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uImmary

Thisreport analyses evolution and trends of air quality in Europe, based oryadistime series of
spatial data fusion maps for the years 2a0%L9. The analysis has been performed fornfFanual
average, the ozone indicator SOMO35 and Bi@ual average. The mpimg area covers all of
Europe apart from its eastern pdjite., 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 fykkabtime seies of air
quality maps has been performed, based on a consistent mapping methodology and input data. For
the reconstruction, the Regressigrinterpolation¢ Merging Mapping (RIMM) methodology that
combines monitoring, modelling and other supplementaryadas routinely used in the regular

annual mappingHoralek et al., 20223nd reports cited thereinhas been appliedConsistenEMEP
MSGW modelling resultsECMWF meteorological data and other supplementary data have been
used Measurement data only fra stations with a sufficient temporal coverage (i.e. %®f years)

have beerconsideredin 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 measurementrsatiee have

compared the maps created based on the subset with the maps created based on all stations
available, for four years. Based onstanalysis, it has been concluded that for most of the area, the
differences in relative terms differ less than #bIn the case of PM 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 analsis has been performed based on time series of the aggregated data for individual

countries, for four large European regions, forE8() and for the entire mapping area, both for

spatial and populationwveighted aggregationg:or detecting the trends itime series of the annual

values, the nofparametric ManrKendall test has been usegbr estimating the slope of a linear
trend, the nonLJr NI YSGNR O {SyQa YSiK2R KlFa 0SSy SESOdzi SR

For the Europeamwide PMo annual average aggregations across the whole mapping area,
statistically significant downward trend ef ® n >pér ge¥r (0r-2.2 % per year, in relative terms)
for spatially averaged concentrations and-of® 1 >pét ge¥r (or2.4 % per year) fquopulation
weighted averaged concentrations have been estimated.

In the case of ozone, no significant trend was detected for the whole mapping ardarandst

countries. Although Sen’s slopes are mostly negative, the trends are not sigriiéicentding 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 Europeamwide NQ annual average aggregations across the whole mappiga, atatistically
significant downward trends 6fi ®H >pét ¢e¥r (0r-2.2 % per year, in relative terms) for spatially
averaged concentrations and af ® p >pét geHr (or-2.0 % per year) for populatieweighted
averaged concentrations have beegtimated.

The trends calculated based on the aggregated data for the whole mapping area have been
compared tathe statistics derived exclusively from observations in Solberg et al. (2022). Those
estimates in the rural and the urban background sites &ry ¢onsistent with the mapped trends

when comparing the whole mapping area (i.e., the spatial averaged concentrations, constituted of a

() The reportcovers a 15/ear period20052019LINRA 2 NJ (12 (KS ! yAGSR YAY3AR2YQa 6AlGKRNI 4
GAGKRNI g1 f 2F GKS 'Y FNRBY GKS 9! RAR y2id FFFSOUG G#®FERFGE LN
to referto the current ELR7 and the UK. Note that in the most of the-&ar period, the EU consisted of the 28 countries.
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majority of rural areas) and the populatiameighted concentrations (mainly influenced by urban
areas), respectively,dbh for PMand NQ. For ozone, the SOMO®®&nds based on observations
were found not to be significant except at traffic sites (which are not considered imeBglberg et
al. (2022)j.e., similar findings as in this report were reported.

In addition,maps of trends have been constructed based on the trend estimates for all 1&drkim

cells of a map, following the approach applied by Denby et al. (2008, 2010). pskiit downward

trend in the major part of the European area has been detectedeimeral, with more prominent
downward trend in the area of Po valley in northern Italy, in the Osti&atwice industrial region

near the CzeclPolish border and in some other areas. In the case of ozone, slight decline in parts of
Southern andCentral ad SouthEastern Européas been observed, while no clear trend has been
detected in the rest of Europe. For @ slight downward trend in the major part of European area
has been observed, with more prominent downward trend in the area of Po valleglaawin 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 refeaancelEuropeanwide air quality
maps for the main indicators for now fifteen yeatsingdata fusion napping(Horéalek et al., 2Q2,
and reports cited therein)The mapping methodologi§Regressioi Interpolation¢ Merging
Mapping, RIMMEombines monitoring data, chemical transport mo@eTM)results and other
supplementary dataln 2019 the then available 13ear time series of existing maps were used for
trend analysisA statistical tool to assess slope and significance of the travadspplied to existing
PMuo (annual average), PM(annual average) and ozone (SOMO35) mhpadditon, several
aggregation products (e.g. evolution by country, urban vs. rural, regional classificationerte.)
proposed However, he 2019 analysis faced limitations because of missing years, changes in
mapping methodology, changes in EMEP model verssed in the data fusion mappirand
observation gaps in some countries.

Because ofheselimitations, it was decided tgerform a consistent reconstruction of the fulls-year
time series ofir qualitymapsfrom 2005through2019.We have performeduch areconstruction
based on consistent mapping methodology and input d&@@nsistent EMEP model results, ECMWF
meteorological data and other supplementary data have been appWledsurement data only from
stations withsufficient dat coveragéi.e. 75%o0f yeard have been usedn order to apply as
consistent set of measurement data among the years as possible.

When preparing theeconstructed time series of the maps, we h@athered consistent input data
over the whole period 2002019.In doing this, we hav@repared a subset ofair quality
measurementstations withsufficient data coveragdn order tocheckthe representativenessf this
subset, we have compared the mageated based on this subset with the maps created based on all
stations available, for four yearBollowing this, we have producélde 15year period time series of

the maps, using alightly simplifiednethodology compared to routine map production,darder to

allow anautomatizationof the map productionThe 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 includeglthough is mapped in the reqal mapping for most pollutants in the last
year9, due toalack ofenoughmeasurement datdn this areafor the 15year period.

Based on the reconstructed time series of mapsend analysis has been prepared the period
20052019.The trendanalysis has been performed based on time series of aggregated data for
individual countries, for four large European regions, for2Blnd for the entire mapping area, both
for spatial and populationwveighted aggregations. In addition, maps of trendsehbgen constructed
based on the trend estimates for all 1x1 %gnid cells of a map, following the approach applied by
Denby et al. (2008, 2010).

Maps ofthree pollutants, i.e. Phb (annual averagephzone (SOMO3%nd NQ (annual average)
have beeranaly®d. Originally, we intended also tanalyse PMs (annual averagehowever, due to
the lack of PMs stations in the first years of the analysed period, it was not postibéasily
prepare consistent 1yeartime series of thanaps for thigollutant.

Chapter 2 describes the methodology and the input data applieduding the production of the
consistentl5-year time series of thair qualitymaps Chapters 34and5 presentthe results of the
trend analysis for PA, ozoneand NQ, includng graphs and maps. Chapteprovides conclusions
and recommendationsAnnex 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 showgraphs at the country levelomparngthe results presented in thigeport 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

Europeanwide air quality maps based on spatial interpolation and data fusion of measurement,
modelled and other supplementary data have been reconstructed for years200% based ora
consistent mapping methodology and input daSection 2.1.1 descrds the mapping methodology.
Section 2.1.2 presents the methodology for uncertainty analysis of the mapping results. Section 2.1.3
documentsthe input dataapplied in the 2002019 reconstructed map$ection 2.1.4 presents the
preparationand testingof the reconstructed consistent 3ear time series of the maps.

2.1.1 Mapping methodology

The mapping methodology usesithe Regressionq Interpolation¢ Merging MappingdRIMM) as
routinely used in the spatial mapping under the ETC/ATNI (Horélek et. &); R@nsists of a linear
regression model followed by kriging of the residuals from that regression model (residual kriging):

Qi 0 OO i SYAN E O i -+ (2.1)
where @i is the estimated concentration at a pois,
SO AN is the chemical transport model (CTM) data at pa@int

X(s200 Z X(&) aren-1other supplementary variables at poisi

C, a, @2 2 X zarelthen+1parameters of the linear regression model calculated based on
the data at the points of measurement,

-+ is the spatial interpolation of the residuals of the linear regression model at
point s, based on the residuals at the points of measurement.

Fordifferent pollutants and area types (rural, urban background, andPfdi and NQ also urban
traffic), different supplementary data are usebhe spatial interpolation of the regression residuals is
carried out using ordinary kriging, according to

-+ B _-i withB _ p, (2.2)
where —+H is the interpolated value at a poiisg,
N is the number of the measurement points used in the interpolation, which is
FAESR o6laSR 2y GKS GFENAZ2ANI YT Ay Lye@
"(s) is the residual of the linear regression model at the measurement pggint
G2 XK are the estimated weights based on the variogram, see Cressie (1993)

For PMy, prior to linear regression and interpolation, a logarithmic transformation to measuresnent
and CTM modelled concentrations is executed. After interpolation, a-tvankformation is applied.

Separate map layers aoeeated forrural and urban background areas on a grid at resolution of
1x1km? (for PMipand NQ) and 10x10 ki(for ozone), and for urban traffic areas at 1x1%Kfor

PMy and NQ). 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 laye 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 (BEhd NQ) or higher (ozonethan the estimated

urban bakground map layer value. In areas wthis criterion does not hold, a joint urban/rural
background map layer (created using all background stations regardless theirstappliedand the

rural and urban background map layers are adjustedhis laye.

Subsequently, the separate map layers are merged intocongbinedfinal map at 1xkm?
resolution, according to

Eionet Report ETC/ATNI Z0/11 8



Gi  p 0 i i 0 i p O i AP 0 i A g
for PMigand NQ

G i p uv i 3D O 1 b i for ozone (2.3)
where & i is the resulting estimated concentration in a grid sefbr the final map,
Qi ,0 i and® i are the estimated concentration in a grid cglfor the
rural background, the urban background amtban trafficmap layer, respectively,
0 | is the weight representing the ratio of the urban character of the gridsgell
0 i is the weight representing the ratio of areas exposed to traffics grid celk..

The weightvy(s) is based on the population density, while the weigh{s) is based on the buffers
around the roads. For details, see Horalek et al. 22081 references therein).

In all calculations and map presentatiotise EEA standard projection ETRE3EA5210 (sb known

as ETRS89 / LAEA Europe ves®/.epsq.iQ 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 extelap_2c(EEA, 2018). The mappidgmaincovers the whole Europe apart

from Belarus, Moldova, Ukraine and the European parts of Russia and Kazakhstano.a lack of
enough dataacross Turkein the 15-yearperiod, 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 leaweout crossvalidation (LOOCVsing

the measurement datar histechniquecomputes the spatial interpolation for eagwint of
measuremat 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 alpoints of measuremenin the available set. Theredicted and measurement values

at these points are compared using statistical indicatordscatter plots. The main indicators used
are root mean square error (RMSE), relative root mean square error (RRMSE) and bias (mean
prediction error, MPE):

YOO -B Qi ®i (24
YYOYO—& nn (25)
QB0 -B  di Qi (26)

where @i is the air quality measureididicator valueat thei" point,t A ' MX XX b
Oi is the air quality estimated indicator value at th# point using other information,

without the indicator value derived from the measured concentration atithgoint,
o is the mean of the indicator valu&sy = X)as iedsfired atpoinfs I mMX X = b
N is the umber of the measuring points.

Other indicators aré® and the regression equation parametest®peand intercept following from
the scatter plot between the predicted (using cressidation) and the observed concentrations.

RMSE and RRMSE should bsmaall as possible, bias (MPE) should be as close to zero as pos$sible, R
should be as close to 1 as possible, slaghould be as close to 1 as possible, and intercegbiould
be as close to zero as possible (in the regression equgtoa.x +)c
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2.1.3 Data used in mapping

The types of input data in thigport are similatto those usedn the regular mapping, see Horalek et
al. (202). The key datarethe air quality measurements at the monitoring stations extracted from
Air Quality eReporting databaséncluding geographical coordinates. The supplementary data cover
the whole mapping domain antthve beerconverted into the EEA reference projection ETRS89
LAEA5210 on a 1xh?* grid resolution (for Py and NQ) and a 10x10 kAygrid resolution (for

ozone).

Air quality monitoring data

Air quality station monitoring data for relevant ysanas been use@ds extracted from the official

EEAsAIr Quality eReporting databaséEEA2021)and its predecessor AirBageEA, 2018 in Juy

2021. This data set has been supplemented with several EMEP rural stations from the database EBAS
(NILU, 2021) not reported to the Air QualinReporting databasand AirBaseSpecificallysix

additionalrural backgroundtations for PMp have been aded. For P\ and NQ 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 aregpes. For ozone, we use only data from stations

classified as backgrad (forall areatypes). In the mapping, rural background stations are used for

the ruralmaplayer, urban and suburbamackgroundstations for the urban backgroundaplayer

and urban and suburban traffic stations for the urban traffic layer.

Thefollowing pollutants and aggregations telyeen used:
PMuo ¢ annual average [ug-1}, years 200822019
Ozone ¢ SOMO35 [ug-rhday], years 2002019

NG ¢ annual average [ug-1}, years 200822019

SOMO35 is the annual sum of the differences between manimiaily 8hour concentrations above
70 pg-n? (i.e, 35 ppb) and 70 pg-™h

It should be noted that the PMdata for 2005 were corrected where naaference measurement
methods have been used (de Leeuw and Fiala, 2009). This applies specifically fostgoms; 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 268319, we haverepared the subset of the stations with
the temporal completeness criteria of at least %bof the years covered, with applying the rounding,
i.e., at least 11 years of the period 202619. For stations with different classification in the course
of the 15-year period (mostly in the Airbase vs. in the A€ porting database), we have used the
mostrecentclassification.

In order to check theepresentativenessf the subsetthe analysis bthe stations” data coveradeas
been performed seeSection 2.1.4 andnnex 1. Based on the analysis, the subset was slightly
adapted in the case of Pl asdescribed in Annex 1.

In the case of PN, the adaptedsubset consists of 216 rural backgrowstdtions 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 sthtitres case of

NGO, the subset consists 083 rural background, 883 urban amstiburban stations, and 526 urban
and suburban traffic stations.

Table 2.1 shows the number of stations appliethe individual yearfor the creationof the
reconstruction mapgwhich werefurther used in this repoit

Eionet Report ETC/ATNI Z0/11 10



Table2.1: Number of stations use@if each pollutant and area type in individual ye2095;2019

Pollutant [Station type 2005(2006] 2007|2008]2009{2010]2011(2012|2013(2014{2015]2016(2017]2018(2019

Rural background 1471156 | 176 | 191 | 203 | 212 | 209 | 207 | 194 | 202 | 197 | 210 | 209 | 212 | 210
PM;, Urban/suburban backgr. 5531594 | 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

Ozone 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
NO, 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

For the subset of the stationsised for the mappingseparately for different station typéssee Map
2.1 (for PMo), Map 2.2 (for ozoneand Map 2.3 (for Ng).

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 yearsanibk ofTurkish data (due ta

high mapping uncertainty for this area), we have decidetito present the maps for the area of
Turkey.

Map 2.1: Spatial distribution of the subset of RPjdtations for maps for trends 2029019
PM,, stations with at least 11 years covered of period 2005-2019
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Map 2.2: Spatial distfpution of the subset of ozone stations for maps for trends ZU1®

Ozone stations with at least 11 years covered of period 2005-2019
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Map 2.3: Spatial distribution of the subset NI, stations for maps for trends 2019
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Chemical transport modelling (CTM) data

The chemical dispersion model used in tieigort is the EMEP MS@W model, which is an Eulerian
model. Simpson et al. (2012) ahd/l (2021)describe the model in more detail. The modelling
results for years 2062018 are based on the model version rv4(BBIEP, 2019, Mareckova et al.,
2019) while the model output for 2019 on the version rv4EMEP, 2020, Mareckova et al., 2020)
For years 2002017, both the emissions and the meteorology of the relevant yeare used, while
for 2018 and 209, emission®f the previous yeas(i.e., 2017 an@018 and ECMWF meteorolo@yf
the relevant yeas (i.e., 2018 an@2019 were used in the modellingAlthough the model version
applied for 2019s not identical athe one usedor the other years, we still consid@019 model
results comparable with the previous ones, as the two model versions do not differ considerably.
One-yearolder emisionshave been used ithe cases of the two years for specific reasons, namely
in order touse the same model version as for the previous years (for 2018) anditmé the most
actual yeaiin the analysigfor 2019).Note that the oneyearolder emssions are routinely used in

the regular mapping (Horalek et al., 2022).

The resolution of the model is 0.1°x0.1°,,iaica 10x10 krh We have downloaded the EMEP data
from NMI @019,2020) in the form of annual aggrations. Then we havespatiallytransformed the
datato the reference EEA 1x1 Krand 10x10 km? grids The same parameters as in the case of the
measurement data are use8M annual averageozone indicator SOMO3hd NQ annual average
for years 20082019.

Meteorological data

The meteorological data used atee ECWMF data extractetbm the Climate Data Store (CDS),
ECMWEF (2021 Specifically, the hourly data of the reanalysed data set ERA& in 0.1°x0.1°
resolution have been useavhichwascomplemented in the coastal areas by the data set-BRA
0.25°0.25° resolutionThe hourly data have been derived into the parameters needed, aggregated
into the annual statistics and converted into the reference EEA 1X1femPM and Ng) and 10x10

km? (for ozone) grids. For details, see Horalek et al. ZpO@eteorological parameters used anénd
speed(annual mean foyears 20082019, in m.s'), relative humidityannual mean fo20052019, in
percent) andsurface net solar radiatio@nnual meas of daily sum f0o20052019 in MWSs.n¥).

Satellite data

An annual average N{ataset was constructed from data acquired by B!l instrument onboard
the Aura platform.While more recent instruments such as TROPOMI on Sefihdlave much
improved spatial resolutionhe OMI instrument was chosen because it is the only instrument with
data coverage throughout the entire study peridthevariableused is

NG ¢ annual average tropospheric vertical column density (VCD) [numberahlNliBcules per
cn? of earth surface], years 206819 (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 80ddcal
time) are mapped into a 0.25x0.25 degrees grid. edaits, see Horalek et al. (2022

Land cover

CORINE Land Cover 2006 (CLC2006), 2012 (CLC2012) and 2018 (€ite201@&)x 100 nt grid

have been usedNamely, CLC2006 Versibn12/2013(EEA, 2013, CLC201¥ersion1809/2016

(EEA2016 and CLC2018 Version 2020_20 (EU, 2@ beerused. Like in Horalek et al. (202

the 44 CLC classes have beegmauped into the 8 more general classes. Iisthport, 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 Horalek
et al. (202). Two aggregatnshave beerused, i.e., into 1x1 khgrid 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 ksguare or the circle with radius 6fkm.

Altitude

We have used the altitude data field (in m) of Global Mu#olution Terrain Elevation Data 2010
(GMTED2010), with asriginal grid resolution of 15x1&rcseconds coming from U.S. Geological
Survey Earth Resources Observation and Science, see DaaredsGescl{2011).

Population density and Road data

Population density (in inhabitants.kimcensus 2011) is based on Geostat 2011 grid dataset (Eurostat,
2014). For regions not included in the Geostat 2011 dataset we use as alternative sour@E09RC
and ORNUEEA, 201Qjata. For @tails, see Horalek et al. (222

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 (Horalek2&t2a).

2.1.4 Productionand testingof reconstructed consistent air quality maps

Based on theonsistent methodology (Section 2.1.1) and input data (Section 2the?)
reconstructed consistent maps have been prepared.

As a first step, a sensitivity analysasbeen performed for four years, i.e., for 2005, 2010, 2015 and
2019 (for PMoand NQ) 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,Hasbeen concluded that for most of the arethe differences in
relative termsareless than 2%4.For the details of this angdis, see Annex Themainresults are
presentedin the followingparagraphs

For PMy, higherdifferences have been detected in the urblaackgroundareas in the centre and

north of Romania and in the urban traffic areas in Cypitus:subset of the stawns include few

stations only in this are®ased 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 atmmerge the data of two nearby Cypriot traffic stations), in order
to improve the results.

For ozone, higlifferences have been observed in Romania, especially in the urban background, but
also in the rural areas. The map variants created based dhtitirss show lower results in this area,
compared to the map variants based on the subset of the statiGoatrary to the PNbmapping, it

was not possible to supplement the subset of the stations waitladditional ozone station in the

area of Romania. Thus, for production of theyEar time series of the reconstructed consistent

0zone maps, the original subset of the statidvas been usedVe can suppose that the trertths
beenestimated correctly, however the estimated concentration valuessarmewhatoverestimated
compared to the measurement data.

ForNG, no majordifferences in relative termsave been detectedThus, n@hange in the subset of
the stations was neededpthe original subset of the stations has beenther used.

Subsequently téhe sensitivity analysis, the 3fear time series of theeconstructed consistenaps
have been prepared. For Rpthe slighty adapted subset of the statiofmsbeen usedas

described aboveThe maps have been prepared automatically, using a deaigtd on R language
that wasearlier developed ithe CHMI.For the individual pollutants and map layers, in general the
similar set of supplementary variables as in the regular mapping (Horalek et &),\282 used, with
someminor adaptations. Specifically, in the case ofz2NitBe number of supplementary valiles was
somewhat reduced, in order tstabilize theset of the variablessed throughout the years and to
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enable the automatizatioriThe parameters of the variogram have been estimated automatidzoly.
technical details of the maps, see Annex ablesA2.1-A2.8.

Based on the crosglidation, the uncertainty of the maps have been evaluated. Comparing with the
uncertainties of the maps routinely prepared (Horalek et al.,2&2d references therein), we can

state that in general, the level of the mappingcertainty is quite similaior both the regular and the
reconstructed mapdg-or technical details of the maps, see AnngXables A2.1A2.8

2.2 Spatial average and populatiomeighted average concentrations

Based on thair qualityconcentration maps and the population data, thgatial average
concentrations angbopulationweighted average concentratiomsave been calculated, namefy for
individual countries(ii) for four European regiongiii) for the EU28 and(iv) for Europeas a whole
(i.e., the whole mapping arealhe followingequationswere used

B

() & (2.7

[ B

w 5 T (2.8
where Goopw_avdS the populatioaweighted average concentration in a given year,

Gsp avg IS the spatial average concentration in a given yeatr,

p(@) isthe population in theé-th grid cell,

c(i) is the mean concentration in thieth grid cell (based on the air quigd map),

N is the number of grid cells in Europe,-28) large region or individual country.

Four large European regionsasedin Horalek et al. (2Z2) have beerused seeMap 2.4.
SpecificallyNorthern EuropeDenmark(apart from Faroe Islandsigstonia, Finland, Latvia, Lithuania,
Norway, and SwedemNorth-western EuropeBelgiumFaroe Islandd;rance north of 45 degrees

latitude, Iceland, Ireland, Luxembourg, the Netherlands, tiedJnited KingdomCentral and Sott
Eastern EuropéAustria, Bulgaria, Czechia, Germany, Hungary, Liechtenstein, Poland, Romania,
Slovakiaand SwitzerlandSouthern EuropeAlbania, Andorra, Bosnrlderzegovina, Croatia, Cyprus,
France south of 45 degrees latitude, Greece, Italy, Maltayddo, Montenegro, North Macedonia,
Portugal, San Marino, Serbia (including Kosovo under the UN Security Council Resolution 1244/99),
Sloveniaand Spain.
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Map 2.4: Four large European regions
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2.3 Methodology for trend analysis

For detecting and estimating the trends in time seriethefannual values, the neparametric

Mann-Kendall test for testing the presence of the monotonic increasing or decreasingresrioeen

used. Next to that, the noparametric{ S y(a%enrThei) method for estimating the slope of a

linear trendhas beerexecuted. For details, see Gilbert (198Me significance of the Margendall

test is shown by the usual way, i.e. + for 0.1, * for 0.05, ** for 0.01, and *nfd¢n nm®d C2NJ (1 KS
slope estimate, next to the estimated value Q of this trend, the probability margins of this trend

QmIin95 and Qmax95 (showing the confidence interval &9Bvel) are also presented (apart from

the trend maps).

The trend analysis iplied for the spatial average concentrations and for the populati@ighted
average concentrations, for the absolute and for the relative values. Each trend analysis is made for
individual countries, for four European regions, forEJand for Europe as 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 minimizethe impact of interannual 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 perfolvasdd on the poplation density.

Additionally, we have prepared the trend maps, based on the trend analysis in each Agfickoell
of the map, similarlyo Denby et al. (2008, 2010).
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3 PMoc Annual average

Annual average PlMconcentrations are evaluated in this chapterterms of their evolution and
trend for the 15year period 2002019 The asessment is based on the concentration maps and the
population data. The spatial average concentrations and populatieighted aveage
concentrations for individual countries, for four European regions, foR&8nd for Europe as a
whole (i.e.,the whole mapping area)ave been calculated (for whole areas without division and
after division into urban and rural areag)part fromthe absolute average concentrations, relative
average concentrations have beatsocalculated for all yearsee Section 2.3Next to this, the
trend maps have been constructethe MannKendall teshas beerused to evaluate trends in the
time series of anual values of PA, and the nonparametri&en”snethod has beermperformed (for
more details, se&ection2.3). Section 3.1 presents the time series and trend for spatial and
populationweighted averages, while Secti8r2 for urban and rural areas. Section 3.3 shows the
trend maps.

3.1 Time series and trends for spatial and populatweighted averages

Theaveragetime series oPM;p annual mearover the whole Europe (i.e. the entire mapping area),
EU28 and four large European regions is presented in Figdrdtahows that the population

weighted exposure is systematically higher compared to the spatial averagertoation. This is

due to the occurrence of higher Rbtoncentrations 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. Comiparthe aggregated data for four large regions, Northern
Europe shows the lowest results, while Central and Seastern Europe the highest results, in
general. The decline in Central and See#stern 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 populatioveighted concentration for both the whole Europe and-E8J

Figure3.1: Time series of annual mean RMggregated oveentire areaand EU28 (left) andlarge
regiors (N/NW/CSES) of Europgright); solid linesnark spatialaverage while dashed
lines pop-weightedaverage
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For the Europeamide aggregations across théhole mapping areag statistically significant

downward trend ofn ® o ¢ ° peByaay (0r2.2 % per year, in relative terms) for spatially averaged
concentrations and ofn ®c y = pedyday (or2.4 % per year) for populatieneighted averaged
concentations have been estimated, see Annex 4, Table A4.3. This means a decrease of about 30 %
for spatial averaged PMannual mean concentrations and about 35 % for populati@ighted

averaged PM annual mean concentrations during the period 2a15L9.

Those estimates can be put in perspective with the statistics derived exclusivelplisarvations 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 referencehlvheeds to be confronted with the
present estimates. When using only in situ data, the trend of the European mediameamMal
average over 2002019 is estimated tben ®c y 2y3 YR 1 dhyr!, abubdnyand rural
sites respectively. Thesestimates are therefore very consistent with the mapped trends when
comparing the whole mapping arege., the spatial averaged concentratidieenstituted of a
majority of rural areas) and populatiemeightedconcentrationgmainly influenced by urbaareas).

The time seriesveraged over all grid cells of the 40 available countries in the RIMM maps are
presented in Figure 3. The main purpose of these plots is to present the long term evolution using a
spatial aggregation which relies on RIMM maps sndore representative compared to an average

of all trends at irsitu stations (as done in Coletsd Roujl2(21) that suffers from the spatial
inhomogeneities in the monitoring network. The time series have quite similartgegzar

development for nost countries, except for example Cyprus and Andorra where some years appear
somewhat outlying.

Figure3.2: Time series of annual mean RMggregated by country. Five countries are represented
on each panel (solid linspatialaverage, dashed lines pepeightedaveragg.
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