so, 

ύ ί
 

is the weight representing the ratio of areas exposed to traffics in a grid cell so. 
The weight wU(s0) is based on the population density, while the weight wT(s0) is based on the buffers 
around the roads. For details, see Horálek et al. (2022 and references therein). 

In all calculations and map presentations, the EEA standard projection ETRS89-LAEA5210 (also known 
as ETRS89 / LAEA Europe, see www.epsg.io) is used. The interpolation and mapping domain consists 
of the areas of all EEA member and cooperating countries, and other microstates, as far as they fall 
into the EEA map extent Map_2c (EEA, 2018). The mapping domain covers the whole Europe apart 
from Belarus, Moldova, Ukraine and the European parts of Russia and Kazakhstan. Due to a lack of 
enough data across Turkey in the 15-year period, the area of Turkey has been excluded from the 
mapping area (see Section 2.1.3). 

2.1.2 Methodology for uncertainty analysis of mapping results 

The uncertainty estimation of the maps is based on the leave-one-out cross-validation (LOOCV) using 
the measurement data. This technique computes the spatial interpolation for each point of 
measurement from all available information except from the point in question (i.e., it withholds data 
of one point and then makes a prediction at the spatial location of that point). This procedure is 
repeated for all points of measurement in the available set. The predicted and measurement values 
at these points are compared using statistical indicators and scatter plots. The main indicators used 
are root mean square error (RMSE), relative root mean square error (RRMSE) and bias (mean 
prediction error, MPE): 

ὙὓὛὉ В ὤί ὤί      (2.4)  

ὙὙὓὛὉ Ȣρππ       (2.5) 

ὦὭὥίὓὖὉ В ὤί ὤί      (2.6) 

where   ὤί  is the air quality measured indicator value at the ith point, ƛ Ґ мΣ ΧΣ b, 
ὤί  is the air quality estimated indicator value at the ith point using other information, 

without the indicator value derived from the measured concentration at the ith point, 
ὤӶ is the mean of the indicator values Z(s1ύΣ ΧΣ ½όǎN), as measured at points ƛ Ґ мΣ Χ Σ b, 
N is the number of the measuring points. 

Other indicators are R2 and the regression equation parameters slope and intercept, following from 
the scatter plot between the predicted (using cross-validation) and the observed concentrations. 

RMSE and RRMSE should be as small as possible, bias (MPE) should be as close to zero as possible, R2 
should be as close to 1 as possible, slope a should be as close to 1 as possible, and intercept c should 
be as close to zero as possible (in the regression equation y = a.x + c). 

  

https://eur03.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.epsg.io%2F&data=05%7C01%7Cbmo%40nilu.no%7Ca204e8cadcbd4cf01b2108da29c9da41%7C220534bf8803473eb063923d72bcef2a%7C0%7C0%7C637868244179809787%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=3FrxXLnO7Oy3qsH%2Bi9mLJZi%2FdZLk%2Fh4rztOGf5xEQ9w%3D&reserved=0
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2.1.3 Data used in mapping 

The types of input data in this report are similar to those used in the regular mapping, see Horálek et 
al. (2022). The key data are the air quality measurements at the monitoring stations extracted from 
Air Quality e-Reporting database, including geographical coordinates. The supplementary data cover 
the whole mapping domain and have been converted into the EEA reference projection ETRS89-
LAEA5210 on a 1x1 km2 grid resolution (for PM10 and NO2) and a 10x10 km2 grid resolution (for 
ozone). 

Air quality monitoring data 

Air quality station monitoring data for relevant years has been used, as extracted from the official 
EEÁs Air Quality e-Reporting database (EEA, 2021) and its predecessor AirBase (EEA, 2013a) in July 
2021. This data set has been supplemented with several EMEP rural stations from the database EBAS 
(NILU, 2021) not reported to the Air Quality e-Reporting database and AirBase. Specifically, six 
additional rural background stations for PM10 have been added. For PM10 and NO2 we use the 
stations classified as background (for all the three types of area, i.e., rural, suburban and urban), and 
also traffic, for the suburban and urban area types. For ozone, we use only data from stations 
classified as background (for all area types). In the mapping, rural background stations are used for 
the rural map layer, urban and suburban background stations for the urban background map layer 
and urban and suburban traffic stations for the urban traffic layer. 

The following pollutants and aggregations have been used:  

PM10  ς annual average [µg·m-3], years 2005-2019 

Ozone  ς SOMO35 [µg·m-3·day], years 2005-2019 

NO2  ς annual average [µg·m-3], years 2005-2019 

SOMO35 is the annual sum of the differences between maximum daily 8-hour concentrations above 
70 µg·m-3 (i.e., 35 ppb) and 70 µg·m-3. 

It should be noted that the PM10 data for 2005 were corrected where non-reference measurement 
methods have been used (de Leeuw and Fiala, 2009). This applies specifically for French stations; the 
data were multiplied by a factor of 1.4 for rural stations, by a factor of 1.34 for urban/suburban 
background stations and by a factor of 1.24 for urban/suburban traffic stations.  

For the mapping of the individual years 2005-2019, we have prepared the subset of the stations with 
the temporal completeness criteria of at least 75 % of the years covered, with applying the rounding, 
i.e., at least 11 years of the period 2005-2019. For stations with different classification in the course 
of the 15-year period (mostly in the Airbase vs. in the AQ e-reporting database), we have used the 
most recent classification.  

In order to check the representativeness of the subset, the analysis of the stations´ data coverage has 
been performed, see Section 2.1.4 and Annex 1. Based on the analysis, the subset was slightly 
adapted in the case of PM10, as described in Annex 1. 

In the case of PM10, the adapted subset consists of 216 rural background stations, 753 urban and 
suburban stations, and 400 urban and suburban traffic stations. In the case of ozone, the subset 
consists of 411 rural background and 789 urban and suburban background stations. In the case of 
NO2, the subset consists of 293 rural background, 883 urban and suburban stations, and 526 urban 
and suburban traffic stations. 

Table 2.1 shows the number of stations applied in the individual years for the creation of the 
reconstruction maps (which were further used in this report).  
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Table 2.1: Number of stations used for each pollutant and area type in individual years 2005ς2019  

Pollutant Station type 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Rural background 147 156 176 191 203 212 209 207 194 202 197 210 209 212 210

Urban/suburban backgr. 553 594 617 691 723 723 730 728 667 663 721 710 731 716 703

Urban/suburban traffic 249 285 327 355 381 383 383 379 345 366 385 382 386 375 374

Rural background 336 355 366 393 401 405 407 404 364 393 369 398 392 395 386

Urban/suburban backgr. 633 679 690 758 780 776 771 770 695 741 579 770 739 737 724

Rural background 230 232 247 272 283 284 287 287 249 274 290 282 282 282 283

Urban/suburban backgr. 696 738 777 818 853 846 843 858 767 841 870 852 835 820 808

Urban/suburban traffic 336 394 427 461 499 503 504 501 443 494 508 512 501 499 494

PM10

Ozone

NO2

 
 

For the subset of the stations used for the mapping (separately for different station types), see Map 
2.1 (for PM10), Map 2.2 (for ozone) and Map 2.3 (for NO2).  

Due to the lack of the stations with the sufficient data coverage in Turkey and the fact that in the 
regular mapping, the area of Turkey was not mapped in years with a lack of Turkish data (due to a 
high mapping uncertainty for this area), we have decided not to present the maps for the area of 
Turkey. 

Map 2.1: Spatial distribution of the subset of PM10 stations for maps for trends 2005-2019   
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Map 2.2: Spatial distribution of the subset of ozone stations for maps for trends 2005-2019   

 

Map 2.3: Spatial distribution of the subset of NO2 stations for maps for trends 2005-2019   
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Chemical transport modelling (CTM) data 

The chemical dispersion model used in this report is the EMEP MSC-W model, which is an Eulerian 
model. Simpson et al. (2012) and NMI (2021) describe the model in more detail. The modelling 
results for years 2005-2018 are based on the model version rv4.33 (EMEP, 2019, Mareckova et al., 
2019), while the model output for 2019 on the version rv4.35 (EMEP, 2020, Mareckova et al., 2020). 
For years 2005-2017, both the emissions and the meteorology of the relevant year were used, while 
for 2018 and 2019, emissions of the previous years (i.e., 2017 and 2018) and ECMWF meteorology of 
the relevant years (i.e., 2018 and 2019) were used in the modelling. Although the model version 
applied for 2019 is not identical as the one used for the other years, we still consider 2019 model 
results comparable with the previous ones, as the two model versions do not differ considerably. 
One-year-older emissions have been used in the cases of the two years for specific reasons, namely 
in order to use the same model version as for the previous years (for 2018) and to include the most 
actual year in the analysis (for 2019). Note that the one-year-older emissions are routinely used in 
the regular mapping (Horálek et al., 2022). 

The resolution of the model is 0.1°x0.1°, i.e., circa 10x10 km2. We have downloaded the EMEP data 
from NMI (2019, 2020) in the form of annual aggregations. Then, we have spatially transformed the 
data to the reference EEA 1x1 km2 and 10x10 km2 grids. The same parameters as in the case of the 
measurement data are used: PM10 annual average, ozone indicator SOMO35 and NO2 annual average 
for years 2005-2019.   

Meteorological data 

The meteorological data used are the ECWMF data extracted from the Climate Data Store (CDS), 
ECMWF (2021). Specifically, the hourly data of the reanalysed data set ERA5-Land in 0.1°x0.1° 
resolution have been used, which was complemented in the coastal areas by the data set ERA-5 in 
0.25°x0.25° resolution. The hourly data have been derived into the parameters needed, aggregated 
into the annual statistics and converted into the reference EEA 1x1 km2 (for PM and NO2) and 10x10 
km2 (for ozone) grids. For details, see Horálek et al. (2022). Meteorological parameters used are wind 
speed (annual mean for years 2005-2019, in m.s-1), relative humidity (annual mean for 2005-2019, in 
percent) and surface net solar radiation (annual means of daily sum for 2005-2019, in MWs.m-2). 

Satellite data  

An annual average NO2 dataset was constructed from data acquired by the OMI instrument onboard 
the Aura platform. While more recent instruments such as TROPOMI on Sentinel-5P have much 
improved spatial resolution, the OMI instrument was chosen because it is the only instrument with 
data coverage throughout the entire study period. The variable used is 

NO2 ς annual average tropospheric vertical column density (VCD) [number of NO2 molecules per 
cm2 of earth surface], years 2005-2019 (aggregated from daily data).  

The OMNO2d product generated by NASA was used as a basis, NASA (2021). The tropospheric 
column was used. All the orbits within a given day (typically observed between 13:00 and 14:00 local 
time) are mapped into a 0.25x0.25 degrees grid. For details, see Horálek et al. (2022). 

Land cover 

CORINE Land Cover 2006 (CLC2006), 2012 (CLC2012) and 2018 (CLC2018) data in 100 x 100 m2 grid 
have been used. Namely, CLC2006 Version 17 12/2013 (EEA, 2013b), CLC2012 Version 18 09/2016  
(EEA, 2016) and CLC2018 Version 2020_20 (EU, 2020) have been used. Like in Horálek et al. (2022), 
the 44 CLC classes have been re-grouped into the 8 more general classes. In this report, we use five 
of these general classes, namely high density residential areas (HDR), low density residential areas 
(LDR), agricultural areas (AGR), natural areas (NAT), and traffic areas (TRAF). For details, see Horálek 
et al. (2022). Two aggregations have been used, i.e., into 1x1 km2 grid and into the circle with radius 
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of 5 km. The aggregated grid value represents for each general class the total area of this class as 
percentage of the total area of the 1x1 km2 square or the circle with radius of 5 km. 

Altitude 

We have used the altitude data field (in m) of Global Multi-resolution Terrain Elevation Data 2010 
(GMTED2010), with an original grid resolution of 15x15 arcseconds coming from U.S. Geological 
Survey Earth Resources Observation and Science, see Danielson and Gesch (2011). 

Population density and Road data 

Population density (in inhabitants.km-2, census 2011) is based on Geostat 2011 grid dataset (Eurostat, 
2014). For regions not included in the Geostat 2011 dataset we use as alternative sources JRC (2009) 
and ORNL (EEA, 2010) data. For details, see Horálek et al. (2022). 

GRIP vector road type data is used (Meijer et al., 2018). Based on these data (i.e., buffers around the 
roads), traffic map layers (Section 2.1) are merged into the final maps (Horálek et al., 2022). 

2.1.4 Production and testing of reconstructed consistent air quality maps 

Based on the consistent methodology (Section 2.1.1) and input data (Section 2.1.2), the 
reconstructed consistent maps have been prepared. 

As a first step, a sensitivity analysis has been performed for four years, i.e., for 2005, 2010, 2015 and 
2019 (for PM10 and NO2) or 2018 (for ozone). In order to check whether the maps prepared based on 
the subset of the stations (see Section 2.1.3) truly reflect the whole mapping area, we have 
compared the maps created based on this subset with the maps created based on all stations 
available. Based on the analysis, it has been concluded that for most of the area, the differences in 
relative terms are less than 25 %. For the details of this analysis, see Annex 1. The main results are 
presented in the following paragraphs. 

For PM10, higher differences have been detected in the urban background areas in the centre and 
north of Romania and in the urban traffic areas in Cyprus: the subset of the stations include few 
stations only in this area. Based on the results of this analysis, we have decided to slightly adapt the 
subset of the stations (specifically, to include one additional Romanian urban background station 
with data in 10 years available and to merge the data of two nearby Cypriot traffic stations), in order 
to improve the results.  

For ozone, high differences have been observed in Romania, especially in the urban background, but 
also in the rural areas. The map variants created based of all stations show lower results in this area, 
compared to the map variants based on the subset of the stations. Contrary to the PM10 mapping, it 
was not possible to supplement the subset of the stations with an additional ozone station in the 
area of Romania. Thus, for production of the 15-year time series of the reconstructed consistent 
ozone maps, the original subset of the stations has been used. We can suppose that the trend has 
been estimated correctly, however the estimated concentration values are somewhat overestimated 
compared to the measurement data.  

For NO2, no major differences in relative terms have been detected. Thus, no change in the subset of 
the stations was needed, so the original subset of the stations has been further used. 

Subsequently to the sensitivity analysis, the 15-year time series of the reconstructed consistent maps 
have been prepared. For PM10, the slightly adapted subset of the stations has been used, as 
described above. The maps have been prepared automatically, using a script based on R language 
that was earlier developed in the CHMI. For the individual pollutants and map layers, in general the 
similar set of supplementary variables as in the regular mapping (Horálek et al., 2022) was used, with 
some minor adaptations. Specifically, in the case of NO2, the number of supplementary variables was 
somewhat reduced, in order to stabilize the set of the variables used throughout the years and to 
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enable the automatization. The parameters of the variogram have been estimated automatically. For 
technical details of the maps, see Annex 2, Tables A2.1-A2.8. 

Based on the cross-validation, the uncertainty of the maps have been evaluated. Comparing with the 
uncertainties of the maps routinely prepared (Horálek et al., 2022 and references therein), we can 
state that in general, the level of the mapping uncertainty is quite similar for both the regular and the 
reconstructed maps. For technical details of the maps, see Annex 2, Tables A2.1-A2.8. 

2.2 Spatial average and population-weighted average concentrations  

Based on the air quality concentration maps and the population data, the spatial average 
concentrations and population-weighted average concentrations have been calculated, namely (i) for 
individual countries, (ii) for four European regions, (iii) for the EU-28 and (iv) for Europe as a whole 
(i.e., the whole mapping area). The following equations were used 

ὧ ͺ
В

В ὴ
 (2.7) 

ὧ ͺ
В

В ὴ
 (2.8) 

where cpopw_avg is the population-weighted average concentration in a given year,  
 csp_avg is the spatial average concentration in a given year,  
 p (i) is the population in the i-th grid cell, 
 c (i) is the mean concentration in the i-th grid cell (based on the air quality map), 
 N is the number of grid cells in Europe, EU-28, large region or individual country. 

Four large European regions as used in Horálek et al. (2022) have been used, see Map 2.4.   
Specifically: Northern Europe: Denmark (apart from Faroe Islands), Estonia, Finland, Latvia, Lithuania, 
Norway, and Sweden. North-western Europe: Belgium, Faroe Islands, France north of 45 degrees 
latitude, Iceland, Ireland, Luxembourg, the Netherlands, and the United Kingdom. Central and South-
Eastern Europe: Austria, Bulgaria, Czechia, Germany, Hungary, Liechtenstein, Poland, Romania, 
Slovakia, and Switzerland. Southern Europe: Albania, Andorra, Bosnia-Herzegovina, Croatia, Cyprus, 
France south of 45 degrees latitude, Greece, Italy, Malta, Monaco, Montenegro, North Macedonia, 
Portugal, San Marino, Serbia (including Kosovo under the UN Security Council Resolution 1244/99), 
Slovenia, and Spain.  
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Map 2.4: Four large European regions   

 

2.3 Methodology for trend analysis  

For detecting and estimating the trends in time series of the annual values, the non-parametric 
Mann-Kendall test for testing the presence of the monotonic increasing or decreasing trend has been 
used. Next to that, the non-parametric {ŜƴΩǎ (or Sen-Theil) method for estimating the slope of a 
linear trend has been executed. For details, see Gilbert (1987). The significance of the Mann-Kendall 
test is shown by the usual way, i.e. + for 0.1, * for 0.05, ** for 0.01, and *** for лΦллмΦ CƻǊ ǘƘŜ {ŜƴΩǎ 
slope estimate, next to the estimated value Q of this trend, the probability margins of this trend 
Qmin95 and Qmax95 (showing the confidence interval at 95 % level) are also presented (apart from 
the trend maps). 

The trend analysis is applied for the spatial average concentrations and for the population-weighted 
average concentrations, for the absolute and for the relative values. Each trend analysis is made for 
individual countries, for four European regions, for EU-28 and for Europe as a whole (i.e., the whole 
mapping area). The relative values (expressed in percent) are related to the linear fit for 2005 values, 
i.e. the beginning of the time series. The linear fit for 2005 is used instead of the actual 2005 data, in 
order to minimize the impact of inter-annual variability (if 2005 is an outstanding year).  

Next to the described analysis, the same analysis is performed separately for rural and for urban 
areas. Distinguishing of the rural and the urban areas is performed based on the population density. 

Additionally, we have prepared the trend maps, based on the trend analysis in each 1x1 km2 grid cell 
of the map, similarly to Denby et al. (2008, 2010). 

  



 

 

Eionet Report - ETC/ATNI 2021/11 17 

 

3 PM10 ς Annual average 

Annual average PM10 concentrations are evaluated in this chapter in terms of their evolution and 
trend for the 15-year period 2005-2019. The assessment is based on the concentration maps and the 
population data. The spatial average concentrations and population-weighted average 
concentrations for individual countries, for four European regions, for EU-28 and for Europe as a 
whole (i.e., the whole mapping area) have been calculated (for whole areas without division and 
after division into urban and rural areas). Apart from the absolute average concentrations, relative 
average concentrations have been also calculated for all years (see Section 2.3). Next to this, the 
trend maps have been constructed. The Mann-Kendall test has been used to evaluate trends in the 
time series of annual values of PM10, and the nonparametric Sen´s method has been performed (for 
more details, see Section 2.3). Section 3.1 presents the time series and trend for spatial and 
population-weighted averages, while Section 3.2 for urban and rural areas. Section 3.3 shows the 
trend maps. 

3.1 Time series and trends for spatial and population-weighted averages 

The average time series of PM10 annual mean over the whole Europe (i.e. the entire mapping area), 
EU-28 and four large European regions is presented in Figure 3.1. It shows that the population-
weighted exposure is systematically higher compared to the spatial average concentration. This is 
due to the occurrence of higher PM10 concentrations in areas with higher density of inhabitants 
connected with the intensive emission sources (local heating, traffic). Both display a consistent 
decline in time over all the areas. Comparing the aggregated data for four large regions, Northern 
Europe shows the lowest results, while Central and South-eastern Europe the highest results, in 
general. The decline in Central and South-eastern Europe is steeper than in the Southern Europe. The 
trend for spatial average concentration tends to be lower in amplitude (both in absolute and relative 
terms) than the trend for population-weighted concentration for both the whole Europe and EU-28. 

Figure 3.1:  Time series of annual mean PM10 aggregated over entire area and EU-28 (left) and large 
regions (N/NW/CSE/S) of Europe (right); solid lines mark spatial average, while dashed 
lines pop.-weighted average. 

   

For the European-wide aggregations across the whole mapping area, a statistically significant 
downward trend of -лΦоф ˃ƎΦƳ-3 per year (or -2.2 % per year, in relative terms) for spatially averaged 
concentrations and of -лΦсу ˃ƎΦƳ-3 per year (or -2.4 % per year) for population-weighted averaged 
concentrations have been estimated, see Annex 4, Table A4.3. This means a decrease of about 30 % 
for spatial averaged PM10 annual mean concentrations and about 35 % for population-weighted 
averaged PM10 annual mean concentrations during the period 2005-2019. 

Those estimates can be put in perspective with the statistics derived exclusively from observations in 
Solberg et al. (2022). As mentioned above, the main strength of the present assessment based on 
RIMM is to offer a more comprehensive spatial coverage/representativeness. Trend assessment 
based on in situ observations suffer from a very inhomogeneous spatial distribution of the network. 
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Nevertheless in situ observations constitute a key reference which needs to be confronted with the 
present estimates. When using only in situ data, the trend of the European median of PM10 annual 
average over 2005-2019 is estimated to be лΦсу ˃ƎΦƳ-3.yr-1 ŀƴŘ лΦпн ˃ƎΦƳ-3.yr-1, at urban and rural 
sites respectively. Those estimates are therefore very consistent with the mapped trends when 
comparing the whole mapping area, i.e., the spatial averaged concentrations (constituted of a 
majority of rural areas) and population-weighted concentrations (mainly influenced by urban areas). 

The time series averaged over all grid cells of the 40 available countries in the RIMM maps are 
presented in Figure 3.2. The main purpose of these plots is to present the long term evolution using a 
spatial aggregation which relies on RIMM maps and is more representative compared to an average 
of all trends at in-situ stations (as done in Colette and Rouïl, 2021) that suffers from the spatial 
inhomogeneities in the monitoring network. The time series have quite similar year-to-year 
development for most countries, except for example Cyprus and Andorra where some years appear 
somewhat outlying. 

Figure 3.2:  Time series of annual mean PM10 aggregated by country. Five countries are represented 
on each panel (solid lines spatial average, dashed lines pop.-weighted average).  

 

 

  

  




















































































































































































