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uImmary

European air quality concentrations maps have been prepared for the year 2019. The maps are based
primarily on air quality data as reported under tB808 Ambientir quality directive by EEA member

and cooperating countries and voluntary reporting cowssEC, 2008)'he countries considered for
mapping include the most of Europe, apart from its eastern @oncentration maps have been

produced to assess the situation with respect to the most stringent air quality limit values and the
indicators most elevant for the assessment of impacts on human health and vegetation.

Methodology

The mapping method follows the methodology developed earlier (Horélek et al, 2021, and references

cited therein); it combines the monitoring data with the results from a cloafrtransport model and

other supplementary data (such as land cover, meteorological and satellite data). The method

0 WwS 3 NBtarpokatbyca SNEAY 3 al LILAY3IAQ0 Aad oFaSR 2y | f Ay
kriging of the residuals produced frotmat model (residual kriging). Next to thimaps of Phytotoxic

Ozone Dose (POD) indicators have been presesite 2018based on methodology described in

CLRTAP (204)raccording to Emberson et al. (2000). These maps are prepared based on hourly

ozonerural 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 theonsideredEuropean population is exposéal levels above the EU RMimit

value of 40 ug-m; 39 % of theeonsideredEuropean population is exposed to levels above2bes

WHO PMo Air Quality GuidelinéAQG) levedf 20 pg-m(WHO, 2005}). Table 2.2 shows that 26

of the population is exposed to Plylconcentrations above the daily limit value in more than 35 days
per year. Figure ES.1 shethat the countries with the highest values of annual aves@gho are

located in thecentral and soutkeastern parts of Europe.

Figue ESL: PMyo annualmeanconcentrations to which the population per country was exposed in
2019 The 2005 WHO A®level20 ug-n?) is marked by the green lintae EUannual
limit value (40 pg-m) is marked by the red line
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(Y 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 theeonsideredeuropean population (excluding Turkey in the case of P exposed to
levels above the EU BMIlimit value of 25 ug-m 64 % of theonsideredEuropean population is
exposed to levels above tI#O05WHO PMs AQGlevelof 10 ug-n¥, seeTable 3.1.The
concentrations of PMsand PMo are often highly correlated, with the highest RMexposures found
in the central and soutkeastern parts of Europgimilarly as in the case 8My, see Figure ES.2

FigureES2: PM: s annual mean concentrations to which the population per country was exposed in
2019. The 2005 WHO &Qeve(10 ug-nv) is marked by the green line, tB&Jannual
i FL ﬂé.r
LJTJﬁié.IJ‘lm |

limit value (25 pg-m) is marked by the red line
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Note: For each country, the bglot shows the concentration to which a percentage of the population was exposed: 50 % is

dK2gy o6& (KS o6flF Ol YIENJISNE up 22 FYR Tp 22 .08 (KS 02EQ& SR3IS:

The N@annual mean concentration map shows a different spatidtitistion than the PM maps.
Table 5.1 indicates that in 12 countries a limited fraction ofdbesideredEuropean population (3o
in total) is exposed to concentrations above tdannual limit value of 40 pg-f(which is the same
as the 2005 WHO AQG/#). Figure ES.3 shows that in all countries,rtieggority of population lived
well below the limit value in 2019, according to the presented assessment.
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FigureES3: NG, annual mearconcentrations to which the population peountry was exposed in
2019.TheEUannual limit valueand 2005 WHO AQG leyé4D ug-nm?in bothcase$ are
marked by the red line
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High exposures are observed in the larger urban areas (e.g. Milan, Naples, Rome, Turin, Paris,
Barcelona, Madrid, London, Athens, Bucharest, Ankara, &anbidg).

Exposure to 0zone concentrations above the EU target value (TV) threshold (a maximurshdaily 8
average value of 120 pg-hmot to be exceeded on more than 25 days per year) occurs in 2019 in a
large area of Europe, namely in most of Austriarn@ay, Italy, Switzerland and Turkey, and in parts
of Spain, France, west Balkan countries, Greece and Czechia. 22 %mfdigeredeuropean
populationlive in areas where the ozone TV is exceeded (Table 4.1). Figure ES.4 shows that the
countries with he highest values of SOMO35 are located in the southern parts of Europe.

FigureESA: Ozone concentrations (expressed as the indicator SOMO35) to which the population per
country was exposed in 2019
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Accumulated risks

Although the spatial distribiins of PM, N@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, @ily limit vale, Q target

value and N@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 wiverertthree 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 areswhere all three standards are exceeded; this is followed by Turkey, where it

is also the case for 0.8 % of the population.

Map ES1: Exceedance of HealRelated Air Quality Standards, 2019

Exceedance of Health-Related
Air Quality Standards
Reference Year: 2019

Standards considered: PMy DLV, NOz ALV, O3 TV
Resolution: 1x1 km?

|:| no air quality standard exceeded

[] one air quality standard exceeded

- two air quality standards exceeded

- three air quality standards exceeded

[ non EEA member or cooperating countries
[] no available data

' ¢ ‘- S e
0 500, 0F 1000 km i 100 2pe : 3pe vy ar
RS Aol it F § ¥ u¢ P

Vegetation exposure

Standards fothe protection of vegetation have been set, among others, fox &t ozone. In a

limited number of cases, the N@xitical level has been exceeded, though this is relevant only if there
is vegetation in those areas. A larger impact on vegetation canpected from the direct exposure

to ozone. Thearget value for the protection of vegetation (AOT40) is exceeded in abdut 8f7the
agricultural areas. The loftgrm objective is exceeded in 86 of the agricultural areas. The critical
level for the protetion of forests (AOT40) is exceeded in abou¥86f the forested areas.

Critical levels of Phytotoxic Ozone Dose (POD) for wheat (bothaiorygeld and protein yield of
wheat) has been exceeded in large parts of central, western and southern Eurapest of Europe,
critical levels for tuber yield of potato (in terms of P@Dpotato) have been exceeded, with the
highest values of POD for potatocentral Europe, the Baltic States, France and parts of Italy

Changes over time

Since 2005, thenaps 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 PlMand ozone maps have been prepared for the whole pe?iods

2019, PMsmapshave been routinely constructed since 2010 anc N@pssince 2014, with few

Eionet Report ETC/ATNI Z0/1 8



maps for older years available. Thus, Rkhaps are available for the whole period 200619 apart

from 2006, whilén the case oNG, the maps for2006, 208, 2011and2012 are missinglhroughout

the years, some methodology changes have been applied. Apart from minor changes, a major change
was introduced for PM and PM s since 2017 maps, taking into account air quality in urban traffic

areas as was donéor all the NQ maps

The populatioawveighted concentration is calculated for the area of all countries considered in the
report, both including and excludinfurkey, because the area of Turkey has not been mapped until
2016. For changes in populatieveighted concentrationsgxcluding Turkeysee Figure ES.5. For
comparability reasons, theesultsbased orboth the oldand the new PM mappingiethodology

have teen included in Figure ES.

The PM concentrations show a steady decrease of about 0.63genyear for PN annual average
and 0.4 pg-m per year for PMsannual averagdt is estimated thathe consideredEuropean
inhabitants have been exposed amerage to an annual mean R¢oncentration of 19 pg-rhand

to an annual mean PM concentration of 12 pg-rhin 2019, beindpoth the lowest valusin the
fifteen-year time series.

For the ozone concentration (expressed as SOMO35) no trend is ob$entkd period 20052019,
dueto the yearto-year variability. The N&oncentration (in terms of annual average) shows a
decrease of about 0.5 pg-hper year.

Figure ES:3opulationweighted concentration of PM(annual mean), Pl (annual mean), ozan
(SOMO35), and NQannual mean) in 2063019. For P and PM s, results based on
both the old (blue dots) and the updated (red dots) mapping methodology are presented,
where available

PM,,, annual mean [ug-m?3] PM, ., annual mean [pg-m-3]
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Again, theagriculturatweighted concentration is calculated for the area of all countries considered in
the report, both including and excludinfurkey.For changes in agriculturaleighted concentrations

(in terms ofAOT40 for vegetationexcluding Turkeysee Fgure ES.@Notrend is observed for

the agriculturatlweighted concentratiorover the period 20082019, in terms of AOT40 for

vegetation.
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Figure ES:@Agriculturatweighted 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 concentratigpsiaopulation exposure and
vegetation exposure estimates for 2019. It builds on the previous reports (Horalek et al., 2021, and
references cited therein). Thanalysis is based on interpolation of annual statistics of validated
monitoring data from 201%eported by the EEA member and cooperating countries (and the
voluntary reporting country of Andorra) in 2020. The paper presents mapping results and includes
anuncertainty analysis of the interpolated maps, adopting the latest methodological developments
see Horalek et al. (2021) and references cited therfEire mapping area covers all of Europe apart
from Belarus, Moldova, Ukraine and the European parts of Russia and KazaKkhskay. (including
both European and Asian areas) is included in the mappiaa for all pollutants except BM due

to the lack of rural stations in Turkey for PMn 2019reported data tothe AQ ereporting database
(EEA, 2021a).

In this report PMo, PMes, 0zone, N@and NQare consideredor 2019, being the most relevant
pollutants for annual updating due to their potential impacts on healtidecosystems. The analysis
method applied is similar to that of previous years. Another potentially relevant pollutant,
benzo[a]pyrene (BaP), is nptesented, 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
Horélek et al. (2017a).

The mapping is primarily based on air quality measurementsnhbines 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
6 WNB & A Rdzl £ uld bdRhoRd tfalthiingethdddiogyadked not allow for formal compliance
checking withthe limit or target values as set by thembientair quality directive (EC, 2008).

The maps of healthelated indicators of ozone are created for the rural and urbarding

suburban) background areas separately on a grid at 10x2@dsulution. Subsequently, the rural

and urban background maps are merged into one final combined air quality indicator map using a
1x1 knt population density grid, following a weightingterion applied per grid cell. This fine
resolution takes into account the smaller settlements in Europe that are not resolved at the 10x10
km? grid resolution. The maps of healtklated indicators of PM, PMs, and NQ(not ozone)are
constructed bythe improvedmappingmethodology developed in Horalek et al. (2017b, 2018, 2019):
together withthe 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 indivichap layers are created
at 1x1 kni resolution and land cover and road data are included in the mapping process as
supplementary data.

The maps of ozone and N@egetationrelated indicators areonstructedat a grid resolution of 2x2

km? and applicablefor rural areas only. They abased on rural background measurements; in the

OFL&asS 2F 212ySs G(GKSe aSNWBS |a AylLdzi (2 GKS 99! Q&
Among the ozone vegetatiorelated indicators, maps of Phytotoxic Ozone Dose @) @iicators

arealso presered, following the conclusions of Colette et al. (2018). POBei®rzone flux through

the stomata of leaves above a specific threshold accumulated during a specifiedt isrmalculated

based on methodology described in CLRTAP @Qictording to Emberson et al. (2000) based on

Jarvis (1976).

Maps of the POD were presented for the first time in Horalek et al. (2021). This indicateintake
account the plant physiolgy, not only the ozone concentrations in the ambient air (as in the AOT40
indicators), and reflestthe ozone actually absorbed by the vegetation. It is widely acknowledged
that the impact of ozone on vegetation is more closely related to the ozone fioriaed 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

Eionet Report ETC/ATNI Z0/1 12



(created similarlyo the annual ozone maps), hourly metedwgical data and the soil hydraulic
properties data. In the reporthe maps of POD faepresentative species of crops in Eurdpe.,
wheat, potato and tomato), in agreement wWibLRTAP (204); are presented

Next to the annual indicator maps, tables the population exposure to Pl PMs, G;, and NG,

and the exposure of vegetation to ozone in terms of AOT40 indicaterpresened. Tables of
population exposure are prepared using the population density map of 1xfdresolution. For
PMy, AM25and NQ, 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. Taldes of the vegetation exposure are
prepared with a 2x2 khAygrid resolution based on the Corine Land Cover 2018 daf&&£t202Q)

Chapters 2, 3, 4 and 5 present the concentration maps and exposure estimates:ip PR,

ozone and N@ respective}l. Chapter 5 presentnly the concentration map for NOexceedances 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 perspeCGhapter 6
summarizes the trends in exposure estimates in the period ZIiD.

Annex 1 describes briefly the different methodological aspects. Annex 2 documents the input data
applied in the 2019 mapping and exposure analysis. Annex 3 preseriectitécal details of the

maps and their uncertainty analysis including the cnes&dation results. Annex 4 shows
concentration change in 2019 in comparison to the-frear average 2032018.Annex 5 presents

the concentration maps includir@pncentration values measured dlhe statiors, in order to provide
more complete information of the air quality in 2019 across Europe.
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2 PMpo

The Ambient Air Quality Directive (EC, 2008) sets limit values fotdomgand for shortterm PMo
concentrations. The lontgrm annual PN limit value is set at 40 pug-nThe Air Quality Guideline
levelrecommended by the World Health Organizatiar2005(WHO, 2005) for the PMannual

average is 26 3 . Yhe shorterm limit value indicates that the daily average Bbncentration
should not exceed 50 pug-hauring more than 35 days per year. It corresponds to the 90.4 percentile
of daily PMo concentrations in one year. This daily limit value is the most frequently exceeded air
quality PMIimit value in Europe. The AQuality Guidelindevelrecommended by the World Health
Organizatiorin 2005(WHO, 2005) for thehort-term limit value indicates that the 99 percentile of

the daily average PMconcentrations should not exceed 50 pg-meaning, three days of
exceedancare allowed).

This chapter presents the 2019 updates of two;PNdicators: the annual average and the 90.4
percentile of the daily averages. The latter is a more relevant indicator in the context Afribent
Air Quality Directive (EC, 2008) than the formerly used Béghest daily mean (Horalek et al.,
2016Db).

The maps of Ph arebased on the improved mapping methodology developed and tested in

Horéalek et al. (2019). The map layers areated for the rural, urban background and urban traffic
areas separately on a grid at 1x1%mesolution. Subsequently, the ban background and urban

traffic map layers are merged together using the grid@RlIRoad data(Meijer et al., 208) into

one urban map layer. This urban map layer is further combined with the rural map layer into the final
PMio map using a population aeity grid at 1x1 kdresolution. For both PM indicators, this final
combined map in this 1x1 Kngrid resolutionis presened.

The population exposure tables are calculated based on these maps, according to the methodology
describedn Horalek 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 Al.6.

2.1 PMpannual average

2.1.1 Concentration map

Map 2.1 presents the final combined concentration map for the 201%BNMual average as the
result of interpolation and merging of the separate map layers as described in An8egtion Al.1
(for a more detailed desqriion, see Hordlek et al., 2007, 2019). Red and purple areas indicate
exceedances of the limit value (LV) of 40 pg-m

The final combined concentration map presented in Map 2.1 is constructed on a Exfriém
resolution (Annex 1Section A1)l The statinsare not presented in the map, in order to better
visualise the urban areas. However, concentration values flenstationmeasurements used in the
kriging interpolation methodology (Annex Section A3.Jlare 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 anghidded concentration
fields.

Map 2.1 shows annu&lV exceedances in southern Spain near Almeriarban areas of southern

and southeastern 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 Alrgehas increased in 2019 compared to fixear average 2012018

(Map A41). Concerning the estimated exceedances in the Almeria area, it should be noted that they
are primarily based on high concentration values indicated inaifeia 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 obsidude Root
Mean Square Error (RMSE) uncertainty related to the mean air pollution indicator value for all
stations (see Annex Bection A1} This relative mean uncertainty (RRMSE) of the final combined
map of PMo annual average is Z& for rural area and 28% for urban background areagluding
Turkish stations (i.e., quite similar to thest years), and respectively ¥8for rural areas and 2@

for urban background areagithout Turkish stations (Annex $ection A3l The main reason for
preserting the results without Turkish stations is to enable the comparison with previous years.

Be it noted thathe final combined map in 1x1 Kmesolution is representative for rural and urban
background areas, but not for urban traffic ardadich are smoothed in this spatial resolution).

Map 2.1: Concentration map of PMannual average, 2019

Particulate Matter (PMyg)
Annual Average
Reference Year: 2019

Combined Rural and Urban (incl. Traffic) Map
Resolution: 1x1 km?

B < 10 pug:m?

B 10- 20 ug'm?

[] 20- 30 pg-m™? (20 = 2005 WHO AQG)
[ 30 - 40 pg:m=3

B 40 - 50 pg:m (40 = LV)

B > 50 ugm?

[} non EEA member or cooperating countries
1 no available data

2.1.2 Popuation exposure

Table 2.1 and Figure 2.1 give the population frequency distribution for a limited number of exposure
classesTable 2.1 also presentise populationweighted concentration for individual countriefr
EU28and forthe total mapping areaccording to Equation A1.7.

About 39 % of theonsideredEuropean populatiof), including Turkeff), has been exposed to
annual average concentrations above @@05Air Quality Guidelingevel2 ¥ H 1 recomhinevided
by the World Health Organization (WHO, 2005 same isrue for 33 % for theconsidered
European population excluding Turkey dod32 % of the EA28 population

(® 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

(®) The whole Turkish population, both Euesm and Asian.
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Table2.1: Population expose and populatiorweighted concentration, PMannual average, 2019

Population PMyo ¢ annual average, exposed population, 2019 [%)] PMyann. avg.
Country ISO . -
[inhbs-1000] <10 10- 20 20-30 30-40 40-50 >50 Pop. weighted

Albania AL 2797 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 8381 5.7 86.1 8.3 16.1
Belgium BE 10 944 0.0 72.6 27.4 18.5
Bosnia and Herzegovina BA 3802 0.0 18.4 38.4 254 10.8 7.0 29.8
Bulgaria BG 7 363 0.0 13.3 56.7 24.0 5.9 27.2
Croatia HR 4288 0.1 39.8 57.7 2.4 21.1
Cyprus CY 1018 14.0 775 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 5577 0.2 97.5 2.3 16.2
Estonia EE 1291 35.0 65.0 0.0 111
Finland Fl 5339 60.6 394 0.0 9.2
France (metropolitan) FR 62 744 15 88.5 9.8 0.2 16.1
Germany DE 80174 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 9937 23.7 75.6 0.7 219
Iceland IS 318 72.7 27.3 8.9
Ireland IE 4574 15.9 84.1 0.0 12.4
Italy IT 59 409 0.5 24.1 65.3 10.1 23.3
Latvia Lv 2080 1.3 65.5 32.1 1.1 17.6
Liechtenstein LI 34 7.5 92.5 12.0
Lithuania LT 3028 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 2061 3.0 60.1 13.3 21.0 2.6 31.3
Norway NO 4906 48.7 51.3 0.0 10.0
Poland PL 38494 0.0 16.2 65.5 17.3 1.0 25.1
Portugal (excl. Azores, Madeirs 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 5399 0.0 53.3 46.5 0.2 20.5
Slovenia Sl 2042 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 9539 433 56.1 0.6 10.9
Switzerland CH 7893 9.7 89.6 0.7 13.2
Turkey TR 71920 0.9 13.8 14.3 24.8 28.1 18.1 37.3
United Kingdom (& Crown dep. UK 63 415 25 95.0 25 15.0
Total 601926 29 579 26.0 7.3 37 22 21.0

60.7 6.0
Total without Turkey 530 007 31 639 27.6 4.9 04 91 18.7

67.0 0.5
EU28 498 253 20 656 27.6 3.9 03 00 185

68.2 0.3
Kosovo* KS 1748 0.0 6.2 56.4 374 0.0 27.7
Serbia (excl. Kosovo*) RS 7148 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.Didicates 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 tlw®nsideredEuropean area (including Turkey) has been
exposedtdd2 Yy OSYy i NI GA2ya SEOSSRAY3I (KS3thdsameysyhdzl £ A YA
case for 0.5 % for theonsideredeuropean population excluding Turkey and for less than 0.5 % of

the EU28 population. More than 4% 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 ilNorth Macedonia an®osnia and Herzegovina, respectivelylimited fraction of

the population (< 0.0% %) has been exposed to concentrations above the ALV in Albania, Bulgaria,
Cyprus, Greece, Poland, Portygrbisand Spain. However, #ise current mapping methodology

tends to underestimate high values (see Annex 3, Section A3.lgxteedance percentage will most
likely be underestimated. Additional population exposure above the ALV could therefore be expected
in countries like Albani Bosnia and Herzegovina, Bulgaria, Greece, Montenegro, Serbia and Turkey
where a relatively large fraction (ca-80 %) of the population lives in areas with concentration

levels above 30 pg-n

The populatioawveighted concentration of the annual avemtpr 2019or the considered European
populationis estimated to be about 21 pg-hincluding Turkey andbout19 pg-m? both for the
consideredeuropean population without Turkey afisk EU28 only.Thevaluefor EU28 and
consideredEuropean populatiomithout Turkeydecreased bybout2 pg-m? compared to the
previous fiveyear mean(for more details, see Annex 4, Section A4.1)

Figure2.1: Percentage of the population (%) exposed offMnual average (ug-m), 2019
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*) 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 pfjim?. One can see the highest

population frequency for classes between 15 andugo®. A quite continuous decline gbpulation
frequency is visible for classes between 20 an@i@%n® and beyond 4Qug-mg.

Eionet Report ETC/ATNI Z1/1 17



Figure2.2: Population frequency distribution, Rpannual average, 2019. The 2005 WHO AQG level
(20 pg-n¥) is marked by the green line, the EU annual limit value (40§)dsrmarked by

the red line
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Note: Apart from the population distribution shown gmaph, it was estimated that 0.03 % of population lived in areas with
PMipannual average concentration in between 80 and 175 fig-m

2.2 PMu0¢90.4 percentile of daily means
The Ar Quality Directive (EC, 2008) describes the:PRIF A £ @ A YA ladély dveta§e od 5[ + 0 |

[
50pugmfy 24 G2 0SS SEOSSRSR Y2NB (GKIy op GAYS&a | Ol f &
evaluated by the indicator 36highest daily mean, which is in principle equivalent to the indicator

90.4 percentile of daily mean. However, foeasurement 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 value instead of the sth highest value. Furthermore, thaérQuality Directive requires

the use of the 90.4 percentile when random measurements are used to assess the requirements of

the PMo DLV. As in the previous reports since the maps for 2014, thediilly meansare

expresed as the 90.4 percentile instead of the formerly used Béghest 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 pg{ie., exceedances of the DLV of 50 pgen more

than 35 measurement days). The similar mapping procedune e case of the annual average is
used. Thenapping details and the uncertainty analysis are presented in Annex 3. Large areas above
the DLV are observed iorthern Italy (i.e., the Po Valley), in the region with the agglomerations
Ostrava (€echig ¢ Katowice (Bland) ¢ Krakow (Bland) and in eastern parts of Turkey. Urban areas
with concentrations above the DLV are observed in Albania, Andorra, Bosnia and Herzegovina,
Bulgaria, CroatiaCyprus, Czechia, France, Greece, Hungary, Italy, Malta, Montemémth

Macedonia, Poland, Portugal, Romania, Serbia, Slov&lkigenia, Spain and Turkey.

In general, the central and the soudastern parts of Europe appear with higher concentrations than
the western and the northern part&imilarly tathe PM annual averages, the estimated

exceedances in the Almeria area are based orctiemical transport modelling, not on

measurements.
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Map 2.2: Concentration map of PMindicator 90.4 percentile of daily means, 2019

Particulate Matter (PMyp)
90.4 Percentile of Daily Means
Reference Year: 2019

Combined Rural and Urban (incl. Traffic) Map
Resolution: 1x1 km?
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The relative mean uncertainty (relative RMSE) of the final combined map of the 90.4 percentile of
PMo daily means is 2% for rural areas and 32 for urban background areaxludingTurkish

stations The mean uncertainty for the map without Turke@% for rural areas and 26 for urban
background areas (Annex Section A3JL

For the comparison with fivgear average 2012018 values, see Annex3ection A4.1The final
combined map including the indicator 90.4 percentile of daily means basedkeasctual
measurement data at statiais presented in Map A5.2 of Annex 5.

2.2.2 Population exposure

Table 2.2and Figure 2.8ive the population frequency distribution for a limited number of exposure
classes calculated at 1x1 kgrid resolution Table 2.2 ab presentshe populationweighted
concentration for individual countriesor EU28 and forthe total mapping area

In 2019 about 166 of theconsideredEuropean population including Turkey, 8 % of ¢basidered
European population excluding Turkey &hél of the E\28 populationare estimated tdive in areas
where the 90.4 percentile of the PiMdaily means exceeded the EU limit value of 50 figim

Albania, Bosnia and Herzegovina, Kosovo, Montenegro, North Macedonia, $ethim¢ludingand
excldingKosovo) and Turkey, more than half of the population (ca?56) 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 l@#ti8 % and 50 %. Less than
10 % (ca. <0.08 %) of the population living in areas with concentrations above the DLV was
estimated in Andorra, Croati&yprus, Czechia, France, Hungary, Portugal, Romania, Slovakia,
Slovenia and Spain.

The Europeawide population-weighted concentration of the 90.4 percentile of RMaily means is
estimated for 2019 at about 37 pg-hfor the total mapped aredincluding Turkey), 33 pug-m
(without Turkey), and 32 pg-ffor the EU28. Thevaluefor both EU28 and the considered
European population without Turkedecreased bybout 4ug-m? compared to the previous five
year mean(for more details, see Annex 4, Section A4.1)
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Table2.2: Population exposure and populatiereighted concentrations, PMindicator 90.4
percentile of daily means, 2019

Population PMyo- perc90.4, exposed population, 2019 [%] PMyo- perc90.4
Country ISO . -
[inhbs-1000] <20 20¢ 30 30-40 40-50 50-75 >75 Pop. Weighted

Albania AL 2797 0.0 33 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 andHerzegovina BA 3802 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 1018 0.0 7.2 15.1 69.3 8.5 42.6
Czechia cz 10 423 0.3 23.8 60.0 13.1 29 34.4
Denmark (incl. Faroe Islands) DK 5577 0.7 90.8 8.6 28.0
Estonia EE 1291 54.8 40.3 4.9 20.4
Finland Fl 5339 75.5 22.6 1.9 0.0 17.2
France (metropolitan) FR 62 744 4.8 59.8 329 2.4 0.0 27.8
Germany DE 80174 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 9937 0.0 4.2 50.7 425 25 38.6
Iceland IS 318 78.6 16.6 4.8 17.9
Ireland IE 4574 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 2080 4.4 47.1 45.9 2.6 30.2
Liechtenstein LI 34 11.0 89.0 219
Lithuania LT 3028 0.0 33.1 61.0 6.0 329
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 2061 0.0 1.2 54 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, Madeirs 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 5399 0.0 4.8 64.7 30.0 0.5 375
Slovenia Sl 2042 0.9 31.6 49.1 18.4 0.1 33.6
Spain (excl. Canarias) ES 44722 3.0 43.0 48.4 3.6 1.8 0.2 30.9
Sweden SE 9539 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 71920 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 43 403 29.0 10.5 19 41 36.6

44.6 16.0

4.8 44.5 7.8 0.4

Total without Turkey 530 007 31.8 10.8 32.8

49.3 8.1
EU28 498 253 43 155 33.2 10.7 62 01 322

49.8 6.3
Kosovo* KS 1748 0.0 34 9.4 12.4 74.7 56.5
Serbia (excl. Kosovo*) RS 7 148 0.0 29 8.8 18.6 68.1 1.5 55.8

*) under the UN Security Council Resolution 1244/99

Note: The percentage value "0.Dbidicates 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
20109.

Figure2.3: Percentage of the population (%) exposed offilicator 90.4 percentile of daily means,

2019
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*) 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 fg-m?. One can see the highest population frequency for classes between 24 and 32
ug-mé, continuous decline gfopulation frequency for classestween 22 and 34ig-m® and
continuous mild decline gfopulation frequencyor classes between 36 and 70 pg-m

Figure2.4: Population frequency distribution, RMndicator 90.4 percentile of daily mea2§19 The
EU dailylimit value 60 pg-n?¥) is marked by the red line
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Note: Apart from the population distribution shown in graph, it was estimated that 0.014 % of population lived in areas
with values of PN indicator 90.4 percentile of daily means in between 160 and 250 fig-m
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Figure2.5 showsfor individual countries the PMdaily concentrationso which the population per
country was exposed in 2018.can be seen that the countries with tiighest alues of Phb
indicator 90.4 percentile of daily means are located ind¢batral and soutkeastern parts of Europe.

Figure2.5: PMyo expressed as indicator 90.4 percentile of daily means to which the population per
country was exposed in 2019. Thddaily limit value (50 pg-®) is marked by the red line
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Note: For each country, the box plot shows the concentration to wpich a peacenof the population was exposed: &)
in the case of the black marker, %5and 79 inthe casesof the 2 EQa %RBESSE AW G KS OFasa 2F (KS
edges.
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3 PMs

In the Ambient Air Quality Directive (EC, 2008), the limit value (LV) fartigal average Ph4
concentrations was set at 25 ug®mn the Ar Quality Directive there is also an indicative limit value
(ILV) of 2Qug-m? defined as Stage 2, in place since 2020. The Air Quality Guikislale
recommended by the World Health Ordgaationin 2005(WHO, 2005) for the PM annual average
is10> I EY

The current number of PM measurement stations is still somewhat limited and its spatial

distribution is irregular over Europe. Therefore, in this paper the mapping of the hedétted

indicator PM s annual average is based on a mapping methodology developed in Denby etlah,(20

2011b). This methodology derives additional pseude Painual mean concentrations from R

annual mean measurement concentrations. As such, it increases the number and spatial coverage of
PMesWRE GF LRAYGaQ FyR (KSageankiddinap of dhBualdzgéa8 BM 2 RS NX |
Pseudo PMs stations data are estimated using RPivheasurement data, surface solar radiation,

latitude and longitude.

Like for PMo, the map of PMsisbased on the improved mapping methodology developed in
Horéalek etal. (2019). The map layers aneated for the rural, urban background and urban traffic
areas separately on a grid at 1x1%msolution. Subsequently, the urban background and urban
traffic map layers are merged together using the gridded road dataoné&urban map layer. This
urban map layer is further combined with the rural map layer into the final fivap using a
population density grid at 1x1 Kmesolution.This final combined majs presentd at this 1x1 ki
grid resolution.

Annex 3 SectionA3.2provides details on the regression and kriging parameters applied for deriving
the PMsannual average map, as well as the uncertainty analysis of the map. An8egtibn A4.3
discusses briefly theoncentration and population exposure change ii2(h comparison to the
five-year average 2012018.

3.1 PMsannual average

3.1.1 Concentration map

Map 3.1 presents the final combined map for the 2019, P&dhnual average as a result of the
interpolation and merging of the separate rural and urban map lagsmdescribed in Annex 1
Section A1.1The dark red areashowexceednces othe ALV of 25 ug-#h Red areas show
exceedances of the indicative LV 6fj2y-n?® defined as Stage 2 (lioM).

Due to the lack of rural PM stations in Turkeyno proper interpolation results could be estimated
for this country in a rural map. Therefore, the estimated.BMalues for Turkegre not presenedin
the final map.

According to Map 3.1, the areas with the highest:BEbncentrations 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 Katowice (Bland) ¢ Ostrava Czechig industrial region and the area around

Warsaw. Different other cities in Bosnia and HerzegqBudgaria, Greece, North MacedoniRgland

and Serbiancluding Kosovalso show elevated PMannual average concentrationas well as

some areasiea Almeriain southern Spain (estimated based thie chemical transport modelling,

not on measuremendsLike in the case of Pl the central and the soutkastern parts of Europe

show higher concentrations than the western and the northern parts.

The rehtive mean uncertainty of the 2019 map of PMnnual average is 20.5 % for both rural and
urban background areas and determined exclusively on the actuad Pasurement data points,
i.e., not on the pseudo stations (AnnexSection A3 R
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Map 3.1: Concentration map of PMannual average, 2019
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Similarly tathe PMy, the final map in 1x1 kAresolution is representative fahe rural andthe urban

background areas, but not fdine urban traffic aras(which are smoothed in thi&x1 kn? resolution).

In order to provide more complete information of the air quality across Europe, the final combined
map including the measurement data at statiis presented in Map A5.3 of Annex 5.

For the comparison wlit five-year average 20:2018 values, see Annexdection A4.2

3.1.2 Population exposure

Table 3.Jand Figure 3.gjive the population frequency distribution for a limited number of exposure
classes calculated on a grid of 1x12kesolution Table 3.1 alspresentsthe populationweighted
concentration for individual countriesor EU28 and forthe 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 areaisedttly 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 % afonsideredEuropean (excluding Turkey) and 65 % of the2&ldopulation has been

exposed to PMs annual mean concentrations above tBB05Air Quality Guidelingevel2 ¥
as defined by the World Health Organization (WHO, 2005). Singei®dhe of the most relevant
pollutants linked to health problems and premature mortality (EEA, 2@E&puld be mentioned

that more than half of the population has been exposedPid s annual mean concentrations above
the 2005WHOAQG levein more than two thirds of countries. The only countries, where the PM

annual mean concentrations did not eaxl the2005WHOAQG levelwere Finland, Iceland,

Liechtenstein, and Norway.
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Table3.1: Population exposure and populatiereighted concentration, PM annual average 2019

Population PM.s ¢ annual average, exposed population, 2019 [%] PM.sann. avg.
Country ISO . -
[inhbs-1000] <5 5-10 10-15 15-20 20-25 >25 Pop. weighted
Albania AL 2797 0.0 2.8 25.4 42.7 26.3 2.8 17.5
Andorra AD 84 0.5 223 77.2 10.8
Austria AT 8381 1.6 24.7 68.8 4.9 11.3
Belgium BE 10 944 20.5 79.5 11.0
Bosnia and Herzegovina BA 3802 0.0 5.7 18.9 21.3 18.1 36.0 21.6
Bulgaria BG 7 363 0.0 2.8 20.3 46.4 23.2 7.3 18.0
Croatia HR 4288 0.0 9.2 47.2 35.4 6.4 1.8 14.6
Cyprus cY 1018 0.1 68.6 23.3 8.0 14.7
Czechia cz 10 423 0.0 7.0 67.6 21.3 4.1 13.8
Denmark (incl. Faroe Islands) DK 5577 0.8 71.4 27.8 9.4
Estonia EE 1291 37.9 61.7 0.5 55
Finland Fl 5339 48.8 51.2 5.0
France (metropolitan) FR 62 744 0.7 59.5 39.0 0.8 9.5
Germany DE 80174 0.1 43.8 56.1 0.0 10.1
Greece GR 10 634 2.3 43.7 43.0 11.0 15.7
Hungary HU 9937 0.1 68.0 32.0 14.5
Iceland IS 318 77.1 22.9 3.9
Ireland IE 4574 7.7 87.1 5.2 7.7
Italy IT 59 409 0.3 8.7 56.0 22.6 11.9 0.5 145
Latvia Lv 2080 1.0 55.8 41.8 15 10.1
Liechtenstein LI 34 0.4 99.6 8.1
Lithuania LT 3028 22.6 66.2 11.2 12.1
Luxembourg LU 511 91.2 8.8 8.1
Malta MT 417 90.5 9.5 12.2
Monaco MC 33 100.0 12.9
Montenegro ME 620 0.1 10.3 12.0 31.2 46.5 18.4
Netherlands NL 16 600 16.9 83.1 10.7
North Macedonia MK 2061 0.0 0.7 15.8 41.7 16.7 25.0 20.6
Norway NO 4906 39.7 60.3 5.4
Poland PL 38494 0.4 25.0 51.5 16.9 6.2 17.6
Portugal (excl. Azores, Madeirs PT 10 047 5.7 79.8 14.4 8.3
Romania RO 20 138 0.0 5.7 45.1 43.4 5.7 0.2 15.1
San Marino SM 32 0.8 99.2 13.0
Serbia (incl. Kosovo*) RS 8 896 0.0 14 7.3 28.1 49.0 14.2 20.6
Slovakia SK 5399 0.0 1.2 63.0 35.6 0.2 14.5
Slovenia Sl 2042 0.0 15.2 62.9 20.3 1.6 13.1
Spain (excl. Canarias) ES 44 722 2.1 49.8 43.0 4.9 0.2 0.0 10.2
Sweden SE 9539 47.1 52.9 0.0 5.4
Switzerland CH 7893 2.9 84.7 123 0.0 8.7
United Kingdom (&rown dep.) UK 63 415 0.9 47.6 515 9.7
a 25 335 4.7 1.2
Total (no Turkeyf?) 530 007 .0 45.1 12.9 09 11.8
2.2 32.7 3.7 0.7
EU28 498 253 48.1 12.6 11.7
34.9 4.4
Kosovo* KS 1748 0.0 11 10.5 28.3 57.5 2.6 20.1
Serbia (excl. Kosovo*) RS 7 148 1.5 6.5 28.1 46.9 17.0 20.8
*) under the UN Security Council Resolution 1244/99
® Turkey not included due to the lack of the rural stations.

Note: The percentage value "0.0" indicates that an expgexgzllation exists, but it is small and estimated to be less than 0.05 %. Empty

cells mean no population in exposure.

Thetotal considerecand EU28 population exposure exceeding the EU limit value (LV) pf253
has been 1 % and <1 %, respectively.dsniaand Herzegovinayorth Macedonia and Serbiadth
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includingand excludindg<osovo), more than 10 % of the population (ca364%) suffers from
exposures above this limit value; in Albania, Bulgaria, Croatia, Italy, Kosovo, Poland, Romania and
Spaint has beerbetween <0.05 and 7 %. TB¢age 2 indicative limit value (Ho}) of 20 pg-mi has

been exceedeth areas with6 % of theconsideredeuropean population andith 4 % of the Et28
population. In Bosnia and Herzegovina and Serbia including &astnalf or more of the population
has beerexposed to concentrations above the 1 In Albania, Bulgaria, Greece, Italy,

Montenegro, North Macedonia and Polandhés beerbetween 11 and 47 %.

As the current mapping methodology tends to underestimiaitgh values (Annex, Bection A3
the exceedance percentages and/or the number of countries with population exposed to
concentrations above both the current ALV and the indicativerddWill most likely be higher.

The populatioawveighted concentratia of the PM.s annual mean$as beerestimated for 2019 at
about 12 ug-mé for both total mapped areand for the EL28, which means a decreasdout 2
ug-m? compared tofive-year mearfor both characteristics (Annex 4, Section A4.2).

Figure3.1: Percentage of the population (%) exposed of PAhnual average (ug-®), 2019

100 % - nE R -

90 % -+ i i i I | |

80 %

70 %

60 % 4+

50 % -+

40 % —+

30 % —+

20 % +

10 %
0%

=5 m 5-10 10-15 15-20 m 20-25 | = 25
*) under the UN Security Council Resolution 1244/99

Figure 3.2 shows, for the whole mapped area, the population frequdiststbution for exposure
classes of 1 ug-fa The highest population frequency is found for classes between 8 and 12.ug-m

Figure3.2: Population frequency distribution, Biannual average, 2019 heEUannuallimit value
(25 ug-n?) is marked by the red linthe 2005 WHO AQG level (i@ n®) is marked by
the greenline.
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4 Ozone

For ozone, three healthelated indicators, i.e., 93.2 percentile of maximum dailyoBIr means (see
below), SOMO35 anHOMO10, and five vegetatiogrlated indicators, i.e., AOT40 for vegetation,
AOTA40 for forests, PQIbr wheat, potato and tomato are considered. For the definition of the
SOMO35, SOMO10 and AOT40 and POD indicators, see following sections arzi Annex

Theseparate rural and urban background heatdtated indicator fields are calculated at a resolution
of 10x10 km. Subsequently, the final heakielated indicator maps are created by combining rural
and urban areas based on the 1x13gridded population dasity map.These mapsre presened

on this 1x1 kragrid resolution. The population exposure tables are calculated on the basis of these
health-related indicator maps.

The vegetatiorrelated indicator maps are calculated from observations at rural backgrstations

and are representative for rural areas only (assuming urban areas do not cover vegetation). The
maps have a resolution of 2x2 knThis resolution serves the needs of the EEA Core Set Indicator 005
(EEA, 2021b) on ecosystem exposure to ozone.

Annex 3 Section A3.provides details on the regression and kriging parameters applied for deriving
the maps of thevzone indicators, as well as the uncertainty analysis of the maps. Ani&s=ctdon
A4.3discusses briefly the inteannual changes obsergén the concentration maps and the relevant
population and vegetation exposure.

4.1 Ozoneg 93.2 percentile of maximum dailyl®ur means

The Ar Quality Directive (EC, 2008) describes the ozone target value (TV) for the protection of human
KSI t 4K I @m déily 8hoar ntean\of 120 pg-rhnot to be exceeded on more than 25 times a

OF f SYRI'NJ 8SINE | SN} 3SR 20SNJ G6KNBES &SINEED hy
26™ highest maximum daily-Bour mean, which is in principle equivalent teetmdicator 93.2

percentile of maximum daily-Bour means. However, for measurement data these two indicators

are equivalent only if no data is missing, which is in general not the case. As shown in de Leeuw
(2012), the additional uncertainty related tocomplete time series is substantially smaller when

using percentile values instead of thétxhighest value. As in the previous reports since 2014 maps,
this ozone indicatois expresgd as the 93.2 percentile of maximum daikh8ur means instead of

the formerly used 28 highest maximum daily-Bour mean.

4.1.1 Concentration map

Map 4.1 presents the final combined map for 93.2 percentile of maximum daibyBmeans as a

result of combining the separate rural and urban interpolated maps following the proes@s
described in Annex, Section Al.{for a more detailed description, see Horalek et al., 2007, 2010).
The supplementary data used are EMEP model output, altitude and surface solar radiation for rural
areas and EMEP model output, wind speed and seréatar radiation for urban areas (Annex 3).

In the final combined map the red and dark red areas show values of the 93.2 percentile of maximum
daily 8hour means above 120 pgm 2019, i.e.above the TV threshold of 120 pg*mn more

than 25 days in 2019. Note that in the Suality Directive (EC, 2008) the TV is actually defined as

120 pg-ne not to be exceeded on more than 25 days per calendar year averaged over three years.
Here only 2@9 data are presented, and no thrgear averagdas beercalculated.

The map shows that in 2019 percentil@ues above 120 pug-hoccur in a large area of Europe, namely
in most of Austria, Germany, ltaly, Switzerland and Turkey and in parts of Bosnia and Herzegovina,
Czechia, France, Greece, Slovenia, Spain and North Macetiomjaneral, the southern parts of
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Europe show higheramne concentrations than the northern parts, which is caused mainly by higher
solar radiation and temperature in these areas. Nevertheless, concentrations above the TV can occur
even in northern Europe during warm year as it was presented for 2018 (Hetéék 2021)For the
comparison with fiveyear average 2012018 values, see Annex3ection A4.3

The relative mean uncertainty of the 2Btnap of the 93.2 percentile of maximum daikh&®zone
means is about 8 % for rural and %Ofor urban areas (Aex 3 Section A3.8

In order to provide more complete information of the air quality across Europe, the final combined
map including the measurement data at statsis presented in Map A5.4 of Annex 5.

Map 4.1: Concentration map of ozone indicator 93.2 percentile of maximum daibuBmeans,
2019

Ozone - 93.2 Percentile of
Maximum Daily 8-hour Means
Reference Year: 2019

Combined Rural and Urban Background Map
Resolution: 1x1 km?
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[ t10- 120 pgm?
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[] non EEA member or cooperating countries
[] no available data
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4.1.2 Population exposure

Table 4.1 and Figure 4.1 give, for the 93.2 percentile of maximum dadyr8means, the population
frequency distribution for a limited maber of exposure classe$able 4.1 also presenise
populationweighted concentration for individual countriefr EU28 and forthe total mapping
area

It has been estimated that in 2019 about ZPof theconsideredeEuropean population including
Turkey, 20 % of theonsideredEuropean population excluding Turkey and 20 % of th@&U
population lived in areas where the ozone concentration exceeded the health related target value
threshold (TV of 120 pg-fh

In the following countries (apart from the microstates) at least 50 % of the population suffered
exposures above the TV threshold: Austria, Bosnia and Herzegovina and Switzerland. In Croatia,
Czechia, France, Germany, Greece, ltaly, Slovenia, Spain &ay iThas beerbetween 13 and 49

%. Only in states of northern Europe and in the United Kingdom and Ireland no exposure to above
the TV threshold has occurred.
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Table4.1: Population exposure and populatigreighted concentrations, ozone indicator
93.2 percentile of maximum dailyt®ur means, 2019

Population Ozone- perc93.2, exposed population, 2019 [%] Ozone- perc93.2
Country ISO . -
[inhbs-1000] <90 90-100 100-110 110-120 120-140  >140 Pop.weighted

Albania AL 2797 0.7 57.2 40.9 1.1 109.2
Andorra AD 84 95.8 4.2 116.5
Austria AT 8 381 1.4 452 53.3 0.1 119.9
Belgium BE 10 944 8.3 56.4 35.4 0.0 107.7
Bosnia and Herzegovina BA 3802 0.1 49.9 50.0 1235
Bulgaria BG 7 363 0.7 59.6 31.2 8.3 0.2 99.2
Croatia HR 4 288 29 84.0 13.0 116.0
Cyprus CY 1018 22.3 69.4 8.3 1135
Czechia cz 10 423 0.2 71.0 28.8 118.1
Denmark (incl. Faroe Islands) DK 5577 7.6 915 0.9 103.3
Estonia EE 1291 35.4 64.4 0.2 100.7
Finland Fl 5339 82.2 17.8 0.0 97.5
France (metropolitan) FR 62 744 6.3 29.7 41.2 229 0.0 112.8
Germany DE 80174 7.9 47.0 45.1 118.5
Greece GR 10 634 51 2.7 33.6 39.8 18.8 113.2
Hungary HU 9937 0.6 71.0 26.9 1.4 108.3
Iceland IS 318 41.4 51.3 7.2 92.8
Ireland IE 4574 40.1 57.1 2.8 90.2
Italy IT 59 409 0.0 2.3 11.3 37.2 34.9 14.3 123.6
Latvia Lv 2080 18.7 12.8 68.0 0.5 0.0 98.8
Liechtenstein LI 34 100.0 122.9
Lithuania LT 3028 97.7 2.3 105.2
Luxembourg LU 511 40.3 56.9 2.9 111.3
Malta MT 417 329 52.8 13.1 1.3 106.0
Monaco MC 33 100.0 121.0
Montenegro ME 620 24.7 74.5 0.8 112.3
Netherlands NL 16 600 15.6 514 31.2 1.7 106.5
North Macedonia MK 2061 36.3 54.6 7.0 21 103.7
Norway NO 4906 66.5 33.3 0.3 98.6
Poland PL 38494 2.0 19.4 74.9 3.7 112.6
Portugal (excl. Azores, Madeirs PT 10 047 30.0 20.7 39.7 9.6 0.0 96.5
Romania RO 20138 6.9 65.0 26.1 2.0 0.0 97.5
San Marino SM 32 295 70.5 119.0
Serbia (incl. Kosovo*) RS 8 896 30.3 41.0 26.4 2.3 104.9
Slovakia SK 5399 46.7 46.8 6.5 110.9
Slovenia Sl 2042 0.9 82.4 16.7 116.1
Spain(excl. Canarias) ES 44722 1.7 11.2 20.1 53.1 13.8 111.6
Sweden SE 9539 18.4 79.2 2.4 0.0 103.0
Switzerland CH 7 893 18.5 79.0 25 123.2
Turkey TR 71920 14.5 12.8 19.0 22.0 29.3 25 109.9
United Kingdom (& Crown dep. UK 63 415 51.8 47.1 1.1 0.0 89.9
Total 601 926 85 150 21.6 33.2 199 L7 109.9

23.6 21.6

7.7 15.3 18.6 1.6

Total without Turkey 530 007 219 34.7 109.9

23.1 20.3
EU28 498 253 82 149 21.7 35.4 181 L7 109.9

23.1 19.8
Kosovo* KS 1748 31.8 45.1 16.9 6.1 104.9
Serbia (excl. Kosovo*) RS 7 148 30.0 40.0 28.8 1.3 104.9

*) under the UN Security Council Resolution 1244/99

Note: The percentage value "0.0" indicates that an exposed population exists, b&rmialisand estimated to be less than 0.05 %. Empty
cells mean no population in exposure.
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As the current mapping methodology tends to underestimate high values due to interpolation
smoothing (Annex 3Section A3.3 the exceedance percentage is mbisely somewhat

underestimated; additional population exposure above the TV threshold might be expected in
additional countries: Croatia, Cyprus, Czechia, Montenegro, Poland and Slovenia. The reason is that
in these countries the estimated percentage paidn exposed to the concentrations above 110
ug-m?is considerable.

The overall populationveighted ozone concentrations in terms of the 93.2 percentile of maximum
daily 8hour means has been estimated for 2019 as beit@ig-m* Both for the ELR8 aea and
the considerecEuropean area without Turkey, populatigreighted ozone concentrations has been

also estimated as being 110 pgime, of about 2.5 pg-mless than fiveyear 20142018 mean
concentration (Annex 4Section A48

Figure4.1: Percentage of the population (%) exposed to ozone indicator 93.2 percentile of maximum
daily 8hour means, 2019
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Figure 4.2 shows, for the whole mapped arde population frequency distribution for exposure

classes of 2 ug-#f The highest population frequency is found for classes between 108 and
124 pg-nv.

Figure4.2: Population frequency distributiong@dicator 93.2 percentile of maximum daikh8ur
means, 2019TheEU targetvalue (20ug-n®) is marked by the red line
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Figure 43 showsfor individual countries the ozone which the population per country was exposed
in 2019.It can be seen that # countries with the highest ozone concentraticare located in the
southern parts of Europe.

Figure4.3: Ozone concentrationsxpressed as indicator 93.2 percentile of maximum déigus
means to which ta population per country was exposed in 2019. Hbdargetvalue (20
ug-m?) is marked by the red line
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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 marke25% and 75% inthe casesof h@ EQ&a SR3ISax w2 YR dy: Ay GKS

4.2 0Ozone¢ SOMO35 and SOMO10

SOMOZ35 is the annually accumulated ozone maximum d#&ibu8y means in excess of 35 ppb (i.e.
70ug-md). It is not subject taany of the EU air quality directives and there are no limit or target

values defined. Comparing the 9®&rcentile of maximum daily-Bour means versus the SOMO35

for all background stations shows no simple relationship between the two indicators. Hqvitever
seems that the TV of the 93p2rcentile of maximum dailg-hour means (being 120 ug-nis

related approximately with a SOMO35 value in the range@d®8 000 pg-n¥-d. This comparison
motivates a somewhat arbitrarily chosen threshold &® pgm=-d, in order to facilitate the

discussion of the observed distributions of SOMO35 levels in their spatial and temporal context. This
threshold is used in this and previous papers (Horalek et al., 2021, and the references cited therein)
when dealing withithe population exposure estimates.

SOMO10 is the annually accumulated ozone maximum ddigu8y means in excess of 10 ppb (i.e.
20 ug-n). This indicatoiwasintroducedin Horalek et al. (2020), due to its link to the health impact
assessment. Beiitoted that the WHO recommendssing the SOMO10 as an alternative to the
SOMO35 when estimating the health impact of ozone (WHO, 2013).

4.2.1 Concentration maps

Maps4.2and 4.3presents the final combined map for SOMG8%l SOMO1@s a result of

combining the sparate rural and urban interpolated maps following the same procedure as for 93.2
percentile of the maximum daily-Bour means. The mapping details and the uncertainty analysis are
presented in Annex 3. In the final combined ndEOMO35the red and dak red areas show values
above 8 000 pg-rhd, while the orange areas show values abo@®@pg-m?3-d. In the case of
SOMO10,he boundaries of concentration classes have been chosen quite arbitrary, in order to
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reflect the concentration distribution of ik indicator. In the final combined map SOMO10the red
and dark red areas show values above 24 000 ggim

Map 4.2: Concentration map of ozone indicator SOMO35, 2019
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Like in the case of the 93.2 percentile of the maximum dalp@ means, generally the southern
parts of Europe show higher ozone SOMO35 concentrations thandtieern parts. Higher levels of
ozone also occur more frequently in mountainous areas south of 50 degrees latitude than in
lowlands. The relative mean uncertainty of the 20dap of the SOMO35 is about 30 % for rural and
32 % for urban areas (see Annex 3)
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Compared to the fivgear average 2012018, highest increase héis terms of SOMO3%een

observed in northern Europe, in large areas in Spain, France and Germany and in smaller areas in
south and soutkeastern Europe, while a decline occurred in sal’eoastal parts in southern and
south-eastern Europe, in larger areas of Romania and Hungary and on the borders of Czechia, Poland
and Slovakia, see Annex 4, Section A4.3.

4.2.2 Population exposure

Table 4.2and Figure 4.give for SOMO35 the population fregucy distribution for a limited number
of exposure classeJable 4.2 also presentise populationweighted concentration for individual
countries for EU28 and forthe total mapping area

It has been estimated that in 2019 about 23 % of¢basideredEuopean population (including
Turkey), about 20 % both dfe consideredcuropean population without Turkey and of the-E8
population, lived in areas with SOMO35 values abo06Gpg-m-d (see above on the motivation of
this criterion).

In 2019, like inhe previous several years, the northern and newthstern European countries have
had almost no inhabitants exposed to SOMO35 concentrations ab006 fig-n¥-d. In Iceland and
Norway there have been areas with SOMO35 above 6 000ud (®ee map 4.2hut they mostly
correspond to norpopulated areas. Most of the countries in southern and central and eastern
Europe have shown exposures above or well abo®@Bug-m-d, most notably (at least 50 % of
population) Bosnia and Herzegovina, Greece, ltaty$pain. Thisorresponds with the
concentrationsobserved in Map 4.2.

In 2019, the populationveighted ozone concentration in terms of SOMQ&sestimated to be
almost 4 60Qug-m?3-dfor the total mapping areaForboth total areawithout Turkey and the EQ8,

it was almost 4 50Qg-m?3-d, which is the fourth highest in the fifteen years period 22039 (Table
6.3). Compared to the fivgear average 2012018, notably higher values have occurred in northern
Europe, in large areas Spain, France and Germany and in smaller areas in south andessiéin
Europe, while lower values have occurred in some parts of Romania and Hungary (A8aetich
A4.3.

Table 43 and Figure 4.give for SOM®@O0 the population frequency distributin for a limited number
of exposure classeJable 4.3 also presentse populationweighted concentration for individual
countries for EU28 and forthe total mapping area

The populatioAweighted ozone concentrations, in terms of SOMO10, were estimatbeé about 19
000ug-m3-dand19 100ug-md-dfor the total mapping area anthe EU28, respectively Forthe
total mapping areavithout Turkey, it was also 19 1Q@-m?-d.
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Table4.2: Population exposureral populationweighted concentrations, ozone indicator SOMO35,

2019
Population Ozone- SOMO35, exposed population, 2019 [%)] Ozone- SOMO35
Country ISO . -
[inhbs-1000] < 2000 4000 6000 8000 10000 > 10000 Pop, weighted

Albania AL 2797 71.0 25.7 3.3 0.0 5727
Andorra AD 84 78.5 21.0 0.5 7536
Austria AT 8381 60.5 36.7 25 0.3 5802
Belgium BE 10 944 91.7 8.3 3336
Bosnia and Herzegovina BA 3802 13.5 68.9 17.6 7062
Bulgaria BG 7 363 0.2 78.6 14.3 6.7 0.3 0.0 3515
Croatia HR 4 288 53.5 39.5 7.0 6191
Cyprus cY 1018 0.1 79.4 7.2 12.8 0.6 5653
Czechia cz 10 423 93.5 6.5 5400
Denmark (incl. Faroe Islands) DK 5577 94.5 5.5 3477
Estonia EE 1291 99.4 0.6 2739
Finland Fl 5339 20.7 79.3 0.0 2297
France (metropolitan) FR 62 744 32.0 48.2 18.4 1.4 0.0 4791
Germany DE 80174 20.4 76.5 3.0 0.0 0.0 4612
Greece GR 10 634 6.6 13.7 45.3 30.4 4.0 7094
Hungary HU 9937 30.1 66.7 3.2 4473
Iceland IS 318 69.5 30.4 0.0 1662
Ireland IE 4574 44.1 55.6 0.3 2125
Italy IT 59 409 0.0 2.1 25.6 62.4 9.7 0.3 6 659
Latvia LV 2080 18.7 77.0 4.4 2552
Liechtenstein LI 34 90.2 9.6 0.1 5719
Lithuania LT 3028 97.0 3.0 3222
Luxembourg LU 511 56.5 43.5 3808
Malta MT 417 74.6 211 3.8 0.6 5872
Monaco MC 33 100.0 6930
Montenegro ME 620 514 43.6 5.0 6017
Netherlands NL 16 600 91.1 8.9 3331
North Macedonia MK 2061 50.0 44.2 4.3 15 0.0 4038
Norway NO 4906 0.3 97.5 2.2 0.0 2709
Poland PL 38494 25.0 74.9 0.2 4390
Portugal (excl. Azores, Madeirs PT 10 047 26.0 37.7 315 4.9 0.0 3332
Romania RO 20 138 5.5 76.1 17.8 0.6 0.0 3222
San Marino SM 32 78.0 22.0 5956
Serbia (incl. Kosovo*) RS 8 896 54.5 36.9 7.7 0.9 0.0 4143
Slovakia SK 5399 13.4 80.0 6.7 4778
Slovenia Sl 2042 62.0 36.9 1.1 0.0 5758
Spain (excl. Canarias) ES 44722 0.8 13.9 334 47.9 3.9 0.0 5816
Sweden SE 9539 2.8 90.6 6.7 3148
Switzerland CH 7 893 73.1 235 2.8 0.5 5847
Turkey TR 71920 10.7 28.2 19.5 20.8 11.7 9.0 5493
United Kingdom (& Crown dep. UK 63 415 63.4 36.3 0.3 1892
Total 601 926 93 14 36.7 177 38 12 4598.9

40.7 22.6

9.1 31.8 17.3 2.5 0.1

Total without Turkey 530 007 39.1 4477.5

40.9 20.0
EU28 498 253 %8 316 39.0 172 25 01 4453.6

41.3 19.8
Kosovo* KS 1748 56.7 25.0 16.4 2.0 0.0 4086
Serbia (excl. Kosovo*) RS 7 148 54.0 39.8 5.6 0.6 5727

*) 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 185 #haikMpty
cells mean no population iexposure.
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Table4.3: Population exposure and populatiereighted concentrations, ozone indicator SCINO

2019
Population Ozoneg SOMO10, exposed population, 2019 [%] Ozone¢ SOMO10
Country ISO . -
[inhbs-1000] < 15000 18000 21000 24000 27000 > 27000 Pop, weighted

Albania AL 2797 31.4 56.6 11.8 0.2 21910
Andorra AD 84 97.6 1.9 0.6 22728
Austria AT 8 381 3.8 49.4 41.5 5.0 0.4 20 707
Belgium BE 10 944 34 79.5 17.1 0.0 17 237
Bosnia and Herzegovina BA 3802 12.6 69.2 18.2 22 745
Bulgaria BG 7 363 14.5 56.5 19.6 8.7 0.7 0.0 17 137
Croatia HR 4 288 47.7 37.0 15.3 21 625
Cyprus CY 1018 74.6 11.6 13.3 0.5 21304
Czechia cz 10 423 76.3 23.6 0.1 20 475
Denmark (incl. Faroe Islands) DK 5577 0.5 99.4 0.1 18 918
Estonia EE 1291 76.4 23.6 0.0 17 594
Finland FI 5339 93.6 6.4 16 872
France (metropolitan) FR 62 744 16.2 47.2 31.7 4.8 0.1 20 273
Germany DE 80174 27.1 67.7 5.1 0.1 0.0 18 719
Greece GR 10 634 7.4 10.4 43.4 34.7 4.2 22 955
Hungary HU 9937 47.4 43.7 8.9 18 649
Iceland IS 318 90.6 9.4 0.0 16 807
Ireland IE 4574 68.8 31.2 0.0 17 436
Italy IT 59 409 0.7 41.2 46.7 11.0 0.3 21625
Latvia Lv 2080 18.7 55.5 25.8 0.1 16 339
Liechtenstein LI 34 91.4 7.1 1.4 0.1 20 049
Lithuania LT 3028 69.7 30.2 0.0 17584
Luxembourg LU 511 52.1 47.8 0.2 18 126
Malta MT 417 75.0 24.1 0.9 23 683
Monaco MC 33 100.0 23101
Montenegro ME 620 41.5 43.7 14.7 0.1 21930
Netherlands NL 16 600 76.9 23.1 17 232
North Macedonia MK 2061 43.9 46.3 75 2.3 0.1 18 335
Norway NO 4906 68.8 30.4 0.8 0.0 17 338
Poland PL 38494 25.8 71.2 3.0 0.0 18 784
Portugal (excl. Azores, Madeirs PT 10 047 27.1 14.4 37.9 19.5 1.2 18 010
Romania RO 20 138 12.9 60.6 23.3 3.2 0.0 16 828
San Marino SM 32 78.0 22.0 21020
Serbia (incl. Kosovo*) RS 8 896 3.7 61.5 22.3 10.6 2.0 0.0 17 627
Slovakia SK 5399 5.6 79.9 14.5 0.1 19 636
Slovenia Sl 2042 53.3 40.4 6.4 0.0 20 963
Spain (excl. Canarias) ES 44722 0.8 4.9 26.6 46.4 21.0 0.2 21951
Sweden SE 9539 38.6 60.9 0.5 18 368
Switzerland CH 7 893 77.5 19.2 2.8 0.6 20521
Turkey TR 71920 33.7 17.9 12.6 17.3 12.0 6.5 18 223
United Kingdom (& Crown dep. UK 63 415 38.4 53.8 7.7 0.1 15 662
Total 601 926 94 2l 38.3 18.6 >7 99 19036.4

36.5. 6.7

6.1 28.4 4.9 0.2

Total without Turkey 530 007 41.8 18.7 19146.7

34.4 5.1
EU28 498 253 64 281 41.9 185 49 92 19127.1

34.5 5.0
Kosovo* KS 1748 50.6 29.1 15.4 4.9 0.0 17 364
Serbia (excl. Kosovo*) RS 7 148 4.5 64.2 20.6 9.4 1.3 21910

*) under the UN Security CounBiésolution 1244/99

Note: The percentage value "0.0" indicates that an exposed population exists, but it is small and estimated to be 185 #haikMpty
cells mean no population in exposure.
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Figure4.4: Percentage of the population (%) exposed to ozone indicator SOMO35, 2019
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Figured.5: Percentage of the population (Y®p®sed to ozone indicator SOM® 2019
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Figure 4.6 shows, for the whole mapped area, the frequency distribution of SOMO35 for population
exposure classes 062 pg-n-d. The highest frequencies are found for classes between 2 000 and
7 000 pg-nmi-d. One can see a steep declingopulation frequencydr exposure classes between

7 000 and 9000 pg-thd and a continuous mild decline pdpulation frequencyor classes above

9000 pg-ne-d.

Figure 4.7 shows the population frequency distribution of SOMO210 for population exposure classes
of 500 pg-n¥-d. The graph shows the highdstquencies for classebetween 15 500 and
23 000 pg-m-d.

Figure 48 showsfor individual countries the ozone indicator SOMQA.0vhich the population per
country was exposed in 201@or similar figure for SOMO35, see Figure ES.4.) It can be seen that the
countries with tte highest ozone concentratiomse located in the southern parts of Europe.
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Figure4.6: Population frequency distribution, ozone indicator SOMO35, 2019
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Figure4.8: Ozone concentratiorsxpressed as indicat@OMO1Q@o which the population per country

was exposed in 2019
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4.3 0Ozoneg AOT40 vegetation and AOT40 forests

In the Ambient Air Quality Directive (EC, 2008) a target value (TV) and&tongbjective (LTO) for

the protection of vegetation from high ozone concentraisoaccumulated during the growing season

KIS 0SSy RSTAYSR® ¢+ FyR [¢h INB ALISOATASR dzaAy
nn LI NIGA& LISNI OAffA2YEéE 6!l hennod ¢KA&a A& OF t Odz | G 8§
concentrations greater thn 80 ug-ni (i.e. 40 parts per billion) and 80 pgnusing only observations

between 08:00 and 20:00 Central European Time (CET) each day, calculated over three months from

1 Mayto 31 July. The TVisA8 n Srdavefaged over five years) andtiieh A& c3hann >31 Y

Note that the termvegetation as used in ther”Quality Directive(EC, 2008 not further defined.
Nevertheless, the TV used in the directivgugte similaras the critical level used in the Mapping
Manual (CLRTAP, 2617 T NBJ O Fi dfhlihdugh thdl@efidiigns of AOT40 by EU and
CLRTAP are slightly differergd the termvegetationin the Ar Quality Directivehas been

interpretedas primarily agricultural crops. Therefore, the exposuragyicultural cropshas been
evaluated here based on th&OT4for vegetation as defined in theirfQuality Directive and the
agricultural areas, defined as the CORINE Land Covetlelasds 2 Agcultural areas (encompassing
the level2 classes 2.1 Arable land, 2.2 Permanent crops, 2.3 Pastures and 2.4 Heterogeneous
agricultural areas), see Section 4.3.2. Note that in addition to these agricultural areas there are
several other CLC classesthatdzf R 0 S O2y aA RSNBR -8 deSsBSInAidificid,y ¢ > y I
non-agricultural vegetated areas (encompassinglthel3 classes 1.4.1 Green urban areas and 1.4.2
Sport and leisure facilities), 3.1 Forests (see below) and 3.2 Scrub and/or rmrbaegetation
associations.

Next to the AOT40 for vegetation protection, thi Quality Directive (EC, 2008) defines also the

AOTA40 for forest protection, which is calculated similarly as the AOT40 for vegetation, but is summed
over six months from 1 Appto 30 Septemberi-or AOT40 for forests there is no TV defined.

However, there is &ritical Level (CL)established byCLRTAR017a). ThisQritical Level is set at

10n n n SHAIthugh CLRTAP (2017a) calculates the AOT40 indicators somewhantliffée.g.

it uses the ozone concentration corrected at canopy hgight further use this CL level for the

AOTA40 for forests calculated according to the EC (2008).

For the exposure of forests evaluation, the CLC {2\#ass 3.1 Forests has been used.

The ecosystem based accumulative ozone indicators described in this section are specifically
prepared for calculation of the EEA Core Set Indicator 005 (EEA, 2021b). For the estimation of the
vegetation and forested area exposure to accumulated ozonemées in this section are created

on a grid of 2x2 kAresolution. The exposure frequency distribution outcomes are based on the
overlay with the 100x100 fAgrid resolution of the CLC2016 land cover classes.

4.3.1 Concentration maps

The interpolated maps of AOT4or vegetation and AOT40 for forests are created for rural areas

only, as urban areas are considered not to represent agricultural or forested areas. These maps are
therefore applicable to rural areas only, and as such they are based on AOT40 datd fferive

rural background station observations only. These AOT40 monitoring data are combined in the
mapping with the supplementary data sources EMEP model output, altitude and surface solar
radiation. These supplementary data sources are the same as thtmees] at the human health

related ozone indicators.

Map 4.4 presents the final map of AOT40 for vegetation in 2019. Note that inrtiuality
Directive (EC, 2008) the TV is actually defined &008.g-m-h averaged over five years. Here only
2019dataare presented, and no fivgear averagdas beercalculated.

The areas in the map with concentrations above the TV threshold 00Q&ig-n-h are marked in
red and dark red. The areas below the ldegm objective (LTO) are marked in green. The high and
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very high AOT40 levels for vegetation occur specifically in southern,-s@stern and south

eastern regions of Europe and in Turkey; thispapccurred in central regions of Europe in 2019.
Highest levels (dark red) weestimatedin the middle of Greece, in the soutivest and soutkeast of
Turkey, both in the north and in the south (Sicilia) of Italy, in other smaller parts in North Maagdoni
in the middle ofSpainand in a small other parfrance and Switzerland. The relative mean
uncertainty of the 2019 map of the AOT40 for vegetation is about 32 % (An&=cton A3.8

Map 45 presents the final map of AOT40 for forests in 20he areas in the map with
concentrations above théritical Level (CL)definedby CLRTAR2017a) are marked in yellow, orange,
red and dark red. One can skege European forested areas exceeding ligvel

Likefor the AOT40 for vegetatioimdicator, the higlestlevels of theAOT40 for forests are found in

the southrwestern, southern ad southeastern European region and Turkéy 2019, high levels of

the AOT40 are found also in central Europe (Aas€zechia, Germany, Poland and Switzerland).
Nevertheless, values exceeding CL are found everywhere in Europe except the Atlantic areas in the
north-west of Spain, larger parts of the United Kingdom, Ireland and Finland and only smaller parts in
Iceland Norway and Swedem.he relative mean uncertainty of the 2B@inap of the AOT40 for

forests is abouB3% (Annex 3Section A3.3

Map 4.4: Concentration map afzoneindicator AOT40 for vegetation, rural map, 2019

Ozone
AOTA40 for vegetation
Reference Year: 2019

Rural Map
Resolution: 2x2 km?

I 0 - 6000 ug'm=h
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[ non EEA member or cooperating countries

no available data
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: : L S e
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For the comparison with fivgear average 2012018 values, see Annex 8ection A4.3

In order to provide more complete information of the air quality across Europe, the AOT40 maps
including theAOT40 vales based on the actualral background measuremedhta atstationsare
presented in Maps &7 and /.8 of Annex.
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Map 4.5: Concentration map afzoneindicator AOT40 for forests, rural map, 2019
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4.3.2 Vegetationexposure

Agricultural crops

The rural map with the ozone indicator AOT40 for vegetation has been combined with the land cover
CLC208 map. Following a similar procedure as described in Horalek et al. (2007), the exposure of
agricultural areas (as defined above) has been calculated at the cdently

Table 4.4 gives the absolute and relative agricultural area for each country aedif&uropean
regions where the ozone target value (TV) threshold and-teng objective (LTO) for protection of
vegetation as defined in theirfQuality Directive (EC, 2008) are exceeded. frequency distribution

of the agricultural area over some exqoe classes per country is presented as well. The table
presents the country grouping of the following regions: 1) Northern Europe: Denmark, Estonia,
Finland, Latvia, Lithuania, Norway, and Sweden, 2) Neestern Europe: Belgium, France north of
45 degees latitude, Ireland, Iceland, Luxembourg, the Netherlands, and United Kingdom, 3) Central
and SouthEastern Europe: Austria, Bulgaria, Czechia, Germany, Hungary, Liechtenstein, Poland,
Romania, Slovakia and Switzerland, and 4) Southern Europe: Albasiég Bnd 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, Spain ancké&y.

Table 4.4 illustrates that in 2019, about 37 % of all European agricultural land including Turkey has
been exposed to ozone exceeding the TV 0068 pg-nt-h. For the areas excluding Turkey and for

the EU28, it has been about 30 %, which is ie thean of the fifteeryear period mean 2062019,

see Table 6.4. More than 90 % of thgriculturalarea presentozone levels in excess of the TV in
Austria, Cyprusdylalta andSwitzerlandAndmore than half of theagriculturalarea inAlbania, Czechia,
Greece, Italy, North Macedonia, Spain and Turkey.

Considering the LTO ofd®0 pg-n-h, the total European area including Turkey in exbassbeen
about 86 %. For the areas excluding Turkey and for tha& ilhas beerB4 %. In 2019, values of the
AOT4dor vegetation above the LTO have occurred in all countries with the exception of Iceland.
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Nevertheless, very small areas (< 1 %) with the values above LTO have also occurred in Finland and
Ireland. On the other hand, in most of the countries aboutare than 90 %of the agricultural area

has been exposed tozone levels in excess of th&O Only in &ew countries (Denmark, Estonia,

Latvia, Norway, Sweden and the United Kingjidime agricultural area exped above theLTOin

2019 has been lower tharD3%.

Forests

The rural map with ozone indicator AOT40 for forests was combined with the land cover ELC201
map. Following a similar procedure as described in Horalek et al. (2007), the exposure of forest areas
(as defined above) has been calculated facte country, for the same four European regions as for
crops and for Europe as a whole. Table 4.5 gives the absolute and relative forest areghehere

Qitical LevelCLset at 10n n n %hy &t ¥ie same leveds defined in CLRTAP (281 andthe

value 20000 pg-m#-h (which is equal to the earlier used Reporting Value, RV, as was defined in the
repealed ozone directive 2002/3/EC) are exceeded. Next to the forest area in exceedance, the table
presents the frequency distribution of the forest are#en some exposure classes.

The Critical Level was exceeded in 2019 at about 85 % of all European forested area including Turkey.
For the area excluding Turkey and for theZB.it was exceeded at about 84 %, which is the third

highest exceedance observéal the fifteenyear period 20022019 (Table 6.4). As in previous years,

most countries continue to have in 2019 the whole or considerable forest areas in excess to the CL,
with specifically almost all forest area in southern and central, eastern and mesteopean

countries. In 2019, areas in excess to the CL occurred also in Northern Ellveffel was not

exceeded only in the most édeland, United Kingdom, Irelamehd Finland,and in smaller parts of

Norway, Sweden and Spain (nostkestern part).

Inthis context, it should be mentioned that the AOT40 indicator is probably not the best proxy for
vegetation damage assessmeAOT40 does not take into account plant physiological control of
ozone absorbed doses, which is taken into account in the POPlfiyeotoxic Ozone Do¥e

indicators, as discussed in Section 4.4 for main crops. POD indicators are known to be more related
with ozone effects on plant growth thaambient air ozone concentrations alone. The AOT40 does

not take into account either the ifence of meteorological conditions on growing season timing.
Growing seasdsstart and end dates can change across Eurapd,between years for a given site,
depending on factors such as air temperature, solar radiation, photoperiod or rainfall. High
temperature and dry weather favouring ozone pollution cause a reduction of ozone absorbed doses
by plants due to plant physiological resportisalrought (i.e., thevegetation closes its stomata
protecting itself from the exposure to ozohélowever plants nay still be sensitive to ozone in such
weather conditions, as illustrated by foliar injury record#\lappo pinestands growingn southern
France(CLRTAR016)or controlled experimental results (e.g. Alonso et al., 2014)
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Table4.4: Agricultural area exposure and exceedance and agriculwesihted concentrations,
ozone indicator AOT40 for vegetation, 2019

Agricultural area, 2019 Percentage of agricultural area, 2019 [%] Agricult-
Country Total >LTO >TV 6 000- 12 000- 18 000- weighted
area (6000 pg-ni-h) (18000 pg-m-h) <6000 12000 18000 27000 > 27 000 conc.

[km? [km? (%] [km? %]  pgmdh  pg-m*h  pgm*h pg-m*h pg-m>h  [pg-m3h]
Albania 8017 8017 100.0 4 852 60.5 39.5 60.4 0.1 18 773.9
Andorra 13 13 100.0 12 85.5 14.5 71.7 13.9 23484.1
Austria 26 827 26 827  100.0 25 528 95.2 4.8 93.7 1.4 20912.5
Belgium 17 473 17 473  100.0 47.1 52.9 11 588.8
Bosnia anHerzegovina 17 023 17 023 100.0 69 0.4 54.1 45.5 0.4 12 216.1
Bulgaria 57 390 57390 100.0 1620 2.8 58.6 38.6 2.8 11 897.1
Croatia 22 168 22168 100.0 2316 10.4 41.5 48.0 10.4 0.0 13 282.4
Cyprus 4291 4291 100.0 3954 92.2 7.8 88.2 4.0 21921.2
Czechia 44 784 44784 100.0 33381 74.5 0.0 25.5 74.5 19 379.9
Denmark (incl. Faroe Is.) 31235 10 554 33.8 66.2 33.5 0.3 5930.6
Estonia 14 251 641 4.5 95.5 4.5 4772.7
Finland 27 504 63 0.2 99.8 0.2 3161.9
France (metropolitan) 323377 323199 99.9 63 499 19.6 0.1 37.7 42.6 17.3 2.3 14 222.0
Germany 204 463 198594 97.1 79 015 38.6 2.9 20.5 38.0 38.6 0.0 15 708.8
Greece 50 051 50051  100.0 38 059 76.0 0.2 23.8 69.7 6.3 20 492.8
Hungary 60 387 60 387 100.0 7 154 11.8 17.9 70.3 11.8 14 505.5
Iceland 2517 100.0 945.6
Ireland 46 756 28 0.1 99.9 0.1 2430.8
Italy 155718 155718 100.0 139534 89.6 10.4 65.2 24.4 23989.8
Latvia 25 530 7191 28.2 71.8 28.2 0.0 5679.6
Liechtenstein 37 37 100.0 37  100.0 96.3 3.7 24 252.9
Lithuania 38 148 34 089 89.4 10.6 89.4 0.0 7202.3
Luxembourg 1351 1351 100.0 13.1 86.9 14 337.6
Malta 125 125 100.0 113 90.3 9.7 79.0 11.4 21 420.1

Monaco

Montenegro 2242 2242 100.0 679 30.3 69.7 30.3 16 557.3
Netherlands 23 644 23 222 98.2 1.8 82.1 16.1 9828.3
North Macedonia 9146 9146 100.0 6 967 76.2 4.6 19.2 61.7 14.5 21 866.3
Norway 15 636 883 5.6 94.4 5.6 0.0 2871.6
Poland 183258 183183 100.0 26 910 14.7 0.0 43.4 41.8 14.7 13241.8
Portugal (excl. Az., Mad.) 42566 40 470 95.1 10 0.0 4.9 52.8 42.3 0.0 10 918.5
Romania 135270 123619 91.4 1035 0.8 8.6 76.1 14.5 0.8 9 394.0
San Marino 42 42 100.0 42 100.0 100.0 19719.9
Serbia (incl. Kosovo*) 46 768 46 768 100.0 6 489 13.9 21.1 65.1 13.9 14 445.2
Slovakia 23100 23100 100.0 3439 14.9 7.9 77.2 14.9 15 630.1
Slovenia 6986 6986 100.0 3170 45.4 3.7 50.9 44.4 1.0 17 835.9
Spain (excl. Canarias) 241014 230903 95.8 164081 68.1 4.2 2.8 24.9 66.0 2.1 18 956.1
Sweden 39 035 13 588 34.8 65.2 34.8 0.1 52123
Switzerland 11 359 11359 100.0 11 102 97.7 2.3 88.6 9.1 22887.7
Turkey 339966 337168 99.2 266402 78.4 0.8 8.1 12.7 33.1 45.3 24 827.1
United Kingdom (& dep.) 135 759 4 926 3.6 96.4 3.6 0.0 36419
Total 2435233 2097 621 86.1 889 467 36.5 13.9 23.7 25.9 27.9 8.7 15 281.4
Total without Turkey 2095267 1760453 84.0 623065 29.7 16.0 26.3 28.0 27.0 2.7 13 734.5
EU28 1981926 1664701 84.0 592817 29.9 16.0 26.7 27.3 27.2 2.7 13720.9
France over 45N 256 784 256 606 99.9 45 662 17.8 0.1 40.8 41.3 17.8 0.0 13 676.9
France bellow 45N 66 594 66 594 100.0 17 837 26.8 25.7 47.5 15.7 11.1 16 324.4
Kosovo 4167 4167 100.0 2932 70.4 29.6 70.4 19 574.0
Serbia (without Kosovo*) 42 601 42 601  100.0 3556 8.3 23.1 68.5 8.3 13 943.5
Northern 191 340 67 009 35.0 65.0 35.0 0.1 5270.0
North-western 484285 303 606 62.7 45 662 9.4 37.3 28.4 24.8 9.4 0.0 9 450.6
Central &south-eastern 746 876 729 280 97.6 189221 25.3 2.4 36.2 36.1 25.1 0.2 14 083.7
Southern 1012731 997 726 98.5 654584 64.6 1.5 10.2 23.7 44.0 20.7 20830.0

*) 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 1e8S #taikMpty
cells mean no population in exposure.
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Table4.5: Forestedharea exposure and exceedance doikstweightedconcentrations, ozone
indicator AOT40 fdiorests 2019

Country Forested area, 2019 Percentage of forested area, 2019 [%)] Forest-
Total >CL >RV 10 000- 20 000- 30 000- weighted
area (10 000 ugm3h) (20 000 ugn3h) <10000 20000 30000 50000 > 50 000 conc.
km? [km? (%] [km? %]  wgm3h pgm*h pgm*h pgm3>h  pgm3h  [ug-m3h]
Albania 7104 7104 100.0 7104 100.0 0.5 92.2 7.3 42 927.2
Andorra 129 129 100.0 129 100.0 10.2 89.8 36 993.4
Austria 36 667 36 667 100.0 36 667 100.0 9.6 89.5 0.9 34 385.3
Belgium 6 089 6089 100.0 5 352 87.9 12.1 87.9 21931.0
Bosnia anHerzegovina 23911 23911 100.0 23 422 98.0 2.0 80.8 17.1 26 767.6
Bulgaria 34674 34674 100.0 34671 100.0 0.0 50.6 49.4 30 831.6
Croatia 19 734 19734 100.0 15 354 77.8 22.2 50.1 27.7 0.0 26 113.9
Cyprus 1458 1458 100.0 1458 100.0 89.3 10.7 44 368.6
Czech Republic 25 867 25867 100.0 25867 100.0 114 88.6 332423
Denmark (incl. Faroe Is.) 3747 3747 100.0 108 2.9 97.1 2.9 14 563.7
Estonia 21078 21078 100.0 3 0.0 100.0 0.0 12 952.8
Finland 211 647 60 626 28.6 71.4 28.6 9166.8
France (metropolitan) 143376 143376 100.0 125076 87.2 12.8 49.8 34.6 2.8 28 949.1
Germany 108031 108031 100.0 103 056 95.4 4.6 35.5 59.9 0.0 30 179.6
Greece 26 122 26122 100.0 26116 100.0 0.0 0.8 87.0 12.2 41860.9
Hungary 17 407 17 407  100.0 17 364 99.8 0.2 67.1 32.7 27 963.9
Iceland 536 37 6.9 93.1 6.9 7804.7
Ireland 4510 487 10.8 89.2 10.8 7534.1
Italy 79 052 79 052 100.0 79 052  100.0 1.6 83.8 14.5 41 710.0
Latvia 24 256 24255 100.0 46 0.2 0.0 99.8 0.2 14 161.7
Liechtenstein 79 79  100.0 79  100.0 100.0 385914
Lithuania 19 450 19450 100.0 2053 10.6 89.4 10.6 17 618.1
Luxembourg 937 937  100.0 833 88.9 11.1 88.9 23792.7
Malta 2 2 100.0 2 100.0 86.9 13.1 42 654.7
Monaco 1 1 100.0 1  100.0 40.0 60.0 31 606.5
Montenegro 5777 5777 100.0 5777 100.0 6.4 93.5 0.0 36 934.0
Netherlands 3118 3118 100.0 1155 37.0 63.0 37.0 19 024.9
North Macedonia 8 144 8144 100.0 8144 100.0 1.2 57.7 41.1 46 398.5
Norway 103 486 77 544 74.9 4026 3.9 25.1 71.0 3.9 12 494.1
Poland 96 954 96 954  100.0 87 840 90.6 9.4 66.4 24.2 25901.3
Portugal (excl. Az., Mad.) 16 512 16512  100.0 9706 58.8 41.2 56.8 2.0 20008.3
Romania 71264 71111 99.8 34 466 48.4 0.2 51.4 46.1 2.2 20 239.4
San Marino 6 6 100.0 6 100.0 100.0 35994.1
Serbia (incl. Kosovo) 27211 27211 100.0 27 208 100.0 0.0 26.7 72.9 0.5 34 235.9
Slovakia 20 483 20483 100.0 20 127 98.3 1.7 59.5 38.8 28222.9
Slovenia 11 441 11441 100.0 11271 98.5 15 35.2 63.2 0.1 31 664.4
Spain (excl. Canarias) 107 927 103419 95.8 88 449 82.0 4.2 13.9 16.8 63.1 2.1 31 203.4
Sweden 261757 210038 80.2 45 0.0 19.8 80.2 0.0 11 807.8
Switzerland 11 850 11850 100.0 11850 100.0 7.6 83.7 8.7 37 918.8
Turkey 114856 114639 99.8 106 800 93.0 0.2 6.8 23.8 55.3 13.9 36 404.4
United Kingdom (& dep.) 20 247 5014 24.8 1 0.0 75.2 24.8 0.0 8582.2
Total 1696893 1443579 85.1 920684 54.3 14.9 30.8 21.6 30.1 2.5 23 294.0
Total without Turkey 1582038 1328940 84.0 813884 514 16.0 32.6 21.5 28.3 1.7 22 343.0
EU28 1393765 1167109 83.7 726139 52.1 16.3 31.6 22.1 28.5 1.5 22331.4
France over 45N 90 007 90 007  100.0 77519 86.1 13.9 56.5 29.5 0.2 26 764.4
France bellow 45N 53 369 53369 100.0 47 558 89.1 10.9 38.6 43.3 7.2 32 634.0
Kosovo 4316 4316 100.0 4316 100.0 97.0 3.0 42 599.7
Serbia (without Kosovo) 22 894 22894 100.0 22892 100.0 0.0 31.7 68.3 32 659.7
Northern 645419 416 737 64.6 6 282 1.0 35.4 63.6 1.0 11 368.8
North-western 125443 105 688 84.3 84 859 67.6 15.7 16.6 46.4 21.2 0.1 22 608.4
Central & eastern 423276 423124 100.0 371987 87.9 0.0 12.1 43.6 44.0 0.3 28 163.2
Southern 502 755 498 030 99.1 457 556 91.0 0.9 8.1 23.5 59.4 8.1 34 638.4

*) under the UN Security Council Resolution 1244/99

Note: The percentage value "0.0" indicates that an exposed population exists, but it is sedtiarated to be less than 0.05 %. Empty
cells mean no population in exposure.
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4.4 Ozoneg Phytotoxic Ozone Dose (POD)

Ozone is generally recognized to be the most relevant pollutant for plants. Visible injury, reduction in
growth, changes in biomass partitioning, or a higher susceptibility to pathogen attack can be the
effect of ozone influence (Krupa et al., 2000). Sdfierevidence suggests that observed effects of
0zone on vegetatioare more strongly related to the uptake of ozone through the stomatal leaf

pores (stomatal flux) than to the concentratiomthe atmosphere around the plants (Mills et al.,

2011). It iggenerally accepted that the most severe ozone effects on plants are caused bytleatone

is taken up through the stomata into the leaf interior (Reich, 1987; Ashmore et al., 2004).

The cumulativestomatal ozone fluxes {f) through the stomata of leaves found at the top of the
canopy are calculated over the course of the growing seassed orambient ozone concentration
and stomatal conductance g) to ozone. The stomatal conductance has been calculated using a
multiplicative stomatal conductance model (Emberson et al., 2000) based on Jarvis (1976) as a
function of speciespecific maximumsg (expressed on a single leafea basis), phenology, and
prevailing environmental conditions (photosynthetic photon flux densiBEDB), air temperature,
vapour pressure deficit (VPD), and soil moisture.

POD (Phytotoxic Ozone Dose) is the accumulated plant uptake (flux) of ozone above a threshold of Y
during a specified time or growth periodlhe fluxbased POlmetrics are preferrd in risk

assessment over the concentratittased AOT40 exposure indé¥OT40 accounts for the

atmospheric ozone concentration above the leaf surface and is therefore biologically less relevant for
0zone impact assessment th®OD as it does not take intaccount how ozone uptake is affected by
climate, soil and plant factors.

SeveraPODRyindicators are described in CLRTAP (2DIFOBSPEC is a species or group of species
specific POlxhat requires comprehensive input data and is suitable for detailddassessment.
PODBQIAM is a vegetatiottype specific PORhat requires less input data and is suitable for large
scale modelling, including integrated assessment modeMQPSPEC is further used in this report.

For the wheat as for other crop spesiacluding potato and tomato, the Y value is taken equal to
6 nmol m? PLA 3(i.e. per unit projected leaf area). For the detail$@D (and specifically
PORSPEC as used in this report) calculation, see Annex 1, Section A1.3.

The speciespecific lux models and associated response functions and critical levels for-ozone
sensitive crops and cultivars can be used to quantify the potential negative impaci®oftke
security of food supplies at the local and regional scale. They can be usedriatestield losses,
including economic losses. A fithreshold Y of 6 (PQBPEC) provides the strongest faffect
relationships for crops (Pleijel et al., 20073.e@ects proved to be significant at a 5 % reduction of
the effect parameter (Mills et gl12011), hence Critical Levels (CL) were determined for this 5 %
reduction of the effect parameter (i.e. yield, weight or quality of grain, tuber or fruit), based on the
slope of the relationship. The PEEPECritical Levels (CL) for crops were determibaded on this
reduction of relevant yield or weight, as shown in Table 4.6.

Wheat, potato and tomato are considered as representative species of crops in Europe (tomato can
be regarded as representative horticultural crop for tiediterranean and Black Sea regions, while
potato for other regions). Therefore, PEBPEC for these crops (labelled further simply ass R&DD
wheat, potato and tomato, respectively) are recommended for regular map construction. This report
presents maps oPODR for wheat (Triticum aestivurjy potato Solanum tuberosujrand tomato

(Solanum lycopersicum
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Table4.6: PORSPEC Critical Levels for crops as determined by CLRTAP

Crop Effect parameter PORSPECritical Level
Wheat grain yield 1.3 mmol.n? PLA
Wheat 1000grain weight 1.5 mmol.nm? PLA
Wheat protein yield 2.0 mmol.nm? PLA
Potato tuber yield 3.8mmol.nT2 PLA
Tomato fruit yield 2 mmol.nT? PLA
Tomato fruit quality 3.8mmol.nt2 PLA

Source: CLRTAP, 2@17

4.4.1 Phytotoxic Ozone Dose maps

The POD maps have been calculated based on the hourly ozone maps, together with the
meteorological and soil hydraulic properties data, based on the methodology described in Annex 1,
Section Al.3Thecalculation has been executed@il® x 0.1° resolutioriThe hourly ozone maps are
created for rural areas only, based on rural background stations. The POD maps are therefore
applicable to rural areas only. Next to this, it should be noted that in the POD calculations for wheat
and potato, all growing areaseaconsidered raified (i.e. without irrigation), see Colette et al. (2018).
Thus, the maps are directly applicable only for areas without irrigation. If applied for irrigated areas,
the POD values for wheat and potato might be somewhat underestimatedh®mwther hand, no
limitation of stomatal conductance due to soil moistwan be assumed for tomatsjnce itis an
irrigated horticultural crop (see Annex 1, Section A1.3).

The hourly ozone maps needed for POD calculation have been calculated at #ra?2g2olution,

based on rural background measuremeritie mapgor each hour of the year 2018ave been

constructed using the same methodology like the annual miggsthe multiple linear regression

followed by the kriging of its residuals (see Anne$dction Al.1) based on the measurement data,
EMEP model output, altitude and the surface solar radiation. For details, see Annex 3, Section A3.3.

Maps4.6to 4.8present the final map of Phytotoxic Ozone Dose (§ @ wheat, potato and

tomato in 2019 High values of the P@Pan be found in different parts of Europe since the PSD
dependent not only on ozone levels but also on the environmental conditions and plant phenology.
On the other hand, the lowest levels of the R@Bually occur in areasith lower ozone

concentrations (e.g. northern European regions) and/or in areas where environmental conditions
limit the ozone stomatal conductance (dry and warm areas, including parts of the southern,; south
western and soutkeastern Europe).

Theareas in the Map 4.6 with P@alues above the Critical Level (CL)jiartein yield of wheai.e.

2 mmol.nt2 PLA)re marked in orange, red and dark red. The areas withsR@lDes below the CL

for grain yield of wheafi.e. 1.3mmol.n1> PLA)are marked in green and dark greefhe areas with

POR values in between Clifsr grain yieldand 1000grain weight andn between CLs for 106§rain
weight andprotein yield are marked in yellow and dark yellow, respectively. All these CLs were
exceeded in lege areas of central Europe and Denmark, western part of France, in most of Portugal,
Italy and Greece and parts of Spain, the Balkan area and Turkey.

The higlestlevels of the POgfor wheat in 201%re found inthe south-westernand southern
Europe Nevatheless, high values of the PODr wheat have been foundlsoin other European
areas (e.g. central Europe, namely Czechia and &z@idh border in 2019). Low values of R@D
wheat in some areas in the south of Europe (i.e. with high ozone vdluebmited ozone stomatal
conductance) are in agreement with findings of Colette et al. (2018).
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Map 4.7 presents the final map of PEDr potato in 2019. The areas with P@Rlues above the

Critical Level (CL) fauber yield of potato(i.e. 3.8mmol.nt> PLAjare marked in yellow, dark yellow,
orange, red and dark red. Most of Europe showed values of RDpotato above this CL in 2019.

The highestPOR levelsare found inthe central European region, the Baltic States, France and parts

of Italy. On the other hand, the lowest levels of the PEIbr potato in 2019 are found in northern

Europe with the exception of Denmark, the United Kingdom, Ireland, parts of Switzerland and Austria
and parts of southern, souttvestern and soutkeastern Europearegions.

Map 4.8 presents the final map of PE&XDr tomato in 2019. The areas with POQRlues above the
Critical Level (CL) for fruit yield are marked in red and dark red, the areas witlv&0&s above the
Critical Level (CL) for fruit quality in daeld. The Modelling and Mapping Manual (CLRPAF7)
defines the parameterization for tomato for the Mediterranean area. EU27 agriculture statistics
show that ca 70 % of tomato in 2020 was produced in Italy, Spain, Portugal and Gre@2{ECn
the wlder regions of Europe, tomato would be mostly grown in greenhouses. Most of the
Mediterranean areas showed the values of R@Dtomato below these CLs in 2019. Only in very
small parts of the coastal areas PQBlues above CL have occurred.

For the pupose of completeness, the Pitas been modelled even for neévediterrranean areas
using the sara parameterization (lighter colours in the Map 4.8).

Map 4.6: Phytotoxic Ozone Dose (Ppidr wheat, ruraimap, 2019
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POD for wheat (PODg)

Reference Year: 2019

Rural Map

Resolution: 0.1° x 0.1, transformed to 2x2 km?
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[ ] no available data
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Map 4.7: Phytotoxic Ozone Dose (P{pfor potato, rural map2019
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5 NG and NQ

Annual average maps for NQ@elated to protection of human health) and for N@elated to
protection of vegetation) have been produced and presented in the regular mapping report since the
maps for year 2014.

The methodology for creating the concentiati maps follows the same principle as for the rest of
pollutants: a linear regression model on the basis of European wide station measurement data,
followed by kriging of the residuals produced from that regression model (residual kriging).

The map on Ngsbased on an improved mapping methodology developed in Horalek et al. (2017b,
2018). The map layers aceeated for the rural, urban background and urban traffic areas separately
on a grid at 1x1 kAresolution. Subsequently, the urban background arlsbartraffic map layers are
merged 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 N@ap using a population density grid at 1x1%km
resolution.This final combined majs presened in this 1x1 krigrid resolution.

The map of the vegetatiorelated indicator NQannual average is created on a grid at 2x2 km
resolution, based on rural background measurements only, as vegetation is considered not to be
extensively preserat urban and suburban areas. Hence, this map is applicable to rural areas only.
The resolution is chosen equally to the one of the vegetation indicator for ozone.

Annex 3 provides details on the regression and kriging parameters applied for derivingpbean
well as the uncertainty analysis of the maps.

5.1 NG cAnnual mean

5.1.1 Concentration maps

The Ar Quality Directive (EC, 2008) sets two limit values (LV) farfbiQhe human health

protection. The first one is an annual LV (ALV) at the level of 403ughis is the same

concentration level as recommended by the World Health Organization for thelN@al average

as the2005Air Quality Guidelinéevel (WHO, B05). The second one is an hourly LV (HLV, 2003ug-m
not to be exceeded on more than 18 hours per ye@gncentrations above the HLV were observed

in 0.3 % (11 stations) of all reporting stations only, mostly at urban traffic stations; they were
observedin five countries (number stations): Turkey (seven), Bosnia and Herzegovina (one), Kosovo
(one), Spain (one) and United Kingdom (one), see Targa(203al).In view of this low number of
exceedances, the shetérm LV has not been included in the mampprocedures.

Map 5.1 presents the final combined concentration 1x? gnidded map for the 208 NG, annual
average as the result of interpolation and merging of the separate maps as described in Annex 1.

Supplementary data used in the linear regression are in principle the same as described in Horélek et
al. (2017b). For rural areas they consist of EMigBel output, altitude, SentinedP satellite data,

wind speed, population density and land cover indicators; for urban background areas these are
EMEP model output, altitude, SentireP satellite data, wind speed, population density and land

cover indiators; for traffic areas the EMEP model output, altitude, and SenfiRedatellite data are

used (Annex 3Section A3}

According to Map 5.1, the areas where the ALV of 40 {igvas exceeded include urbanized parts of
some large cities, particularly M, Naples, Rome, Turin, Paris, Barcelona, Madrid, London, Athens,
Bucharest, Ankara, Istanbul, and some other smaller cities in Turkey. Some other cities show NO
levels above 30 puge.g., in Germany, Italy, the Netherlands, Belgium, United King@iorkey.

Most of the European area shows Névels below 20 ug- with most of the rural areas below 10
ug-n. Some larger areas above 20 ug-can be found in the Po Valley, the Benelux, the German
Ruhr region, in central and southern England, inlteele France region and around Rome.
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It should be noted that the interpolated map is created at 1x® &nly. Although the urban traffic

map layer is used in the map creation, the traffic locations are smoothed in the BxEsatution.

Thus, the mapas such refers to the rural and urban background situations only, while the
exceedances of the NOmit values occur mostly at local hotspots such as dense traffic locations and
densely urbanised and industrialised aredach exceedances are mostly ndiivie in the X1 kn?
map.The relative mean uncertainty of the W@nnual average map is 34 for rura) 27 % for urban
backgroundand 24%for urban trafficareas (Annex,3Section A3}

For the comparison with fivgear average 2032018 values, see Aar 4 Section A4.4
In order to provide more complete information of the air quality across Europe, the final combined
map including the measurement data at statsis presented in Map A5.9 of Annex 5.

Map5.1: Concentration map of N@nnual average, 2019

Nitrogen Dioxide (NO;)
Annual Average
Reference Year: 2019

Combined Rural and Urban (incl. Traffic) Map
Resolution: 1x1 km?

B < 10pgm?

I 10 - 20 pg-m?

[ 20-30pg:m?

[ 30-40pgm?

B 40 - 45 pg'm? (40 = LV & 2005 WHO AQG)
B - 45 ugm?

|| non EEA member or cooperating countries
[] no available data
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5.1.2 Population exposure

Table 5.Jand Figure 5.gjive the population frequency distribution for a limited number of exposure
classes calculated on a grid of 1x1%kesolution Table 5.1 also presentise populationrweighted
concentration for individual countrie$or EU28 and forthe whole mapping areaccording to
Equation Al.7 of Annex 1.

The human exposure to N@as been calculated based on the improved methodology as developed
in Horalek et al(2017b). 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 réflee population exposed to

traffic. Based on this, thdifferent concentration levels in urban background and traffic areas inside
the 1x1 kni grid cells are taken into account.
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Table5.1: Population exposearand populatiorweighted concentration, Nnnual average 2019

c SO Population NQ: ¢ annual average, exposed population, 2019 [%)] NQ; ann. avg.
ountry [inhbs-1000] <10 10-20 20-30 30-40 40-45 > 45 Pop. weighted
Albania AL 2797 245 50.7 23.2 1.5 15.2
Andorra AD 84 1.7 39.8 58.5 20.0
Austria AT 8381 19.0 52.8 24.9 3.4 16.4
Belgium BE 10 944 3.9 66.6 25.3 4.2 0.0 18.5
Bosnia and Herzegovina BA 3802 27.9 56.7 14.8 0.7 14.3
Bulgaria BG 7 363 135 52.6 25.9 8.1 18.6
Croatia HR 4288 29.6 51.2 18.1 1.0 14.2
Cyprus CY 1018 13.1 22.1 56.4 8.4 20.9
Czechia cz 10 423 20.9 64.8 13.1 1.2 14.2
Denmark (incl. Faroe Islands) DK 5577 61.6 36.5 2.0 9.0
Estonia EE 1291 68.2 31.8 7.5
Finland FI 5339 68.3 29.6 2.1 8.2
France (metropolitan) FR 62 744 329 435 16.1 4.7 1.5 1.2 15.2
Germany DE 80 174 9.9 61.0 24.2 4.1 0.6 0.1 17.5
Greece GR 10 634 23.2 35.6 224 16.2 0.9 1.8 19.0
Hungary HU 9937 14.4 63.0 18.2 4.1 0.3 16.6
Iceland IS 318 27.7 66.7 5.6 11.0
Ireland IE 4574 51.7 38.8 7.9 1.6 10.5
Italy IT 59 409 12.1 41.6 33.3 9.8 2.2 1.0 20.0
Latvia LV 2080 51.8 45.8 2.4 10.4
Liechtenstein LI 34 1.6 97.3 0.2 0.9 16.5
Lithuania LT 3028 40.5 55.2 4.3 11.0
Luxembourg LU 511 8.5 57.8 26.3 7.3 18.4
Malta MT 417 44.9 44.9 10.2 115
Monaco MC 33 4.7 95.3 23.9
Montenegro ME 620 23.7 58.7 17.7 14.9
Netherlands NL 16 600 2.6 55.5 40.2 1.7 19.1
North Macedonia MK 2061 4.4 65.3 27.9 2.3 18.0
Norway NO 4 906 59.3 325 7.6 0.5 9.6
Poland PL 38494 28.6 54.7 15.4 0.9 0.4 0.0 14.2
Portugal (excl. Azores, Madeira PT 10 047 26.6 50.5 20.6 2.3 14.9
Romania RO 20 138 14.4 43.9 29.7 10.3 0.9 0.9 19.5
San Marino SM 32 5.1 90.2 0.1 4.5 15.8
Serbia (incl. Kosovo*) RS 8 896 13.9 50.8 33.8 15 0.0 17.9
Slovakia SK 5399 19.3 74.7 55 0.5 13.5
Slovenia Sl 2042 29.6 53.5 16.9 14.3
Spain (excl. Canarias) ES 44 722 16.1 47.9 22.7 10.8 2.3 0.1 18.6
Sweden SE 9539 73.7 24.7 1.6 8.0
Switzerland CH 7893 75 75.0 12.6 4.8 16.7
Turkey TR 71920 24.1 14.2 22.7 19.4 6.8 12.7 25.6
United Kingdom (& Crown dep. UK 63 415 9.2 53.2 30.7 6.0 0.6 0.4 18.7
Total 601 926 203 464 22.9 7.0 Lo L9 17.9

66.7 3.4
Total without Turkey 530 007 198 508 22.9 5.3 09 o4 16.8
70.5 1.3
19.6 50.5 0.9 0.4
EU28 498 253 23.1 55 16.9
70.1 1.3
Kosovo* KS 1748 13.6 515 33.8 1.0 17.5
Serbia (excKosovo*) RS 7148 13.9 50.7 33.8 1.6 0.0 18.0

*) 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 1e8S #taiEMpty
cellsmean no population in exposure.
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Thusg like for PMoand PM s ¢ the population exposure refers not only to the rural and urban
background areas, but to the urban traffic locations as well. However, it should be mentioned that
only population density datat 1x1 knd resolution has been used. This means that contrary to the
concentration levels, the population density is constant within each 1xgkiah cell. This

shortcoming can increase the uncertainty of the population exposure results.

It has been estimated that in 2019 about 3 % of tbasideredeuropean population including
Turkey and about 1 % of both tlvensideredEuropean population without Turkey and the-28
population lived in areas with N@nnual average concentrations ababe EU limit value of 40
>3BY

The populatioaveighted concentration of the N@nnual average for 2019 has been estimated to
be about 18 pg-rand 17 pg-nifor the total considered Europeaand EW28 onlypopulation,
respectively, being this last ke the same also for the totabnsideredEuropean population
without Turkey which means a decrease of almogt@n1® compared to the previous fivgear
mean(Annex 4, Section A4.4)

Figure5.1: Percentageof the population (%) exposed to Néhnual average (ug-), 2019

100 % = ErE - " " I— R r

m 10 m10-20 20-30 30-40 B40 - 45 B 45

*) under the UN Security Council Resolution 1244/99

Figure 5.2 shows, for the whole mapped area, the population frequency distribution for exposure
classes of fig-n®. One can see the highest population frequency for classes between 10 and 20
ug-m2, continuous decline gfopulation frequency for classegtween 21 and 3@uig-m?® and
continuous mild decline gfopulation frequencyor classes between 31 and 60 pg-m
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Figure5.2: Population frequency distribution, N@&nnual average, 2019 heannuallimit value and
the 2005 WHO AQG le\dD pg-m?®in both casesare marked by the red line
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5.2 NO¢ Annual mean

5.2.1 Concentration maps

The Ar Quality Directive (EC, 2008) sed<Critical Level (CL) for the protection of vegetation for the
NOF yy dzl £ Y S| ¥ Accaidingta this-ditéctiVe, treampling points targeted at the
protection of vegetation and natural ecosystems shalirbgenerakited more than 20 km away
from agglomerations or more than 5 km away from otbeilt-up areasThus,only the observations
at rural background stations are used for the M@apping and the resulting map is representative
for rural areas only.

The number of NOmeasurement stations is limited. The mapping of theBi@hual average has
been thereforeperformed on the basis of an approach presented in Horalek et al. (2007). This
approach derives additional pseudo N&binual mean concentrations from M@nnual mean
measurement concentrations and increases as such the number and spatial coveragedztalO
LRAYGAQS YR I LINOM&ingiSkcHcn 81.1RF Aintex lijpfovidiesksSme details.

Map 5.2 presents the concentration map of NDnual average. It concerns rural areas only,
representing an indicator for vegetation exposure toxNOe relative mean uncertainty of this rural
map is 42 %.

Most of the European area shows Névels below 20 pg-th However, in the Po Valley, southern

part of the Netherlands, northern Belgium, the German Ruhr region and around some larger
European citiegtypically being the national capitals) elevatedd@ncentrations above the Critical

Level (CL) are observed. Furthermore, around many larger European cities concentrations just below
the CL are observed. These concentrations are expected to be thé sékarge emissions from

transport in and around the cities, as well as energy production and industrial facilities taking place at
these areasThis is relevant onljor so called perurban vegetationwhere patches bagricultural

land and of natural or planted vegetation can be fou@h the contrary, low concentrations (below

10 ug-n?) are observed in large areas of Spain, France, Italy, Croatia, Bosnia and Herzegovina,
Montenegro, Hungary, Scandinavia, Icelandahid and the Baltic States.

For the comparison with fivgear average 2032018 values, see Annex 8ection A4.4

The NQannual average rural map including the data measured at rural background stations is
presented in Map A5.10 of Annex 5. The maptilaiss the lack of the NQural stations in the
Balkan area.
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Map5.2: Concentration map of N@nnual average, rural map, 2019

Nitrogen Oxides (NO,)
Annual Average
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Vegetation exposure has not been calculated fok,N@® the Critical Level (Clppéies actually to
vegetation only, which is by nature mostly allocated in rural areas where there has been limited CL
exceedance observed. Therefore, the vegetation exposure exceedance would occur in limited
vegetation areas only and, as such, is consideérot to provide essential information from the
European scale perspective. Furthermore, contrary to vegetation exposure to high ozone
concentrations in Europe that leads to considerable damage, vegetation exposure poliN@on is

of minor importancan terms of actual impacts. On the other hand, d@ncentrations contribute in
part to the total Ndeposition, which leads to acidifying and eutrophying effects on vegetation. These
effects, especially eutrophication, are still very important in Europg. @MEP, 2D). However,

these effects on vegetation cannot be expressed by an expdsiM&, as many oxidized and

reduced nitrogen compouds contribute to total atmospheric nitrogen deposition

Concerning the potential exposure estimate of vegetatiod aatural ecosystems to N@here is
anadditional dilemma: which receptor types should be selected to estimate the exposure and Critical
Level exceedance of vegetation and natural ecosystems? An option would be the use of CLC classes
(e.q. like in Horélekt al., 2008); nevertheless this classification is too general. Another option would
be the NATURA 2000 database. However, that data source contains a wide series of receptor types,
species and classes. Serious additional efforts would be needed to dermilthe most relevant set

of receptors from theNATURA 2000 geographical database.
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6 Exposure trend estimates

This report has presented the interpolated maps for 2019 on thesPRM:.5, 0zone and N¢&human
health related air pollution indicators (annual average and the 90.4 percentile gfdily means,
annual average for P)M, the 93.2 percentile of maximum dailyn®ur means, SOMO35 and
SOMO10 for ozone, and the annual average fos) NOgetherwith tables showing the frequency
distribution of the estimated population exposures and exceedances per cQUEIH38 andthe
total mapping area

Furthermore, interpolated maps of ozone and N@getation related air pollution indicators have

been prodwed. More specifically, these include a map of the ozone indicator AOT40 for vegetation
and AOTA4O0 for forests, and tables with the frequency distribution of estimated land area exposures
and exceedances per countrigU28 and the totalmapping arealn addtion, the maps of the

Phytotoxic Ozone Dose (POD) for wheatato andtomato, and the NQannual average map have
been produced, but without exposure estimates.

A mapping approach similar to previous years (Horalek et al., 2021 and references thaseith) b
primarily on observational data has been used. With the interpolated air pollution maps and
exposure estimates for the year 2019 completed, a fiftgear overview of comparable exposure
estimates has been obtained (with full time series coverag®hn and ozone, except SOMO10 and
POD indicators, with one year missing for-BEihd with four years missing for MOIn this chapter
these multiannual overviews of exposure estimate providel for each of the indicators of Ply)
PM.sand ozone (exapt SOMO10 and POD), including a trend analysis.

For the previous years, mapping results as presented in Horalek et al. (2021) and previous mapping
reports have been use&ince 2017RPM, and PM smaps have been prepared based on the updated
method Horalek et al., 2019). For comparability reasamsults for 20152018 (and partly also for

2005 and 2009) are presented in two variafitsthese pollutantsi.e. based on the old and the

updated methodologies.

For the human health indicators, tlexposure estimateare expresed, on one hand, as populatien
weighted concentration and, on the other hand, as percentage of population exposed to
concentrations above the limit/target value. For the vegetation related indicators, the exposure
estimates ae expressed as the agriculturahd forestweighted concentrations, as well as

the agricultural or forest areas exposed to concentrations above defined thresholds.

It should be noted that the percentage of population, agricultural area, or forest arezseg[s a

less robust indicator compared to the populatiareighted, agriculturaiveighted, or forest

weighted concentration, as a small concentration increase (or decrease) may lead to a major increase
(or decrease) of population, agricultural or foresta exposed. This is not the case when taking

the populationweighted or agricultural/forestveighted concentration as indicator. Therefore, the

trend analysis is done based on the populatieeighted, agriculturalveighted and forestveighted
concentratios only.

When thinking about a trendhe followingshouldbe taken into account (i) the meteorologically

induced variations, (ii) the uncertainties involved in the interpolation (Annex 3), and (iii) theorear
year variation of thestation density andheir spatial distribution, which induce a variation in
interpolated maps from year to year. In additiamne should be aware of the fact that different

trends in various parts of Europe may occur. However, bearing in mind these limitations here a trend
andysisis provided for the period 200582019 on the population agricultural and forestweighted
concentrations fothe total mapping area

For comparability reasons, in this chapter the resultgliertotal mapped areavithout Turkeyare
presened, because 2016 was the first year for which the area of Turkey was mapped.
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6.1 Human health PMW indicators

Table 6.1 summarises the average concentration to whictctimsideredeuropean population has
been exposed to over thiEfteen-year period 2002019 forboth human health PM indicators,
expressed as thpopulationweighted concentration, and the percentage of population exposed to
PMconcentrations above limit values (LV), i.e. the annual (ALV) and daily (DLV) limit value,
respectively.

For the year2012 and 2013 both the 36highest value and the 90p&rcentile of daily mean(s) have
been calculated. Their results demonstrate an underestimation of almost 1-3jag-the 36" highest
daily mean. One may conclude that this underestimation is causélebiact that when calculating
the 36" highest daily mean value there is no correction for the missing values at incomplete time
series. Whereas the 90pércentile of daily means adjusts feuch missing data.

As the PMo maps for 2019 (as presented@hapter 2) have been constructed using the updated
methodology as developed and tested in Horalek et al. (2019), the table presents the results for
20152019 (and 2005 and 2009, for annual average) both based on the updated and the old
methodologies, for amparability reasons.

Table6.1: Populationweighted concentration and percentage of ttensideredeuropean
population (without Turkey) exposed to concentrations above thg it values (LV)
for the protection of health for 2005 to 2019

PMyo [ method]20052006[2007[2008]200920102011]2012[2013[2014/201520162017]20182014
Annual average

Population-weightec old |28.0{28.9(26.6|25.1|24.6(24.5|25.3|122.9(22.2|121.1|21.2(20.2(20.2|20.1{18.3

: [£d] m
concentration new |28.6 25.3 21.6120.5/120.8/20.8/18.7
Population exposed 6] old |13.3]10.9| 7.1|59|6.0| 52| 72|34|26|20|06]|17|29|21|03
B ![+ &nn new |11.5 6.2 07| 17|33 24|05

36" highest daily mean / 90.4 percentile of daily means
36" highestd. m. old |47.4(48.3|144.7|41.9(41.6|42.0|44.9(40.0(38.6

Popul.-weighted

02y 00 o> 3 90.4 perc.ofd.n old 40.8(39.4|37.1{36.9(35.7|36.1|34.5|32.1
90.4 perc. ofd.nf new 37.5(36.1|137.0(35.4(32.8
th o
Popul.exposed>DI36 highestd. n). old |35.9|37.2(27.6|20.3|17.0/20.8(24.8(16.9|16.4
Yy '3%[%]19\( 90.4 perc.ofd.n old 18.1117.3|13.3|114.7|/14.0(15.8(12.0 7.2
p 90.4 perc. of d. | new 16.2|14.6{17.0/13.2] 8.1

In 2019 the population exposed to annual mean concentrations af BMve the limit value of

40ug-m?has been 0.5 % of the total population (calculated using the new methodology), which is

the lowest percentage in thfteen@ S NEQ (GAYS &aSNASA D Comlli KSNX2NBX
consideredeuropean inhabitants have been exposed on average to an anrean PMo

concentration ofl9 pg-m? (using the old methodology, it would be Lg-nm?), the lowest value in

0KS FAFTOSSY & SdonNgazonivfresuts fér S0MED18 dlustrateingll that a clear

decrease in the populatieweighted concentation does not lead necessarily to a similar decrease in

the percentage of population exposed to an exceedance.

In the fifteenyear time series, the number of people living in areas with concentrations above the
annual LV is lower in the latest seven ge@0132019) than in the first eight years. The overall
picture of the populatioaveighted annual mean concentration of théole mapping areéi.e. totals
of 40 European countries considered) demonstrates a downward treataift-0.6 pg-ne.year? for
the years 2002019, based on the old mapping method resultstfer whole periodfor trend
estimation methodology, see Annex 1, Section Al1.2). This trend is statistically significant (at the
strongest level ***, i.e. 0.001) and expresses a mean decrefifeb pg-nt per year.

In 2019 about 8 % of theonsideredeuropean population have lived in areas where theRiMily
limit value (calculated using the 90.4 percentile and the new methodology) has been ex¢asihed
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the old methodology, it would b& %) being the lowest of the fifteegear period(also in the case of
the old methodology) The overall populatiomweighted concentration of the 90.4 percentile of

the PMuo daily means (formerly the 36highest daily mean) for the background areas isnested to
be about 33 pg-nin 2019for the whole mapping area (using the old methodology, it would be
32 ug-m?), which is again the lowest of the fifteen years considergtis is the case even though the
36™ highest daily means (i.e. possibly undeiesited data if applied instead of the 90.4 percentiles,
see above) have been used in the 208 1 calculations. The populatiaveighted concentrations

of thewhole mapping ared.e. total of 40 European countries considered) show a statistically
signifcant (at the strongest level ***, i.e. 0.001) downward trend of abeu® pg-n per year for

the years 2002019, for the daily LV related indicator 90.4 percentile of daily means (formerly
the 36" highest daily mean), as calculated based on the oldpimgpmethod results fothe whole
period.

6.2 Human health PMsindicators

Table 6.2 summarises for human health 2ihdicator (annual average) the populatieveighted
concentration and the percentage tife consideredcuropean population exposed to BM
concentrations above thEU LV for the years 2005 to 2019 (without 2006, for which neither a map
nor a population egosure was prepared).

As in the case of Pl the PM.smaps for 2019 (as presented in Chapter 3) has been constructed
using the updated methodologyhe table presents the results for 2005, 2009 and 220%9 (all the
years for which maps using both mett®are availableboth based on the updated and the old
methodology, for comparability reasons.

Table6.2: Populationweighted concentration and percentage of ttensideredeuropean
population (without Turkeyexposed to concentrations above the Rlmit value (LV) for
the protection of health for 2005 to 2019

PM; 5 [methodd 2009 2006 [2001 200 20092010 201120142019 201420152016 20172014 2014
Annual average
Population-weighted .| od |88 16.2| 16.4] 16.2| 16.9 17.8[ 15.7| 15.3] 14.1] 14.2] 13.4] 13.6] 13.2] 11.¢]
concentration [egll hew |100 M R 16.6 14.3/13.6| 13.8| 13.5[ 11.8
Population exposed : old ma:jppc 82| 7.9] 76| 83]13.3] 9.1| 5.8] 4.2] 6.3] 5.4 7.0] 4.1] 0.9
[+ 6up >3 | new |16s 76 65| 54| 72| 45[12

The percentage of population exposed in 2019 to annual mean concentrations,@bBbVe the LV

of 25 pg-n? has been 1.26(using the old methodology, it would be Qug-m®), which is the lowest

Gt dzS Ay GKS FAFGISSY &SI NAQ (thecbnsidetedEirépdad CdzNI K S N
inhabitants have been exposed on average to an annual meanr &Wcentration ofl2 pg-n¥in

2019(also using the old methodologyeing again the lowest value in the time series.

The trend analysis of the populatiameighted concentrations across the period 2e8%19 forthe
total mapping arednas been executed, based on the old mapping method resulthénwhole
period. At European scale a statistical significant (at the le¥li’e. 0.001) downward trend can be
observed, estimated to be.4 pg-ne per year.

6.3 Human health ozone indicators

Table 6.3 summarises the exposure levels ofcinesideredEuropean inhabitants terms of
populationweighted concentrations for both human health ozone indicators. Furthermore, it
presents the percentage @bnsideredEuropean population exposed to concentrations above the
target value (TV) and above a level @@ ug-m?-d for the SOMO35 for the years 2005 to 2019.
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Table6.3: Populationweighted concentration and percentage of thensideredcuropean
population (without Turkey) exposed to concentrations above the target value (TV)
threshold for the protection of health and a SOMO35 threshold of 6 000°udfor 2005

to 2019

Ozone [ 2005] 2006 2007] 2008 ] 2009] 2010] 2011] 2012] 2013] 2014 [ 2015] 2016 2017] 2018] 2019
26™ highest daily max. 8-h mean / 93.2 percentile of daily max. 8-h means
Pop. - wei ght ed| 26" highestd. max8h |111.4|117.6]110.0{109.4|107.7|106.5|108.4|107.3(108.3
Pop.-wei ght e?|93.2perc. of d. maxgh 107.9(108.9]102.9|110.4|104.8|105.0|114.4|109.9
Pop. exp. > TV (120 pg.m®) | 26" highest d. maxgh | 29.5 [ 49.8 | 24.9| 13.6 | 14.9| 15.8 | 15.0 | 19.0 | 15.0
Pop. exp. > TV (120 pg.m?) |93.2 perc. of d. maxgh 202|159 5.6 | 340| 84 | 12.934.8| 203
SOMO35
Pop.-weighted concentration [ & g%dm 4622|5045 | 4291 | 4164 4233|3850 | 4318| 4174 | 4089 | 3500 | 4312| 3619 | 3890 | 4962 | 4478
Pop. exposed > 6000 pg.m’ [%] 26.8[27.1]26.3|17.0[232[15.9] 22.0[ 232 18.8] 9.4 [ 222 11.7[19.1[ 31.3] 20.0

The table presents the results obtained with the 1x1° knerging resolution as tested on the 2006
data in Horalek et al (2010), then recomputed for 2005 and 2007, and finally implemented fully on
the 2008 data and onwards. For 2012 and 2013, both tiel@ghest value and the 93'¥percentile

of maximum dail8-hour mean(s) have been calculated. It demonstrates an underestimation of
about 0.6 pg-niat the 26" maximum daily $hour mean, which is caused by the fact that when
calculating this indicator there is no correction for the missing values in the inetenpeasurement
time series.

Using the 93.2 percentile of ozone maximum dailyo8r means it is estimated that 2@ of the

population have lived in 2019 in areas where concentrations were above the ozone target value (TV)
of 120 pg-r¥, which is the sixt highest number of the fifteegear period. The overall populatien
weighted ozone concentration in terms of the 93.2 percentile maximum ddilyu8 means in the
background areas is estimated at about 110 pgjfon the total mapping areayhich is ca. anean

value of the whole fifteeryear period (it should be noted that for 20@®11 the 28 highest value

of the maximum daily eighhour mean was considered instead).

Examining the time series for 20@B19, it can be concluded that 2006, but also 2(HE,5 and

2018 are exceptional years with high ozone concentrations, leading to increased exposure levels
compared to the other eleven years. The years 2014, 2016 and 2017 show the lowest exposure levels
Ay (GKS FAFGSSYy &SI NE QileofAh¥ SaxinBriNdailg-BourfeaNg. § KS do dH

The trend analysis of the populatiameighted concentrations for the 93.2 percentile of the
maximum daily §hour means across the period 20@619for the total mapping aredi.e. totals of
40 European countries coidered) does not estimate a statistically significant trend.

A similar tendency is observed for SOMO35. In ZH67 ,a bit more tharone-fourth of the
population have lived in areas where a level @08 pg-nm?-d* has been exceeded, with the highest
level in 2006. In the period of 20819, it fluctuated from about 16 % to 23 % of the population,
except 2014 with about 9 %, 2016 with about 12 %, and 2018 with abouthingeof the population.

The populatioaweighted SOMO35 concentrations show the tbunighest value in 2019. Trend
analysis on the populatioweighted concentratiorior the total mapping areghows no trend for the
period 20052019.

6.4 Vegetation related ozone indicators

Exposure indicators describing the agricultural and forest areas edgosaccumulated ozone
concentrations above defined thresholds are summarised in Table 6.4. Those thresholds are the

(*) Note that the 6000 pg-n#-d does not represent a heahielated legally binding ‘threshold'. In this and previous papers it
representsa somewhat arbitrarily chosen threshold to facilitate the discussion of the observed distributions of SOMO35
levels in their spatial and temporal context. For motivation of this choice, see Section 4.2.

Eionet Report ETC/ATNI Z0/1 57

L



target value (TV) of 18 000 pg®th and the longerm objective (LTO) of 6 000 pg#m for the
AOT40 for vegetation, and the former Refng Value (RV) of 2000 ug-m#-h and the Critical Level
(CL) of 1@00 pg-m-h for the AOT40 for forests.

Table6.4: Percentages of theonsideredcuropean agricultural and forest area (without Turkey)
exposed to ozone concentrations above the target value (TV) and theédangpbjective
(LTO) for AOT40 for vegetation, and above Critical Level (CL) and Reporting Value (RV) for
AOT40 for forests and agriculturaind forestweighted concentrations for 20a6 2019

| Ozone ] 2005] 2006] 2007] 2008] 2009] 2010] 2011] 2012] 2013 2014] 2015] 2016 2017] 2018] 2019
IAOT40 for vegetation

Agricult. area exp. > TV (18 000 pg-) [%] 48.5] 69.1] 35.7] 37.8] 26.0| 21.3| 19.2| 30.0| 22.1| 17.8| 31.4| 14.7 23.8] 39.7 29.7
Agricult. area exp. > LTO (6 000 1igim [%] 88.8| 97.6| 77.5] 95.5| 81.0| 85.4| 87.9| 86.4| 8L.0| 85.5| 79.7| 74.1| 73.4| 95.1 84.0
Agricultural-weighted concentr. [ugfh] | 17481 22344 14597 15214 13157 13310 13259 14041 12839 12427 14229 10942 11750 16311 1373
AOT40 for forests
Forestareaexp.>RV(20000;I§--|m) [%] 59.1] 69.4| 48.4| 50.2| 49.2| 49.3| 53.0| 47.2| 44.1| 37.7| 52.4| 41.9| 38.9| 56.1| 51.4
Forest area exp. > CL (10000u§h)1 [%] 76.4] 99.8| 62.1| 79.6| 67.4| 63.4]| 68.6| 65.0| 67.2| 68.2| 59.8] 60.0| 55.4] 86.7| 84.0
Forest-weighted concentration [ugfh] | 25900 31154 23744 21951 23532 19625 21892 2158( 21753 17124 21150 17574 16799 25397 22343

In 2019, some 30 % of all agricultural land (crops) has been exposed to accumulated ozone
concentrations (AOT40 for vegetation) exceeding the target value (TV) threshold, which is in the half
of the fifteen years considered. About 84 % of all agricultarad has been exposed to levels in

excess of the lonterm objective (LTO), which is in the lower half of the fiftg@ar period.

The trend analysis of the agriculturakighted concentrations for the AOT40 for vegetation across
the period 20052019for the total mapping aredi.e. totals of 40 European countries considered)
does not estimate any statistically significant trend.

For the ozone indicator AOT40 for forests, the level 0d@D pg-ne-h (earlier used Reporting Value,
RV) has been exceededahout 51% of theconsideredeuropean forest area in 2019, which is the
sixth highest of the whole time series. The forest area exceeding the Critical Level (CL) has been in
2019 about 84%, which is the third highest percentage of the fifteen years period

The temporal pattern of the AOT40 for forests exceedances shows some similarity with those of
the AOT40 for vegetation, despite their different definitions and receptors and their natural
difference in area type characteristics and occurrence. Theinanrariability is, however, heavily
dependent on meteorological variability.

The trend analysis of the foresteighted concentrations for the AOT40 for forests across the period
2005-2019for the total mapping areéi.e. totals of 40 European countriesrisidered) shows no
statistically significant trend.

6.5 Human health N@indicators

Table 6.5 summarises the development in exposure levels afdhsideredEuropean population for
the human health N@indicator (annual average), in terms of populatiaeighted concentrations

and of percentage population exposed to concentrations above the annual LV (46) pfpnthe

years 2005, 2009, 2010 and 2013 to 20fbr which the maps based on the current methodology are
available. The populatieweighted concentrion is presented additionally also for 2007, although
based on different mapping methodology than the other years. This 2007 value is probably slightly
underestimated; based on Horalek et al. (201 dng can suppose the true value would be of about
1% hgher (i.e. it would be about 23.5 pgin
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Table6.5: Populationweighted concentration and percentage of thensideredcuropean
population (without Turkey) exposed to concentrations above thdiM value (LV) of

40 ug-ne for the protection of health for 2005 to 2019

NO, |2009 2006 | 2007 2008 [2009201020112012420192014 2015 201620172014 2018
Annual average
Popul.-weighted concer ¢ > Ip23.3 m';‘;;)v 23.3 m';:‘pc 22.1]22.1] not [19.4]18.6] 18.8] 18.6| 18.4| 17.6[ 16.8
t 2100 SELIO ¥ Mek]| 890 ,>BoY ., | 56]49] mapped| 32| 28] 3.2 2.8| 3.0| 1.8 1.3

In 2019 the population exposed to N@nnual mean concentrations above the limit value of

40 pug-n? has been 1.3 % of the total population, which is the lowest in the whole series.
Furthermore, it is estimated thatonsideredEuropean inhabitants have been exposed on average to
an annual mean NK@oncentration of 17 pg-m) again the lowest in the whokeeries.

Trend analysis on the populatiameighted concentratioror the total mapping areahows a slight
downward trend of about0.5 pg-nmé-d per year, for the period 2068019, which is statistically

significant (at the highest level ***, i.e. 0.001).
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List of abbreviations

ALV Annual Limit Value

AOT40 Accumulated Ozone exposure over a Threshold of 40ipaI8Q pg/m3)in a specific period
AQ Air Quality

CL Critical Level

CLC CORINE Lar@ver

CLRTAP Convention on LorrgangeTransboundary Air Pollutiofir Convention)

CORINE CoORdinated INformation on the Environment

CT™M ChemicallransportModel

CsSl Core Set of Indicators

DLV Daily Limit Value

ECMWEF European Cemé for Medium-Range Weather Forecasts

EBAS EMEP dataBASe

EEA European Environment Agency

EMEP  European Monitoring and Evaluation Programme

ETC/ACMEuropean Topic Centre on Air pollution and Climate change Mitigation
ETC/ATNEuropean Topic Centre on Air pollution, Noise, Transport and Industrial pollution
EU European Union

GMTED Global multiresolution terrain elevation data

GRIP Global Roads Inventory Dataset

HLV Hourly Limit Value

ICP International scientificCooperative Programme
ILV Indicative Limit Value

JRC Joint Research Centre

LV Limit Value

NILU Norwegian Institute for Air Research

NG Nitrogen dioxide

NG Nitrogen oxides

Gs Ozone

ORNL  Oak Ridge National Laboratory

PLA ProjectedLeaf Area

PMuo Particulate Mattewith adiameterof 10 micrometres or less

PMs Particulate Mattewith adiameterof 2.5micrometres or less

POR Phytotoxic Ozone Dozabove a thresholdf 6 nmol n? PLA 3

R (oefficient of determination

RIMM  Regressiom Interpolation¢ Merging Mapping

RMSE Root Mean Square Error

SOMO10 Sum of Ozone Maximum daByhour means Over 10 ppb (i.e0 pgm=>)
SOMO35 Sum of Ozone Maximum dailyni®ur means Over 35 ppb (i.e. @gm=>)

TV Target Value

UN United Nations

UNECE United Nations Economic Commission for Europe
uTC Coordinated Universal Time

WHO World Health Organization
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Annex 1
Methodology

Al.1 Mapping method

Previous technical papers prepared by Horalek g28l05, 2007, 2008, 2010, 2017b, 2018, 2019),
DeSmet et al(2011) and Denby et al. (2011a, 2011b) discuss methodological developments and
details on spatial interpolations and their uncertainties. Nargdes took place in the mapping
methodology compared to the preceding report (Horalek et al.,120Phis annex summarizes

the currently applied method for all the considered indicators. The mapping method has been
evaluated with the FAIRMODE Delta tooHoralek et al. (2016a). The method is called the
Regression Interpolationg Merging Mapping RIMM)

Pseudo PMsand NQ station data estimation

To supplement Pyt measurement data, in the mapping procedure data frorrcatied pseudo Pk
stationsare also usé. These data are the estimates of PAdoncentrations at the locations of RM

stations with no PMs measurement. These estimates are based ondtMasurement data and
different supplementary data, using linear regression:

®» 8i O 8 i OO i OO i E OO i (A1.2)
where ® o i is the estimated value of PMat the stations,

W i is the measurement value of BMat the stations,

C, b a Xax > are the parameters of the linear regression model dalmd based

on the data at the points of stations with both R¥and PMo measurements,
X0 a v AsX z - are the values of other supplemarly variables at the statios)
n is the number of other supplementary variables used in the linear regression.
When gplying this estimation method, all background stations (either classified as rural, urban or
suburban) are handled together for estimating PMalues at background pseudo stations. For
details, see Denby et al. (2011b). For estimating RMlues at urban traffic pseudo stations,
Equation A1.1 is applied for the urban traffic stations. For details, see by Horélek et al. (2019).

To supplement NOmeasurement data, NQraluesare estimatel at locations of N@stations with no
NQ. data. The eimates are calculated similarly as in Horalek et al. (2007), using regression:

W i WO i OO i W (AL1.2)
where @ i is the estimated value of N@t the station s,
[ is the measurement value of N@t the stations,

ai, &, ¢ are the parameters of the regression calculated based on the data at the points
of measuring stations with both N@nd NQ measurements.

Interpolation

The mapping method used is a linear regression model followed by kriging of the repichtalsed
from that model (residual kriging). Interpolation is therefore carried out according to the relation:

Gi ® OOl edi E oo i —i (A1.3)
where @i is the estimated value of the air pollution indicator at the poit s
Xi(%0), %(200 = X(&) arennumber of individual supplementary variables at the paint
C,a, &> 2 X2 | arethen+lparameters of the linear regression model calculated
based on thadata at the points of measurement,

EY) is the spatial interpolatio of the residuals of the linear regression model at
the point s, calculated based on the residuals at the points of measurement.
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For different pollutants and area types (rural, urban background, and in the case of PM andIO
urban traffic), different supplementary data are used, depending on their improvement to the fit of
the regression. Ordinary kriging is used to interpolate the residuals:

Y i B _Yi B _ p (A1.4)
where R(9 are the residals in the points of the measuring statiofs

/1Z /X Zare the weights estimated based on variogram,

N is the number of the stations used in the interpolation.

The variogram (as a measure of a spatial correlation) is estimated using a sphadtahf(with
parametersnugget, sill, range For details, see Horalek et al. (2007), Section 2.3.5 and Cressie (1993).

For PMsand NQ, both measurement data and the estimated data from the pseudo stations are
used.

For the PMpand PMsindicators, pior to linear regression and interpolation, a logarithmic
transformationis applied to measurement and EMEP model concentrations. After interpolation, a
backtransformationis applied For details, see De Smet et al. (2011) and Denby et al. (2008).

For the vegetation related indicators (AOT40 for vegetation and forests, POD, ah@mMNyrural
mapsare construced based on rural background stations, based on the assumption that no
vegetation is located in urban areas. For the health related indicatoes;utal and urban
background map layers (and for PM and.ld30 urban traffic map layegre construced separately
and then mergd.

Merging of rural and urban background (and urban traffic) map layers

Health related indicator map layers for ozone aamstructed (using linear regression with kriging of

its residuals) for the rural and urban background areas separately on a grid at 10kfés&hation,

while for PMo, PMesand NQon a grid at 1x1 kAresolution. The rural map is based on rural

backgound stations and the urban background map on urban and suburban background stations.
Subsequent to this, the rural and urban background maps are merged into one combined air quality
indicator map using a Europeavide population density grid at 1x1 Kmesolution. For the 1x1 kn

INAR OStfa gA0GK | LI Lz I GA 3 vhe r8l yhdphaluessele@d a G KIFy |
YR FT2NJ ANAR OStfta gA0K | LI LIJZA thelubahyackg®dund A G & I NE
map value. For areas withpdgt | G A2y RSy &A G &:3 g0R (K AgyS AGKKSG AryyTi SN G
' YRA& | LILIX ASR O0F2N) RSGI AL &1l WHsed HofleldeSali, 20053 2 F
2007, 2010). This applies to the grid cells where the estimated rural valuees(Bio, PM s and

NQO) or higher (ozone), than the estimated urban background map value. In limited areas when this
criterion does not hold, a joint urban/rural map layer (created using all background stations

regardlesof their type)is applied as faras its value lies in between the rural and urban background

map value. Thus, thadjusted rural and urban background map layers are calculated and further

used. For details, see De Smet et al. (2011).

In the case of ozone, the separate ozone rural andnradjusted) map layers are constructed at
aresolution of 10x10 ki their merging however takes place on the basis of the 1x4r&solution
population density grid, resulting in a final combined pollutant indicator map on this 1x1 km
resolution grid.This map is used both for the population exposure estimates and for presentational
purposes.

In the case of PN, PMsand NQ, separate map layers aeated forrural, urban background and
urban traffic areas on a grid at 1x1 kresolution. The (adjsted) rural background map layer is
based on the rural background stations, the (adjusted) urban background map layer on the urban
and thesuburban background stations, and the urban traffic map layer on the urban and the
suburban traffic stations. For é&frent map layers (rural, urban background, urban traffic) different
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supplementary data are used, depending on their improvement to the fit of the regression. The three
map layers are merged into one final map using a weighting procedure

Q i p U I i O i pOI & (i VOV IUViIi® i (ALD
where @ i is the resulting estimated concentratiaraluein a grid celk, for the final map,
@ i is the estimatedsaluein a grid celk, for the rural background mapyar,
W i is the estimated/aluein a grid cell sfor the urban background map layer,
W i is the estimated/aluein a grid celk, for the urban traffic map layer,

Wu(S) is the weight representing the ratio of the urban character of thgrid cell s,
Wr(S0) is the weight representing the ratio of areas exposed to traffic air quiality
grid cells,.

The weightvu(s) is based on the population density grid, whitg(s) is based on the buffers around
the roads. For further details, see Horalek et al. (2017b).

In all calculations and map presentations the EEA standard projection ELRE&85210 (also known

as ETRS89 / LAEA Europe ves®/.epsgregistry.org 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 area hewetmote Europe

apart from Belarus, Moldova, Ukraine and the European parts of Russia and Kazakhstan.

A1l.2 Calculation of population and vegetation exposure

Population and vegetation exposure estimates are based on the interpotateckntration maps,
population density data and land cover data.

Population exposure

Population exposure for individual countrjger EUJ28 and forthe whole mapping aresis calculated
for ozone from the air quality maps and population density data, laothx1 kni resolution. For
each concentration class, the total population per country as well as the Euragidartotal is
determined.

For PM and N@the population exposure is calculated separately for the areas where the air quality

is considered to & directly influenced by traffic and for the background (both rural and urban) areas.

C2NJ SI OK O2yOSyuN)IGA2Yy Oflaa weQs (GKS LdBdeOSydl 3 S
total is determined according to:

o5 2 — & T (A1.6)
where B is the percentage population living in areas of jle concentration class in either the
country or in Europe as a whole,
pi is the population in the-th grid cell,
Igij is the Boolean 4 indicator showing whether the background air quality

concentration (estimated by the combined rural/urban background map layer) in the
i-th grid cell is within thg-th concentration clasdgj= 1), or not Igj= 0),

Iij is the Boolan 01 indicator showing whether the traffic air quality concentration in
the i-th grid cell is within thg-th concentration clasd«{j= 1), or not k= 0),
N is the number of grid cells in the country or in Europe as a whole.

In addition, per-country, and the total exposure are expressed as the populatioaveighted
concentration, i.e. the average concentration weighted according to the population in a Bqrikm
cell:

B
B

A (AL.7)
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where A is thepopulationweighted average concentration in the countgt28or in the
wholemapping area

pi is the population in thé" grid cell,
G is the concentration in thé" grid cell (based on the final merged map),
N is the number of grid cells in th@gntry or in Europe as a whole.

Estimation of trends

For detecting and estimating the trends in time series of annual values of population exposure,

the non-parametric ManRY Sy R f £ Qa G Sad F2N) 6SadAay3a GKS LINB
decreasingrend is used. Next to that, the ndnJr NI YSGNR O { Sy Qa YS(iK2R ¥F2
linear trend is executed. For details, see Gilbert (198¢. significance of the Margendal test is

shown by the usual way, i.e. + for 0.1, * for 0.05, ** for 0.&@4d *** for 0.001

Vegetation exposure

Vegetation exposure for individual countrjder EU28 and forthe total mapping areés calculated
based on the air quality maps and land cover data, both in 2X2Zjkichresolution. For each
concentration class, thital agricultural and forest area per country as well as Europeigle is
determined.

Next to this, pefcountry and Europagn-wide exposurare expresed as the agriculturaland forest
weighted concentration, i.e. the average concentration weighted according to the agricultural and
forest area in a 1x1 khgrid cell, similarly like in Eq. A1.7.

A1.3 Phytotoxic Ozone Dose ab® a thresholdlux Y (POJ) calculation

The calculation afhe phytotoxic ozone dosabove ahresholdY (POD)as described below follows
precisely the methodology described in the Manual for modelling and mapping critical loads & levels
of the LongRan@ Transboundary Air Pollution Convention (CLRTAP) in its most recent available
revision(CLRTAP, 204a) including some specifications presented in the Scientific background
documents of thisnanual CLRTAR201h, 2020), as prepared by the International
scientificCooperative Programme on effects of air pollution on natural vegetation and crops of the
Working Group on Effects of the CLRTAP (ICP Vegetation). The steps to be taken are presented
Table A1.1.

TableALl1: Steps to calculateOD and exceedance of flusased critical levels

1 Decide orthe species and biogeographical region(s) to be included.

2 Obtain the ozone concentrations at the top of tbanopy for the species or vegetatiapecific
accumulation period.

Calculate the hourly stomatal conductance of ozone)(g

Calculatiorof POD from Fsto.

3
4 Model the hourly stomatal flux afzone (ko).
5
6

Calculatiorof exceedance dlux-based critical levels.

Source: CLRTAP, 2617

The cumulative stomatal ozone fluxesdjFare calculated over the course of the growing season
based on ambient ozone concentration and stomatal conductangsg {@ozone. g iscalculated

using a multiplicative stomatal conductance model proposed by Jarvis (1976) and modified by
Emberson et al. (2000) as a function of spesigacific maximumgg (expressed on a single leafea
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basis), phenology, and prevailing environmentaiditions (photosynthetic photon flux density
(PPFD)), air temperature, vapour pressure deficit (VPD), and soil moisture.

Hourly averaged stomatal ozone fluxesdjfin excess of a threshold Y (expresseahimol m2 PLA
(®)) are accumulated over a speci@svegetationspecific accumulation perioduring daylight hours
in order to get thephytotoxic ozone dosabove thethresholdY (PODR).

For the wheat as for other crop species, the Y value is taken equairntwbni? PLA 3. Although
several POD indators are proposed i@LRTARO017a), PORis recommended for wheat, as the
hourly averaged stomatal ozone fluxes ab@vealue of 6 are more relevant for that crop. For potato
and tomato, POBis also recommended. Two POIrsions are availabiea CLRTARO017a):

PORIAM (whichis a simplified version recommended for Integrated Assessment Modedlind)
PORSPEQ@which is specific to a givepeacie. Here PORSPE@aspreferredand used, in

agreement withColette et al(2018).

Obtaining the ozone concentrations at the top of the canopy for the species or vegetasioecific
accumulation period

The ozone concentration at canopy top (nmaf)in the given hour H is calculated according to

Yo % ad o
Yo Q nh %o

c(z) = c(#& 039*(1¢ (A18)
where  c(z) is ozoneconcentration at the top of the canopy
c(z,, 09 is the ozoneoncentration measured at the height z
Ri(x,y) is the aerodynamic resistance between the height of y and the height of x

R is the resistance to ozone diffusion in the laminar-tayer

Reurt is the overall resistance to ozone deposition to threderlying surfaces
while 'Y & qé o ag—t U — ] (A18a)

Y Q ahd p G i i -1 (A18b)

= 23 (Al8c)

Y — (A18d)
where  k is the von Karméanonstant (equal to 0.41)

Zigt is the top canopy height (the target height)

Zm, 03 is the height of the available ozormeeasirement above the canopy

2 is the roughness length, usually assumed as 1/10 of the canopy height

L is the Obukhov length

d is the displacement height, usually assumed as 2/3 of the canopy height

u* is the friction velocity

Sc is the Schmidhumber for ozone (equal to 0.41)

Pr is the Prandtl number of air (equal to 0.71)

LAI is the projected leaf arem [m2m;

SAl is the surface area of the canojsy[m2.m?;

AT WY 0 A& GKS AAYAL I NR G asthe dyu@en®f2y F2NJ KS|

(®) PLA, or the projected leaf area, is the totataofthe sides of the leaves that are projected towards the sun. PLA is
different to the total leaf area, which accounts for both sides of the leaves.

(6) For more details SeELRTAR201 D).
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according to

— ¢ when- 1

u— when— 1 (Al8e)
with x=(lgmc ¥ v O (AL18f)
and Rext is the resistance to cuticular deposition of ozone (equal to 2 503)s.m

Reoi is the soil resistance (equal to 200 $)m
while Reto = 1/Gsto (A18g)
Rnc=b.SALh / u* (A18h)
where  Qswo is the actual stomatal conductance
b is the empirical constant (equal to 14%n
h is the height of the canopy

Calculation of the hourly stomatal conductance otone (gw)

The basis of the approach used for calculating phytotoxic ozone doses is the calculation of an
instantaneous stomatal conductance.gn the given hour H, according to the equation

gsto = g'nax* [min(fphen, fOS)] * flight * max{fmin, (ftemp * fVPD* fSV\)} (Al_9)
where  gswo is the actual stomatal conductanag[mmol Q@ m2PLA 3;

Omax is the speciespecific maximum stomatal conductanicefmmol G m=2 PLA 3];
see Table A1;2

fohen is therelative proportion functiorfor the phenology for the different stage of
growing

fos is therelative proportion functiorfor the influence of ozone on stomatal flux by
promoting prematuresenescence

frnin is the speciespecific relative minimum stomatal conductance that occurs

during daylight hourssee Table Al;2
fiemp, fven fsw fighe — a@rerelative proportion functions for leaf stomata respond to
temperature, air humidity, soil moisture and light

Parameterdpnen, fos, fiignt, fremp, fveo fswandfmin are expressed as relative proportion functions, taking
values between 0 and 1 as a proportion gfgThese functions allow taking into account irradiance
(fight), temperature femp), Water vapoudeficit at leaves levefd), soil moisturef¢y), phenology for
the different stage of growind e and the influence of ozone on stomatal flux by promoting
premature senescencéd). fmin is the minimum relative value of stomatal conductance duitime
daylight.

The parametefpnenis calculated based on the accumulation of thermal time over the growing season

of the crop being considered (Colette, 201&8)cording to CLRTAP (2@L#or wheat and potato,

the accumulation period is defined feach year using the effective temperature susT® Ay 6/ T2 N
RIeda Ay SEOS&a 2F n 6/ 3 6KAES F2NI G2YFG2 F2N RI @

For wheat, the total accumulation period during which wheat is sensitive to ozone exposure is 200 °C
days and 300 °C daysfbre midanthesis (migpoint in flowering) to 700 °C days 550 °C days after
mid-anthesis for Atlantic, Boreal and Continental regions and Mediterranean region, respectively.
The timing of mieanthesis is estimated by starting at the first date aftelahuary (or just 1 January)
when the temperature exceeds 0 °C. The mean daily temperature is then accumulated (temperature
sum), and mieanthesis is estimated to be a temperature sum of 1075 °C days for Atlantic, Boreal and
Continental regions and 1250 @i@ys for Mediterranean region, which in general corresponds to

bread wheat.
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For potato, the accumulation periagtands between 330Cdays before the tuber initiation date and
800°Cdays after this dateThe tuber initiation dates consideedto be homaeneous throughout
Europe. The reasons for its simplification are a) heterogeneous climatic conditions in tiped&ur
countries naturally leatb different time of potato plantingRedersen et al2005 followed by

different time of the tuber initiatiorb) lack of detailed local data availability for modelling and
mapping.

As discussef) with the French national Chamber of agriculture (AR@®;//chambres-

agriculture.f), the tuber initiationstarts 15 days after the transplantation in the field, which occurs in
May. Therefore, the fixed date for the tuber initiatiorasset to Junel®',

C2NJ G2YFd23 GKS | O0O0dzvdzt  GA2Y LISNA2R Aa FNBY Hpn
field over a base temperature of 10 °C. The timing of the transplantation is set on the dat&'June

The parameterghenis calculated according to equation
in the case of wheat:
"Q 0 when (fonen_2 T4 fohen_1 ed XK b § eThnen G &1}

P * * (ET& fphen_3_ET)S

when (foren 2 ETs fohen_3 e F  Dndh § eTsPHfinent Erp

Q . : * (ETS:. fphen_A_ETb
When (fphen_2_ET§' fphen_A_ETbF 9 tpl‘én_E_Q'l‘% (Alga)
in the case of potato (formulated based @LRTAR01D):
§o) p = z0"YY when  fohenaerdK 9 ¢ { § N
p = z0"YY when  0f 9 €fno ot (A19b)

in the case of tomato (formulated based @LRTAR01D):

Q — when Atart 19K 9 Cefaers ! (A19c)

where ETS Ad GKS STFFTFSOGAGS GSYLISNI (GdzNB adzior Ay 6/
wheat and potato and a base temperature of 10 °C for tonfaé® Table Al.2);
for wheat, ETS is set to 0 °C days at-anithesis day. Thehsa: eravill be at
Hnn e/ RI danthesi§SadNBHXAR 6S 4 tnn e/ RIE
anthesisover a base temperature of ;
for potato, ETS is set to 0 °C days at tuber initiation day. Aherersvill be at
oon e/ RI & aniti@ihB G erdd @z06MNh Ag/ RE&8& | TSN
initiation over a base temperature of ;
for tomato, ETS is set to 0 °C days at transplantation day in the field. Then
Aarerg ATt 0SS i upn e/ RIFE&& | RS NI yaLX
Mmpnn s/ RIFE&& I F0SNJavelhbasetdipesatire of K2y Ay

(") There is a lack of information on a datEpotato tuberinitiation in Europe. It should ideally rely on existing models based

on agricultural practices, local climatology, ground properties, and location. INERIS, while developing the POD sttript, relie
on contents of discussions with the French National Charobégriculture (personal consultation, Quentin Mathieu, APCA,
March2018; Deumier and Hannon, 2010). Based on the information giverthbatuber initiation starts 15 days after the
transplantation in the field, which occurs in May in Fraritbas cheen a fixed date alune % for France and for Europe

This date might be revised according to the availability of more accurate information on potato plantations in Europe.
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fonen_a fohen_e is the phenology function, which consists of terms describing rate
changes of gixexpressed as fractions (see Table Al.2),

fphen_l_ETSfphen_Z_ETS 1:phen_3_ETS fphen_4_ETSfphen_5_ETS are°C dayS (See Table Alf-;zfen_l_ETS
and fnen_s_erélefine period crops to beensitive to ozone exposure),

Astart eT@Nd And_ets are the effective temperature sums (counted from the day of the
mid-anthesis for weat, from the day of the tuber initiation for potato and from
the day of the transplantation in the field for tomato) above a base
G SYLISNI ( deNEkheagahd potateanan n 6/ F2NJ G2YI (2
end of the @accumulation period respectively; see Table A1.2.

The parametefosin the case of wheat is calculated according to equation

fos= ((1+(PO®14)8)? (A19d)
while 000 B 0o & — (A19e)
where  PODR is the ozone flux already accumulated since the beginning of the vegetation

period Asiart Up to the last houiH-1,
Fsto(N) is the hourly ozone flux in the hour n, calculated in the previous steps based on
Equation 2.4, whil€s(Astart) is equal to 0.

The parameter (ozone functiorfhsin the case of potato is calculated according to equation
fos= ((1+(AOTO0/40)* (A19f)

where  AOTO is accumulated ozone concentration from the stafthe vegetation period
Astart UP to the last houiH-1.

Theparameter (ozone functiorfpsin the case of tomato is not determined.
The parametefign is calculated according to

fign = 1¢ EXP(light_a)*PPFD) (A199)
while PPFD =SSRD *0.5* 4.5 (A19h)

where  PPFD represents the photosynthetic photon flux densjty Y 2 f2s']Y
light a is alight parameter (see Table Al.2),
SSRD represents the srface net solar radiatiom [W.n2).

The parametefempis calculated according to:

ftemp = max {|f1in, [(TC Tmin)/ (Topt q Tmin)] * [(Tmaxc T) / (I'maxc Topt)]bt} when Tnin < T < Fax
= fin when Toin> T > fax (Algl)

Whlle bt = (-Fﬂaxc Top[) / (Topt c Tmin) (Algj)

where  Tmin, Tnax@ndTopr ~ @reminimum, maximum and optimum temperatures determining
leaf stomata openingsee Table A1.2)

The parametefvmpis calculated according to:
fvpo= min{1,max {in, ((1¢fmin)*(VPDhin ¢ VPD) / (VPR ¢ VPLhay) + fuin}}  (AL19K)
while VPD=g ¢l 0 F OmMbLKND (A19I)
es(Ta) = a exp (MTa+C)) (A19m)

where  VPDRwn  is the minimumvapour pressuredeficit determining leaf stomata opening
VPDwax  is the maximunvapourpressuredeficit determining leaf stomata opening
Ta is theair temperature [°C]
h is therelative humidity [%]/100
ey(Ta) is thepotential (saturation) water vapour pressure
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a,b,c

¢t KS
account.

are the empirical constants (a = 0.611 kPa, b = 17.502, ¢ = 240.97°C)

1 *,th8 funttibri8seribing stomatal f@pening in the afternoon) is naaken into

TableA12: Parametrisation for POSSPEC for wheat flag leaves and the uggeropy sunlit leaves of
potato and tomato, for different biogeographical regions

(Bread) Wheat Potato Tomato
Atlantic, Boreal, Mediterranean Atlantic, Boreal, Mediterranean
Parameter Units Continental Continental
(Pannonia, Steppic (Mediterranean
Pannonia, Steppic)
Omax mmol G.m2 500 430 750 330
PLA.Z
fmin fraction 0.01 0.01 0.01 0.06
light_a - 0.0105 0.0105 0.005 0.0125
Tmin °C 12 12 13 18
Topt °C 26 28 28 28
Trmax °C 40 39 39 37
VP Dhax kPa 1.2 3.2 2.1 1
VPDhin kPa 3.2 4.6 35 4
fos PODO mmol | 14 - - -
Os.m2.PLA S
fos AOTO, ppmh | - - 40 -
fos exponent 8 - 5 -
Astart ETS °C day - - - 250
Aend ETS °C day - - - 1500
Leaf dimension | cm 2 2 4 3
Canopy height | m 1 0.75 1 2
fohen_a fraction 0.3 0.5 0.4 1
fohen_b fraction - - - -
fohen_c fraction - - - -
fohen_d fraction - - - -
fohen_e fraction 0.7 0.5 0.2 0.0
fohen_1_ETS °C day -200 -300 -330 0
fohen_2_ETS °C day 0 0 800 2770
fphen_3_ETS °C day 100 70 - -
fohen_4_ETS °C day 525 312 - -
fohen 5 ETS °C day 700 550 - -
mid-anthesis °C day 1075 1250 - -

Source: CLRTAP, 2@81Gonzalefernandez et al., 201&onzaleFernandez (personal communication, May 2021)

The parametefswis replaced bysu (Where SMIrepresents Soil Moisture Indeyith maximumat
field capacity, taking values between 0 and 1 as a proportiomaf (with 0 for soil moisture aand
belowwilting point), following the parameterization given in Simpson ef24112), similar to the
plant available waterRAW parameterizatiorfrawasdefined for wheat in CLRTAP (2@l The basic
equation used fofswresp.fswiis:

0

while 3 -)

0

Y

for SMIIQ
for 0 <SMMPAW
for SMI >PAW
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where PAW is the thresholdamount of water in the soil available to the plangdove which
stomatalconductance is at a maximurset to 0.5
SWLL s the soil moisturén [m*m~]
PWP is thepermanent wilting poinin [cm*cn?]
FC is the field capacityn [cm?® cm?]

The Soil Moisture Index using the EMEP methodology as described in Simpson et al. (2012) and
CLRTAR2020)is used It is computed using the soil moisture variable available from a

meteorological model, which represents the water content ihahwater perm? of ground [nf. m?]

AY | ALISOATFAO ANRdzyR £ S@St > Ay RSLISYRSYyOS 2y ((GKS
ERAS&_and variable Volume of water in soil layer 3 (i.e188 cm)has beenused, see Section 3.3.

The level of soil layer was chosen based on recommendatiblaloérle and Svobod2015. The soil

moisture is quite a sensitive parameter in the calculation of the POD. Next to the soil moisture, the

soil moisture index also tak&sto account the permanent wilting point and the field capacity; they

are taken from JR&bildatabase (JRC, 2016), see Annex 2, Section A2.3.

No limitation of stomatal conductance due to soil moistaemn be assumed for tomatsjnce itisan
irrigated haticultural crop Thus, §w for this crop could bestablished todw= 1 over the whole
range of SMI values to remove limitation due to soil moisture deficit.

Modelling the hourly stomatal flux of ozoneH)

Once the hourly stomatal conductance of aeogw) and all relevant variables are computed, the
stomatal flux of ozone (k) can be calculated, based on the assumption that the concentration of
ozone at the top of the canopy represents a reasonable estimate of the concentration at the upper
surface of the laminar layer for a sunlit upper canopy leafis-calculated according to tHeLRTAP
(ICP Vegetatioomethodology, thus the fraction of the ozone taken up by the stomata is given using
a combination of the stomatal conductance, the exterealf, or cuticular, resistance and the leaf
surface resistance. The hourly stomatal flux in the given hour H is calculated according to

O 04 z'Q z (A1.10)
where R is the hourly stomatal flux of ozone [nmol.nt2 PLA.8]
c(z) is the concentration of ozone at canopy topinmol.m?|
b is the quasiaminar resistancén [s.n1']
e is the leaf surface resistanae[s.n]
Osto is the actual stomatal conductanae[m.s?],
while re= 1/(Gsto + Gxt) (Al.10a)
i p®Zp LIT — (A1.10b)
where  Qext is the external leaf, or cuticular, resistariodm.s?], equal t01/2500 m.s"
u(z) is the wind speed ateight z (zis the canopy top)
L is the crossvind leaf dimension (2 cm, see Table A1.2)
while 0 g — (A1.100)
where  k is the von Karman constant (equal to 0.41)
d is the displacement height usually assumed as 2/3 of thegaheight,
4] is the top of the canopy
Z is the roughness length usually assumed as 1/10 of the canopy height
u* is the friction velocity

Box Al.1 shows the conversion of stomatal conductance and ozone concentration to units demanded
for POD calculation.
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BoxAll: Conversion of stomatal conductancg gnd ozone concentration to units demanded 1
POD calculation

Stomatal conductance g has to be converted from units mmoi2-s'to units m-g (since all the
resistances are expressed in the unit of$). At standard temperature (20 °C) and air pressure
(1.013 x 1BPa), the conversion is made by dividing the conductance in mmaiby 41 000 to
give conductance in ra.

To converthe ozone concentratn (C)at canopy height from pg-fresp. ppb to nmol m, the
following equation should be used:

C[nmol-m?] = C[ppb] * P/(R-T) = (ug-m°] / 2 * P/(R-T) (Al.1)
where P is the atmospheric pressure in Pa,

R is the universal gas constant 31447 J maiK?

T is the air temperature in Kelvin.

At standard temperature (20 °C) and air pressure (1.013 4)) the concentration in ppb shoulg
be multiplied by 41.56 to calculate the concentration in nmol.m

Source: CLRTAP, 2017a

In the routine used in this report (Section 2.3), an alternative conversion of the ozone concentrations
from pug-me resp. ppb to nmol-mMis done, using the air density instead of the atmospheric pressure,
according to

C[nmol-n®] = Clppb] * * / Na* 10° = C[ug-m® / 2 * | Na* 10° (Al1.2)
where is the air density showing the number of the molecules irfcm
Na is the Avogadro constant, which is equabt62210?* mol® V

Calculation of PObfrom R

Hourly averaged stomatal ozone fluxesdffn excess of a Y threshold are accumulated over a
species or vegetatieapecific accumulation period using the following equation:

06O B O & & — (A1.13)
while Y (for wheat, potato or tomato) = 6 nmol APLA 3

where  PODQ is the phytotoxic ozone dose related to the thresh¥}dn [mmol.m?PLA]
Fswo(N) is the hourly ozone flux in the houarof the accumulation period.

The valueY (in [nmol n7? PLA 3]) is subtracted from each hourly averaggg (in [nmol n1?> PLA 38])
valueand theF, (after the subtracting o) is accumulatednly when k.>Y, during daylight hours
(when global radiation is more than 50 WmnThe value is then converted to hogpfluxes by
multiplying by 3600 and to mmol by dividing by’ 1@ get the stomatal ozone flux in mmolhiPLA.

Calculation of exceedance of flebased critical levels

If the calculated POBralue is larger than the flugased Critical LevéCLYor Os, then there is
exceedance of the Critical Level {&kdancd. EXceedance of the Critical Level is calculated at follows:

Claxceedance= POR¢ CL (A1,14)
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Al.4 Methods for uncertainty analysis

The uncertainty estimation of the European map is basetkaneone-out crossvalidation. Tis
crossvalidation method computes the quality of the spatial interpolation for each pafint
measuremen(i.e., monitoring stationjrom all available informatio except from the point in

guestion, i.e., it withholds one data point and then makes a prediction at the spatial location of that
point. This procedure is repeated for all measurement points in the available set. The predicted and
measurement values at #se points are plotted in the form of a scatter plot. With help of statistical
indicators, the quality of the predictions is demonstrated objectively. The advantage of the nature of
this crossvalidation technique is that it enables evaluation of the gyadif the predicted values at
locations without measurements, as long as they are within the area covered by the measurements.

In addition, a simple comparisos madebetween the point measuremerdataandthe estimated
values of the 1x1 kigrid cells (br PM and Ng) orthe 10x10 kmgrid cells (for ozonejor the
separate rural and urban maps and the 1x2?kgmd cellsfor the final combined maps, for the heaith
related indicators, resp. the 2x2 Kmyrid cellsin the case of AOT40 and N®ote that thegrid cell
value is themean estimated value dhis grid cell area. The estimated value within a grid cell will
only approximate the predicted value(s) at the station(s) lying within that cell.

Another method to estimate uncertainties is based on gedstiatl theory: together with

the prediction, the prediction standard error is computed at all the grid cells, which represents in fact
the interpolation uncertainty map (see Cressie, 1993 for a detailed discussion). Based on the
concentration and the unatainty map, the exceedance probability map is created.

Crossvalidation

The results of crosgalidation are described by the statistical indicators and scatter plots. The main
indicator used is root mean squared error (RMSE)thaddditionaloneis bias (mean prediction
error, MPE):

YO YO -B Qi @i (Al1.355)
OQDHID0 -B  Hi Qi (A1.16)
where ® is the air quality indicator value derived from the measured concentration at

theipointA I' MXZ XX b
is the air quality estimated indicator value at tffepioint using other
information, without the indicator value derived from the measured
concentration at the't point,

N is the number of the measuring points.

Next to the RMSE pressed in the absolute unitene could express this uncertainty in relative
terms by relating the RMSE to the mean of the air pollution indicator value for all stations:

YYO YO—& mm (AL1.T7)

where  RRMSE is the relative RMSExpressed in percent,
o is the arithmetic average of the indicator valugs0 2~ X),2as dénveéd from
measurement concentrations at the statish=1> N

Other indicators aré? and the regression equatiofy = a.x + @)arameters slop€a)andintercept
(c), following from thescatter plot between the predicted (using cressidation) and the observed
concentrations.

RMSE should be as small as possible, bias (MPE) should be as close to zero as pehsitilie bie
as close to 1 as possiblége a should be as close to 1 as possible, and intercegould be as
close to zero as possible (in the regression equatiera.x + )
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In the crossvalidation of PMsand NQ, only stations with Pk, resp. NQ measurement data are
used (not the peudo PMs, resp. NQ stations see Annex 1 Section AL.1

Comparison of the point measurement and interpolated grid values

The comparison of point measurement and predicted grid values is described by the linear regression
equation and its parametersd statistical values. The comparison is executed separately for rural

and urban background maps and for the final combined map. In the case-gfaPMNQ, only the

stations with actual Pk resp. NQmeasurement data are used (not the pseudoBkesp. NQ

stations).

The point observation point crossvalidation predictioranalysis (Annex, 3ectiongdUncertainty
estimated by crossalidatiore) describes interpolation performance at point locatiamsen there is
no observation (as it follows the leame-out approach). In this case, the smoothing effect of the
interpolation is most prevalent.

The point observatioq grid prediction approach indicates performance of the value for the 10x10
km? (resp 2x2 knd or 1x1 knd) grid cell with respect to the observations that are located within that
cell. As such, some variability is due to smoothing but it also includes smoothing due to spatial
averaging into the 10x10 kni2x2 kn?, 1x1 knd) grid cells. Asugh, the pointgrid validation

approach tells us how well our interpolated and aggregated grid values approximate the
measurements at the actual station (point) locations. Whereas the gaont approach tells us how
well our interpolated values estimat@e indicator at a point where there is no actual measurement
at that location, under the constrainhat the point lies within the area covered by measurements.
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Annex 2
Input data

The types of input data in thjgaper are similar as in Horalek et &021), supplemented with

the NG, satellite data from Sentinel 5feefkind et al., 2012 Theair quality, modelling, satellite and
meteorological data has been updated. For readability of this paper, the list of the inpuisdata
reproduced here. The key data is the air quality measurements at the monitoring stations extracted
from the Air Qualiy e-Reporting database, including geographical coordindsggude, longitude).

The supplementary data cover the whole mapping domain and are converted into the EEA reference
projection ETRS89AEA5210 on a 1 x 1 kgrid resolution (for healthelated ndicators apart from
ozone) resp. a 10x10 Krgrid resolution (ozone). The data for the maps of vegetation related
indicators (particularly AOT40) were convertelike in the previous reports (Horalek et al., 202

and references cited thereim)into a 2x 2 knt resolution to allow accurate land cover exposure
estimates to be prepared for usetine Core Set Indicator 005 of the EEZEA, 2021b)

A2.1 Air quality monitoring data

Air quality station monitoring data for the relevant yeareadgracted from the official EEA Air Quality
e-Reporting databaseEEA (2021a) March 2021 has been used. This data set is supplemented with
several EMEP rural stations from the database EBAS (NILU, 2021) not reported to the Air Quality e
Reportingdatabase. Specifically, 4 additional stations for BN8 for PM s, 6 for NQand 3 for NQ

from the EBAS database are added.

The following pollutants and aggregations are considered:

PMuo ¢ annual average [ug-1), year 2019
¢ 90.4 percentile of thelaily average values [ugdh year 2019

PMs ¢ annual average [ug-fj, year 2019

Ozone ¢ 93.2 percentile of the maximum dailyt®ur average values [ug year 2019
¢ SOMO35 [ug-riday], year 2019
¢ SOMO10 [ug-riday], year 2019
¢ AOT4O0 for vegtation [ug-m*-hour], year 2019
¢ AOT4O0 for forests [ug-frhour], year 2019
¢ hourly values [ug-m, all hours of the year 2019 (for the purpose of R@Rpping)

NG ¢ annual average [ug-1), year 2019
NO, ¢ annual average [ug-1), year 2019
NO ¢ annual average [ug-1}, year 2019 (for the purposes of N@apping only)

The exact values of percentiles are actually 90.41 in the case @@y means and 93.15 in the
case of ozone maximum dailyh®ur means.

For a considerable number of statioN&, is measured, but it is not reported as such but separately
as NO and NOFor these stations reporting NO and N@parately, the N@concentrations were
derived according to the equation

606 006 — 60 (A2.1)

In this equation, all compeents are expressed in pgiwith a molecular mass for NO of 30 g-thol
and for NQof 46 g-mal.

SOMOS35 is the annual sum of the differences between maximum dhdyiBconcentrations above
70 pg-m¥ (i.e. 35 ppb) and 70 pug-mSOMO10 is the annualms of the differences between
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maximum daily §rour meansabove 20 ug-m(i.e. 10 ppb) and 20 pg-tMAOTA40 is the sum of the
differences between hourly concentrations greater than 80 ptyiine. 40 ppb) and 80 pg-fusing

only observations between 080and 20:00 CET, calculated over the three months from May to July
for AOT40 for vegetation and over the six months from April to September for AOT40 for forests.

Only the stations with annual data coverage of at least 75 percent are used. In the &BMGI35,
SOMO10 and AOT40 indicators, a correction for the missing data is applied according to the equation

o ) — (A2.2)

where  leor is the corrected indicator (SOMO35, SOMO10 or AOT40 for vegetation or for forests),
I is the value of the given indicator without any correction,
N is the number of the available daily resp. hourly data year for the given station,
Nmax is the maximum possible number of the days or hours applicable for the indicator.

For the indicators relevant to human health (i.e. for all,P&hd PM sindicators, ozone indicators
93.2 percentile of maximum dailyt®ur means, SOMO35 and SOMO10, Hdannual average),
data from stationglassified abackgroundfor all the three types of areaural, urbanand
suburban are consideregdfor PMipand PMsand NQ, alsourbanandsuburbartraffic stations are
considered. (Throughout the paper, theban and suburban stations are handled together).
Industrialstations are not considered, as they represent local concentration levels that cannot be
easily generalized for the whole médfor the indicators relevant to vegetation damage (fer.
ozone AOT40 and P@parameters and NCannual average), onlyral backgroundstations are
considered the relevant maps are constructed (and applicable) for rural areas lontase of
existing data (with sufficient annual time coverage) from twonmre different measurement
devices in the same station location, the average of these data is used.

The stations from French overseas areas (departments), Svalbard, Azores, Madeira and Canary
Islandswere excluded. These areas outside the EEA map ektapt 2c (EEA, 2018) were excluded
from theinterpolation and mapping domajras the interpolation should be performed across
generally compact territory

Table A2.1 shows the number of the measurement stations selected for the individual pollutants and
their respective indicators.

TableA21: Number of stations selected for each pollutant indicator and area type, 2019

PMio PMz.s Ozone NG: N

Station type Ann. 90.4 perc. Ann. Health AOT40 AOT40 POR Ann. Ann.

avg. ofd.m. avg. related forveg. for for. avg. avg.

Rural background 381 375 220 550 546 546 593 480 393
Urban/suburbbackgr 1452 1441 768 1201 - - - 1381 -
Urban/suburban traffic 775 766 379 - - - - 1060 -

Compared to 2018, the number tife rural background stationsicreased byabout5 % for PM s,
decreased by about % forNQ,, while itremained almost the same father pollutants The number
of the urban/suburban background stations increased by approximately 12 % toyePbll by about
2-3 % for PMoand NQ, while it remained almost the same for ozone. The number of the
urban/suburban traffic stations increased algout9 % for PMs, 4 % for N@and 2 % for PM.

For the PMs mapping,in addition to the PMs stations,184 ruralbackground, 722 urban/suburban
background and 412 urban/suburban traffic Rigtations (at locations without PM measurement)
have been also used for the purpose of calculating the pseudg; Btislition data.

In the case of NQ340 stations with N(reported data have been used, while for 53 stationsNO
values are calculated from reported Néhd NO data using Eq. A2.1. Next to this, for the NO

Eionet Report ETC/ATNI Z0/1 80



mapping 75 additional rural background NeDations (at locations without N@neasurement) were
also usedor the purpose of calculating the pseudo Nstation data.

A2.2 EMEP MS@ model output

The chemical dispersion model used in this paper is the EMERAME&Emerly called Unified EMEP)
model (version rv4.35), which is an Eulerian mo8&hpson et a(2012) and
https://wiki.met.no/emep/pagel/emepmscw_opensourdeeb site of Norwegian Meteorological
Institute) describe the model in more detédimissions for the previous year 2018 (Mareckova et al.,
2020) are used and the model is driven by Bfvheteorology for the relevant year 2019. EMEP

(2020) provides details on the EMEP modelling for 2019 using 2018 emission. The resolution of the
model is 0.1°x0.1°, i.e. circa 10x10%k#or the third time, the model output based on the emission

for the prevous (not actual) year has been used, in agreement with conclusion of Horélek et al.
(2016b), in order to enable the map creation a half year earlier than using the model results based on
the actual emission.

The EMEP datavere downloadedfrom NMI (2021)n the form of annual means, daily means and
hourly means. Where relevant, these priméigve beeraggregated data to the same set of
parameters as for the air quality observations:

PMuo ¢ annual average [ug-1), year 2019
¢ 90.4 percentile of the daily nams [ug-¥], year 2019 (aggregated from daily means)
PMs ¢ annual average [ug-1), year 2019

Ozone ¢ 93.2 percentile of the highest maximum dailh8ur average value [ug-f year 2019
(aggregated from hourly means)
¢ SOMO35 [ug-rhday], yeaR019 (aggregated from hourly means)
¢ SOMO10 [ug-rhday], year 2019 (aggregated from hourly means)
¢ AOT40 for vegetation [ug-frhour], year 2019 (aggregated from hourly means)
¢ AOT4O0 for forests [ug-frhour], year 2019 (aggregated from hourly means)
NG ¢ annual average [ug-H}, year 2019

NO, ¢ annual average [ug-1), year 2019

Due to the complete temporal data coverage available at the modelled data, theidtator 90.4
percentile of daily means is identical with the"3tighest daily mean antthe ozone indicator 93.2
percentile of maximum daily-Bour means is identical with the 2éighest maximum daily-Bour
mean.

The data were rgridded into the reference EEA 10x103%grid (for ozone health related indicators),
1x1 kn#t grid (for PM andNQ,) and 2x2 kragrid (for vegetation related indicators).

A2.3 Other supplementary data
Meteorological parameters

The meteorological data used are the ECWMF data extracted from the CDS (Climate Data Store,
https://cds.climate.copernicus.eu/cdsapp#!/horheHourly data for 2019 are used. Most of thaala
come from the reanalysed data set ERAd in 0.1°x0.1° resolutigof CDS)namelythe indicators:

Surface solar radiatiopMWs.m?| ¢ @ NRF 6t S a{ dzZNFI OS a2t NI Ny RAFGAzZ2Y
TemperaturdK]¢@+F NAF 6t S anyY GSYLISNI GdzNB ¢
- a S PO 22YWLI2Q 1SNV GRfFS & AWMREY df R &
RéE
5 |

H

Wwind speedm.s’]¢OI £ Odzf 1 SR oI
v-02YLRYSYyl 2F 6AY

Relative humidity%]c Ol £ Odzf 1 SR 6
0 SYLISNI G dzNB ¢

AaSR 2y $¢FHAIRF 0R SALIAMWE (0 SY L
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GAYRE omnz0 | OO2NRAY3 G2 NBflLaGAZY

W w p T p (A23)
Relative humidity (RH) is derived by means of the saturai@ér vapour pressure {eas a function
2F AHY GSYLISNIGdzZNBE O6HCECO YR aHY RS¢ LRAY(G (SYLIS

8
YO — pmwith Q ¢pou (A24)

where t is 2T and 2D, respectively.

In the coastal areas (whethe data from ERABand are not available), the same parameters from
the reanalysed data set ERAS in 0.25°x0.25° resolution are applied. Next to this, the following data
(not available in the ERASNd data set) from the ERA5 dataisedlso used:

Fridion velocityim.s]¢@F NRA I 6 f S & C.Nhedrigtivrevglociy Safs2kGolwii as hiecar
stress velocityhas the dimensions of velocity.

Next to the meteorological data of ERA&Nd and ERAS5, the following indicators based on the
YSGiS2NRt23A0Ff 9/2acQa LC{ o6LYyGSINIrGSR C2NBOIaida
pre-processing are used, being the hourly data for2ii0.1°x0.1° resolution:

Obukhov lengtim] ¢ the stability of the atmospheric surface layer expresse@ims of the Obukhov
length L (1/L = O if the atmosphere is neutral, 1/L < O if the atmosphere is unstable, 1/L > 0
if the atmosphere is stable).

Air densityjmolec.cn] ¢ expressedhe number of the molecules in cin

Most of the meteorological parameteese used for PObPmaps only. For other maps than POD
annual aggregations based on hourly data are used, namely for the parameters:

Wind speed ¢ annual average [m*$, year 2019
Relative humidity ¢ annual average [%], year 2019
Surface solaradiation ¢ annual average of daily sum [MWs?myear 2019

All meteorological data were rgriddedand convertednto the reference EEA 1x1 Rigrid, 10x10 krh
grid and 2x2 krhgrid, in theETRS8QAEA5210 projection.

Altitude

The altitude datdfield (in meters) of Global Multiesolution Terrain Elevation Data 2010
(GMTED2010% ud, with anoriginal grid resolution of 15x1&rcseconds (some 463x463 m at 60N).
Source: U.S. Geological Survey Earth Resources Observation and Science, sea Baaie(2011).

The fieldis convertedinto the ETRS 1989 LAEA projection. (The resolution after projection was in
449.2x449.2 m). In the following step, the raster datasasmsampled to 100x100 fmesolution

and shifted it to the extent of EEA refei@ngrid. As a final step, the dataset was spatially aggregated
into 1x1 ki, 2x2 kmd and 10x10 kraresolutions.

Population density and population totals

Population density (in inhbs.kfncensus 2011) is based on Geostat 2011 grid dataset, Eurostat
(2014).The dataset is in 1x1 Kmesolution, in the EEA reference grid.

For regions not included in the Geostat 2011, alternative sources were used. Primarily, JRC (Joint
Research Centre) population data in resolution 100x18Were used (JRC, 2009). The JRIXIMD

m? population density data is spatially aggregated into the reference 1X1EEA grid. For regions

that are neither included in the Geostat 2011 nor in the JRC database, population density data from
ORNL LandScan Global Population Datags://landscan.ornl.govivasused. This dataset in 30x30
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arcsec resolution; based on the annual mgihr national population estimates for 2008 (from the
Geographic Studies Branch, US Bureau of Cehtips/www.census.goy was earlier reprojected

and converted from its original WGS1984 30x30 arcsecs grids into EEA's reference projection ETRS89
LAEA5210 at 1x1 Kmresolution by the EEA (EEA, 2010).

The areas lacking Geostdd?l data, and supplemented with JRC or ORNL data were: Gibraltar (JRC);
Faroe Islands, British crown dependencies (Jersey, Guernsey and Man) and northern Cyprus (ORNL).
As such, the Geostat 2011 1x13aata and these supplements cover thetire mapping eea.

To verify the consistency of merging Geostat 2011 with JRC and ORNL data, the Geostat 2011 data
were comparedto the JRC supplemented with ORNL data on the basis of the national population
totals of the individual countries. Additionally, the natidpepulation totals for the Geostat 2011
gridded datawere verifiedwith the Eurostat national population data for 20(Eurostat, 202).

Figure A2.1 presents both comparisons. From these verifications, one can conclude a high correlation
of the national ppulation totals of each data source. Slight underestimation of the supplemented
JRC and ORNL data in comparison with the Geostat 2011 data can be seen, which is caused by the
fact that the Geostat 2011 data is more-tgpdate than both the JRC and the QRifata source.

Geostat 2011 and Eurostat 2019 data correlate even better and leads to a similar conclusion. Based
on this, in the further calculations on national population totals the actual Eurostat data for 2019
(Eurostat, 2021)vere used as describefurther.

FigureA2.1: Correlation of national population totals for JRC supplemented with ORNL (left) and
Eurostat 2019 (right) with Geostat 2011

Population data per country Population data per country
JRC-ORNL vs. Geostat 2011 Eurostat 2019 vs. Geostat 2011
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Population density data can be used to classify the spatial distribution of each type of area (rural,
urban or mixed population density) in Eurofdéis informationis usedo select and weight the air
quality values, grid cell by grid cell and merge thata a final combined map (Annex 1).
Furthermore |t isusad to estimate population health exposure and exceedance numbers per
country, EU28and forthe total mapping areaincluding involved uncertainties. These activities take
place on the 1x1 kAresoltion grid in accordance with the recommendations of Horalek et al.
(2010). The supplemented Geostat data (as described above) are used in all the calculations.

National population totals presented in the exposure tables of this paper are based on Eurostat
national population data for 2019 (Eurostat, 2021). For France, Portugal and Spain, the population
totals of areas outside the mapping area (i.e. French oversea departments Azores, Madeira and
Canarias) are subtracted. For Faroe Islam$Crown dependediesnot included in the Eurostat
database, the population totalre based on UN (ZD). For Cypruspopulationof the northern part

of Cyprugbased orhttp://www.devplan.org) isadded to the populatin total based on Eurostat.

Land cover

CORINE Land Cover 2018 (CLC20d:8) 100x 100 n¥, Version 2020_20 is used (EU, 2020). For
Andorra that is missing is this database, World Land Cover at 30m resolution from MDAUS BaseVue
2013 MDA, 201%resampled to 100m resolution is used. For areas that are neither included in the
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CLC2018 nor in the World Land Cover databaseJae.Mayen and some border areas), ESA Climate
Change Initiative Global Land Cover for 2(8A, 2019) issed, resampled ta00m resolution.

In agreement with Horélek et al. (2017b), the 44 CLC classes have kgenped into the 8 more
general classes. In this paper four of these general classasseal, see Table A2.2.

Table A2L: General lanatover classes, based on CL@af}asses, used in mapping

Label General class CLC classes grid  CLC classes CLC classes description
description codes codes

HDR High density residential areas 1 111 Continuous urban fabric

LDR Low densityesidential areas 2 112 Discontinuous urban fabric

AGR  Agricultural areas 12-22 211-244 Agricultural areas

NAT Natural areas 23-34 311-335 Forest and semi natural areas

Two aggregations are used, j.i@to 1x1 kn? grid and into the circle with radius of 5 km. For each
general CLC clasbke high land use resolutiois spatially aggregated into the 1x1 KEBEA standard
grid resolution. The aggregated grid square value represents for each general class the tatél area
this class as percentage of the total 1x1%lequare area. For details, see Horédtlal. (2017b).

Road type vector data

GRIP (Meijer et al., 281Lvector road type data base provided tine Netherlands Environmental
Assessment Agen¢l?Bl) is used.The road types aréistributed into 5 classes, from highways to

f20Ff NRBFRa yR aiNBSdiad Ly FaINBSYSyd 6AGK 1 2N f

H Gt NAYFNE NRIFIR&¢ YR b2d o a{SO2yRINE NRI R&E
Percentage of the area influenceg traffic is represented by buffers around the roads: for
the individual classes-2 and for classes-3 together, at all 1x1 kAygrid cells; a buffer of 75 metres

distance at each side from each road vector is taken for the roads of classes 1 and 3, lwiffiée of
50 metres is taken for the roads of class 3. For details, see Horalek et al. (2017b).

Satellite data

The anual average N{lataset was constructed based on data from the TROPOspheric Monitoring
Instrument (TROPOMI) onboard of the Sentihélrecursor satellité/eefkind et al., 20202 All

available swatkbased Leve? data with an irregular pixel geometry was acquired forybar 2019.

Until August 2019 fte spatial resolutiomvasapproximately 7 km by 3.5 km at nadir; after August
2019 this was reduced to 5.5 km by 3.5 km. The product used B3ReOFFL_L2_N@2duct

(van Geffen et al., 2020; Van Geffen et al., 2@®) it provides the tropospheric vertical column
density of NQ, i.e. a vertically integrated value over the entire troposphereoydirpasses for a
specific day were then mosaickading HARP({tps://stcorp.github.io/harp/doc/html/index.htm)
andretrievals with a quality assurance values greater than 0.75 (indichitygquality and cloud

free conditions) wergyridded to a regular projected grid for alleawith a 1x1 km? spatial resolution

in a ETRS89 / EFRSEA (EPSG 3035) projection. The daily gridded files were subsequently averaged
to an annual mean. l.e.hé parameter used is

NG ¢ annual average tropospheric vertical column density (V@Dhper of NGmolecules per
cn of earth surface], year 2019 (aggregated froloudfree highquality daily data).

Soil hydraulic properties data

JRC data called "Maps aftlicators of soil hydraulic properties for Europe"1x1 kni resolution are
usedfor POR calculations JRG2016). Mimely the following indicators are used:

Wilting Point ¢ water content at wilting poinfcm?®.cm?]
Field Capacity ¢ water content affield capacityjcm?-cni?]
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A3.1 PMo

Annex 3
Technical details and mapping uncertainties

This annex contains technical details on the linear regression models and the residual kriging,
including the performance. Furthermore, uncertainty estimates for the mapseoirttiicators are

Technical details on theappingand uncertainty estimates for both Rindicators maps annual
average (Map 2.1) and 90.4 percentile of daily means (Map 2.2) are presented in this section.

Technical details on thenapping

Table A3.1 presents the estimated parameters of the linear regression models&, a X 0

YR 2°F

residual kriging (nugget, sill, range) and includes the statistical indicators of both the regression and
the kriging, for both PM indicators.The linear regression and ordinary krigirfdte residualsare

applied on the logarithmically transformed data of both measurement and modelled \Rillies. In
Table A3.1 the standard error and variogram parameters (nugget, sill and range) refer to these
transformed data, whereas RMSE and bias refer tanterpolation after a backransformation.

Since 201Maps an updated methodology as developed and tested under Horalek et al. (2019) has
been used, i.e., including land cover among the supplementagyatad using the traffic urban map

layer.

The adjusted Rand standard error are indicators for the fit of the regression relationship, where

the adjusted Rshould be as close to 1 as possible and the standard error should be as small as
possible. The adpted R for the rural areas was 0.64 at the annual average and 0.58 at the P90.4; for
the urban background areas 0.35 at the annual average and 0.31 at the P90.4; for the urban traffic
areas (43 at the annual average and3B at the P90.4.

Table A3L: Parameters and statistics of linear regression model and ordinary kriging:ef PM
indicators annual average and 90.4 percentile of daily means for 2019 in rural, urban
background and urban traffic areas for the final combined map

Annual average 90.4 percentile of daily means
Rural areas |Urb. b. ar. |Urb. tr. ar. | Rur. ar. |Urb. b. ar. |Urb. tr. ar.
¢ (constant) 1.31 1.14 1.62 1.73 1.40 2.29
al (log. EMEP model) 0.652 0.721 0.56 0.568 0.673 0.46
Linear a2 (altitude GMTED) -0.00029 -0.00023
regresion a3 (wind speed) -0.037 -0.041 -0.054
model (LRM, |4 (relative humidity)
Eq. A1.3) a5 (land cover NAT) -0.001 -0.002
Adjusted R 2 0.64 0.35 0.43 0.58 0.31 0.33
Stand. Error [pg.m ] 0.24 0.31 0.25 0.24 0.33 0.27
Ordinary nugget 0.021 0.013 0.013 0.023 0.018 0.017
kriging (OK) of |sill 0.049 0.068 0.042 0.051 0.083 0.050
LRM residuals [range [km] 1000 640 330 1000 640 330
LRM + OK of RMSE [ug.m ] 3.0 6.5 43 6.0 125 8.0
. . Relative RMSE [%] 20.0 28.7 19.3 229 31.6 20.6
its residuals ) 2
Bias (MPE) [ug.m ] 0.0 -0.1 -0.1 0.0 -0.3 -0.1

RMSE (the smaller the better) and bias (the closer to zero the better), highlighted by orange, are
the crossvalidation indicators, showing the quality of the resulting map. The bias indicates to what
extent thepredictions are underor overestimatedn average. Further in this section, more detailed

uncertainty analysis is presented.
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Uncertainty estimated by crossalidation

Using RMSE as the most common indicator, the absolute mean uncertainty of the final combined
map at areas 'in between' the station measuremefits., atlocations without measurements, as
long as they are within the area covered by the measuren)arats ke expressed in pg-faTable

A3.1 shows that thabsolute mean ocertainty of the final combined map of RMannual average
and90.4 percentile of daily means expressed by RMSE is 3 @pgd6.0 pg-nt for the rural areas,
6.5 pug-n? and12.5 pg-nt for the urban background areas, ad@® pg-m®and8.0 ug-ne for the

urban traffic areasrespectivelyAlternatively, one can express this uncertainty in relative terms by
relating the absolute RMSE uncertainty to the mean air pollution indicatlue for all stations. This
relative mean uncertainty (Relative RMSE) of the final combined map pfdPkual averagand

90.4 percentile of daily mears 20.0%and22.9% for rural areas, 28 %and31.6% for urban
background areas, artb.3 %and 20.6 % for urban traffic areasespectivelyThese quite high
numbers in urban background areas compared to previous years up to 2015 are caused by inclusion
of Turkey since 2016 mapping. For the mapping results without Turkey, the relative mean
uncertaintyis 17.6%and 19.7% for rural areas, 19%and20.8% for urban background areas and
17.5%and 18.8% for urban traffic areagespectivelyNevertheless, the relative uncertainty values
including Turkey fulfil the data quality objectives for modelsetsn Annex | of theiAQuality

Directive (EC, 2008).

Figure A3.1 shows the cregalidation scatter plots, obtained according to Annegéction Al.4or
rural, urban background and urban traffic areas, for bothyfiMlicators. The Rndicates thatthe
variability is attributable to the interpolation for about 74&6d68 % at the rural areas, for about 65
%and62 % at theurban background areas, and for ab&4# % and’5 % at the urban traffic areas
for the PMyindicators annual average and th6.@ percentile of daily means, respectively

Figure A3L: Correlation between crosalidated predicted @axis) and measurement values for BM
indicators annual average (top) and 90.4 percentile of daily means (bottom) for 2019 for
rural (left), urban background (middle) and urban traffic (right) areas
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The trend line in the scattgulots deviates at the lowest values somewhat abar] at higher
valuesbelowthe symmetry axis, indicating that the interpolation methods tend to underestimate
the high concentrations and overestimate the low concentrations. For example, in rural areas for
annual average an observed value of 30 pgjisestimated in the interpolations to be about 26

ug-m?3, about 14 % lower. This underestimation at high values is common to all spatial interpolation
methods. It could be reduced by either using a higher number of stations with an improved spatial
distribution, or by introducing an improved regression that uses either other supplementary data or
more advanced chemical transport model (resp. model in finer resolution).

Comparison of point measurement values with the predicted grid value

In addition to the abwe point observatiorg point prediction crosvalidation, a simple comparison

has been made between the point observation values and interpolated prediction values spatially
averaged at grid cells. This point observatiagrid averaged prediction companis indicates to

what extent the predicted value of a grid cell represents the corresponding measurement values at
stations located in that cell. The comparison has been made primarily for the separate rural, urban
background and urban traffic map layerslatl knt resolution. (One can directly relate this
comparison result to the crosslidation results of Figure A3.8part fromthis, the comparison has
been done also for théinal combined maps at the same 1x1%msolution. Figure A3.2 shows the
scatterplots for these comparisons, for Riinnual average only as an illustration. The results of the
point observatiorg point prediction crossvalidation of Figure A3.1 and those of the point
observationg grid averaged prediction validation for separateaiyurban backgrounénd urban

traffic maplayers, and for the final combined maps are summarised in Table A3.2 for bath PM
indicators.

Figure A2: Correlation between predicted grid values from rural (upper left), urban background
(upper middle) and urban traffic (upper right) map layer and final combined map (all
bottom) (y-axis) versus measurements from rural (left), urban/suburban background
(middle) and urban/suburban traffic stations (right}dxis) for PMp annual average 2019
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TableA32: Statistical indicators from the scatter plots for the predicted grid values from separate
(rural, urban backgroundraurban traffic) map layers and final combined map versus the
measurement point values for rural (upper left), urban background (upper right) and
urban traffic (bottom left) stations for Piflindicators annual average (top) and 90.4
percentile of daily mess (bottom) for 2019

rural backgr. stations urban/suburban backgr. stations
RMSElbiasl R? | lin. r. equation RMSElbiasl R? | lin r. equation

Annual average

cross-val. prediction, separate (r or ub) map layer 3.0] 0.0] 0.735]y =0.731x + 3.98 6.5] -0.1] 0.646]y = 0.680x + 7.08
grid prediction, 1x1 km_2 separ. (r or ub) map layer 2.11-0.2] 0.867|y = 0.802x + 2.73 4.2] -0.2| 0.810fy = 0.748x + 6.02
grid prediction, 1x1 km* final combined map 3.2| 0.3/ 0.708]y=0.837x+2.70 | 4.6] -0.2| 0.827|y = 0.773x + 4.89

90.4 percentile of daily means

cross-val. prediction, separate (r or ub) map layer 6.0] 0.0] 0.676]y =0.658x +8.99 | 12.5] -0.3] 0.619]y = 0.638x + 14.09
grid prediction, 1x1 km? separ. (r or ub) map layer|  4.4| -0.4| 0.843|y = 0.738x + 6.49 8.5] -0.4] 0.836]y = 0.745x + 9.67

grid prediction, 1x1 km* final combined map 5.8| 0.4]0.708)y=0.774x + 6.37 9.1{ -0.6{ 0.806]y = 0.731x + 10.06
urban/suburban traffic stations
PMyo X 7R X
RMSEl blasl R | lin. r. equation
Annual average
cross-valid. prediction, urban traffic map layer 4.3[-0.1] 0.746]y = 0.776 + 4.91
grid prediction, 1x1km? urban traffic map layer 2.9] 0.0]0.881]y =0.869x + 2.94
grid prediction, 1x1 km* final combined map 5.0| -2.8] 0.761)y = 0.775x + 2.25
90.4 percentile of daily means
cross-valid. prediction, urban traffic map layer 8.0] -0.1] 0.746]y = 0.759x + 9.18
grid prediction, 1x1km? urban traffic map layer 17.9116.3] 0.888|y = 0.857x + 5.55
grid prediction, 1x1 km* final combined map 13.8]11.6 0.742|y = 0.736x + 5.49

By comparing the scatterplots and the statistical indicators for the separate miban background

and urban traffianaplayerswith the final combined map, one can evaluate the level of
representation of the ruralurban backgrounénd urban trafficareas in the final combined map.

Both the rural and the urban air quality are fairly well represented in the 1Xffikal combined

map, while thetraffic air quality is underestimated in thépatial resolution. One can conclude that
the final combined map in 1x1 Kresolution is representative for rural and urban background areas,
but not for urban traffic areas.

The Table A3.2 shows a better relation (l@ewer RMSE, highePRsmaller itercept and slope closer
to 1) between station measurements and the interpolated values of the corresponding grid cells at
either rural, urban background or urban traffic areas than it does at the point-ea&tation
predictions. That is because the gil® comparison between point measurements and the gridded
interpolated values shows the uncertainty at the actual station locations (points), while the point
crossvalidation prediction simulates the behaviour of the interpolation at point positions asgumi

no actual measurement would exist at that point. The uncertainty at measurement locations is
introduced partly by the smoothing effect of the interpolation and partly by the spatial averaging of
the values in the 1xkm? grid cells. The level of the smihing effect leading to underestimation at
areas with high values is there smaller than in situations where no measurement is represented in
such areas. For example, in rural areasphedicted interpolation gridded annual average value in
the separate ural map will be about 27 pg-frat the corresponding station with the measurement
value of 30 ug-m This means an underestimation of about 11 %. It is a slightly less than the
prediction underestimation of 120 at the same point location, when leavingf this one actual
measurement point and the interpolation is done without this station (see the predabsection).
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A3.2 PMs

Technical details and uncertainty estimates for Map 3.1 with the Rivinual average are presented

in this section.

Technic&details on the mapping

Like for PMob, an updated methodology as developed and tested under Horélek et al. (2019) has been
used, i.e.including the land cover among supplementary data and using the traffic urban map layer.

Table A3.3 presents thegression coefficients determined for pseudo Ridtations data
estimation, based on the 864 rural and urban/suburban background and 349 urban/suburban traffic
stations that have both Ph4 and PMo measurements available (see Section 2.1.1).

TableA33: Parameters and statistics of linear regression model for gemgrpieudo PMs annual
averagedata for 2019in rural and urbanbackground (left) and urban traffic (righdreas

Rural and urban background Urban traffic
areas areas

¢ (constant) 28.4 42.3
Linear b (PM;, measurement data) 0.649 0.471
regresion al (su.rface solar radiation) -1.021 -1.103
a2 (latitude) -0.334 -0.544
model (LRM. 13 (longitude) 0.079 0.064
Eq. AL1) Adjusted R 2 0.83 0.72
Standard Error_[ug.m ] 2.0 2.3

Table A3.4 presents the estimated parameters of the linear regression modelsaz, X 0

FYR 27

the residual kriging (nugget, sill, range) and includes the statistical indicators of both the regression
and the kriging oits residualsThe same supplementary data asHaralek et al. (2019) has been

used, apart from the land cover, which was found not signifidaike in the case of PM the linear
regression is applied on thegarithmically transformed data dioth measurement and modelled
PM. s values. Thus, the standard error and variogram parameters refer to these transformed data,
whereas RMSE and biager to theinterpolation after the backransformation.

TableA34: Parametersand statistics of linear regression model and ordinary kriging ofsRihual
average 2019 in rural, urban background and urban traffic areas for final combined map

PM, Annual average
' Rural areas Urban b. areas Urban tr.. areas
¢ (constant) 0.78 1.00 1.01
al (log. EMEP model) 0.792 0.66 0.653
Linear regresion |a2 (altitude GMTED) -0.00044
model (LRM, a3 (wind speed) -0.043
Eq. A1.3) a4 (land cover NAT1) non signif.
Adjusted R 2 0.68 0.38 0.59
Standard Error_[pg.m ] 0.28 0.29 0.23
Ordinary kriging  [nugget 0.045 0.015 0.011
(OK) of LRM sill 0.066 0.063 0.046
residuals range [km] 1000 410 160
_ RMSE [ug.m ] 2.0 2.7 3.1
LRM + OK of its Relative RMSE [%] 20.5 20.5 26.0
residuals ) 3
Bias (MPE) [ug.m ] 0.0 0.1 -0.1

The adjusted Rand standard error are indicators for the quwlof the fit of the regression relation.

The adjusted?® is 0.68 for the rural areas, 0.38 for urban background areas and 0.59 for urban traffic
areas. Quite weaker regression relation in the urban background areas causes a higher impact of the
interpolation part of the interpolatiorregressioAamerging mapping methodology in these areas.
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RMSE and biagshighlighted in orange are the crossvalidation indicators, showing the quality of

the resulting map; the bias indicates to what extent the predictiomsiuarder or overestimated on
average. Only stations with BNMmeasurement data are used for calculating the RMSE and the bias
(i.e., the pseudo PMs stations arenot used). These statistical indicators are calculated excluding
the pseudo stationdecause they are estimated values only, not actual measurement values.
According to Denby et al (2011b), the pseudo,Ptata does not satisfy the quality objectives for
fixed monitoring alone. The pseudo stations are used as they improve the mappimgtesti

whereas the actual measurements can be used for evaluating the quality of the map. For the future,
it will be consideedto quit the application of the Pb pseudo stations as the current number of the
actual PM s measurement stations has increaseder time such that the use of pseudo PM

stations may not contribute enough any longer to improve the mapping estimates.

Due to the lack of rural stations in Turkey for 2Mho proper interpolation results could be

presented for this country in a rat map, so the estimated PMvalues for Turkegre not presentd

in the final map. Thus, the stations located in Turkey have not been used in the uncertainty estimates
(although used in the mapping process), as they lie outside the mapping area.

Uncertanty estimated by crossvalidation

Table A3.4 shows that the absolute mean uncertainty of the final combined mapgfdbual
average expressed as RMSE (gug-m? for the rural areas and 2.ug-me for the urban background
areas and.1ug-nm?for the urban traffic areas. On the other hand, the relative mean uncertainty
(Relative RMSE) of the final combined map ot Phnual average 0.5 % forboth rural andurban
background areas andd % for urban traffic areas. These relative uncertaintyeslfulfil thedata
quality objectives for models as set in Annex | of tireQaality Directive (EC, 2008).

Figure A3.3 shows the cregalidation scatter plots, obtained according to Section Al.3, for different
area types. TheZFndicates that about 8% of the variability is attributable to thiaterpolation for
the rural areas, 75 % for the urban background areas and 73 % for the urban traffic areas.

Figure A3: Correlation between crosalidated predicted ancheasurement values for Rannual
average 2019 for rural (left), urban background (middle) and urban traffic (right) areas
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The scatter plots indicate that in areas with high concentrations the interpolation methods tend to
underestimate the leveldzor example, in rural areas an observed value of 25 figsmstimated in

the interpolations to be about 22 pug=nwhich is an underestimated prediction of about 12 %. This
underestimation at high values is an inherent feature of all spatialpolations. It could be reduced
by either using a higher number of the stations at improved spatial distribution, or by introducing a
closer regression that uses either other supplementary data or more improved CTM output.

Comparison of point measurement valuesitv the predicted grid value
Like for PMo, a simple comparison has been made between the point observation values and
interpolated prediction values spatially averaged in grid cells, in addition to the-eatidation.
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Thecomparison has been made prinilgrfor the separate rural, urban background and urban traffic
map layers at 1x1 kfmesolution. Next to this, the comparison has been done also for the final
combined maps at the same 1x1 krasolution. Figure A3.4 shows the scatterplots for these
compaisons.

The results of the point observatiaypoint prediction crossalidation of Figure A3.3 and those of
the point observatiorg grid averaged prediction validation of Figure A3.4 for separate map layers
and for the final combined map are summarised able A3.5.

Figure A3t Correlation between predicted grid values from rural (upper left), urban background
(upper middle) and urban traffic (upper right) map layer and final combined map (all
bottom) (yaxis) versuseasurements from rural (left), urban/suburban background
(middle) and urban/suburban traffic stations (right)axis) for PMsannual average 28
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By comparing the scatterplots and the statistical indicators for separate rural, bdekground and
urban traffic map layers with the final combined maps, one can evaluate the level of representation
of the rural, urban background and urban traffic areas in the final combined map. Similar results as
for PMho can be observed: the final corimed map in 1x1 kAresolution is fairly well representative

for rural and urban background areas, but not for urban traffic areas.

Like in the case of P\ Table A3.5 shows a better correlated relation with the station
measurements (i.elower RMSE, gher R, smaller intercept and slope closer to 1) for the simply
interpolated gridded values than for the point cregalidation predictions, at ruratrban
backgroundand urban traffianap areas. That is because the simple comparison shows the
uncertainty at the actual station locations, while tleeossvalidation prediction simulates the
behaviour of the interpolation (within the area covered by measurements) at point positions
assuming no actual measurements would exist at these points.

The uncertaintyat measurement locations is introduced partly by the smoothing effect of
the interpolation and partly by the spatial averaging of the values in the 1¥igkichcells. For
example, in urban background areas the predicted interpolation gridded value fm#ienap will
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be about 28 pg-nat the corresponding station with the measurement value of 30 it(ealculated
based on the linear regression equation), which coincides with an underestimation of abaut 8

TableA35: Statistical indicators from the scatter plots for the predicted grid values from separate
(rural, urban bacground or urban traffic) map layers and final combined map versus the
measurement point values for rural (upper left), urban background (upper right) and
urban traffic (bottom left) stations for PMannual average 2019

rural backgr. stations urban/suburban backgr. stations
RMSE|bias| R® | fin.r. equation |RMSE]|bias R’ | linr. equation

cross-val. prediction, separate (r or ub) map layer 1.8] 0.0]0.808|y = 0.806x + 1.82 2.3] 0.1{0.748|y = 0.795x + 2.74
grid prediction, 1x1 km?separ. (r or ub) map layer 1.5] -0.3/0.884|y = 0.821x + 1.37 1.7] 0.0]0.864|y =0.862x + 1.81

PM; 5

grid prediction, 1x1 km* final merged map 1.5] -0.2/0.879]y = 0.829x + 1.42 1.9] 0.0{0.839]y = 0.846x + 1.99
urban/suburban traffic stations
PM; 5 ) 2 1 ,
RMSE|bias| R lin. r. equation
cross-val. prediction, urban traffic map layer 2.3] 0.0/0.727]y = 0.663x + 2.78
grid prediction, 1x1 km? urban traffic map layer 1.6] 0.1]0.852|y =0.801x + 2.57
grid prediction, 1x1 km* final merged map 2.1] -0.8/0.754]y = 0.744x + 2.39

A3.3 Ozor

In this section, the technical details and the uncertainty estimategpresened for the maps of
ozone healthrelated indicators 93.2 percentile of maximum daitg@ir means, SOMO35 and
SOMO10 (Maps 44.3), as well as for the maps of ozone vegetatielated indicators AOT40 for
vegetation and AOT40 for forests (Maps 4.4 and 4.5). Next to this, the details phiaPE&are
presened.

Technical details on the mapping

Table A3.6 presents the estimated parameters of the linear regression models and of the residual
kriging, including the statistical indicators of both the regression and the kriging.

The adjusted Rand standard error show the quality of the fit of thegression relation. For the rural
areas, all indicators show the value of the adjustétdéween 0.48 and 0.60. For the urban areas,
the adjusted Ris 0.44 for 93.2 percentile of dailyt®ur maximums, 0.29 for SOMO35 and 0.22 for
SOMO10. For the vegetati-related indicators the tban maps are not constructeBMSE and bias
highlighted by orange are the crossvalidation indicators, showing the quality of thesulting map.

TableA36: Parameters and statistics of linear regsion model and ordinary kriging for ozone
indicators 93.2 percentile of maximum dailp&urly means, SOMO35 and SOMO10 in
rural and urban areas for the final combined map and foin@icators AOT40 for
vegetation and for forests in rural areasif@019

93.2 perc. of dmax 8h SOMO35 SOMO10 AOT40v | AOT40f

Rur. areas| Urb. ar. Rur. ar. | Urb.ar. | Rur. ar. | Urb.ar. Rur. ar. Rur. ar.
¢ (constant) -3.3 9.9 -430 428 4027 5654 -2428 -1649
Linear |al (EMEP model) 1.10 0.98 0.72 0.62 0.63 0.48 0.89 0.66
regresion |a2 (altitude GMTED) 0.0022 0.86 1.80 2.17 4,76

model |a3 (wind speed) -1.30 n.sign. n. sign.

(LRM, a4 (s. solar radiation) n.sign. n.sign. 152.3 84.3 250.2 260.7 519.8 910.4
Eq. AL.3) Adjusted R 2 0.51 0.44 0.51 0.29 0.48 0.22 0.60 0.52
Stand. Err. [g.m S X]* 9.0 11.6 1784 1901 2606 3194 5886 10024
Ord. krig. [nugget 22 54| 1.7E+06| 1.6E+06] 3.8E+06] 3.0E+06] 1.8E+07| 4.2E+07
(OK) of [sill 65 81| 2.6E+06] 2.4E+06] 5.6E+06] 5.7E+06 3.9E+07] 7.3E+07
LRM range [km] 230 140 170 300 140 530 180 860
LRM + OK[ RMSE [ug.m .xJ* 8.3 10.1 1777 1569 2585 2616 5507 9609
of its Relative RMSE [%)] 7.1 8.9 29.6 32.1 11.7 13.4 32.1 32.6
residuals [Bias (MPE) [ug.m S.x]* 0.0 0.0 0 -7 -19 -16 -11 -41

* Units: 93.2 percentile of daily-8 maximums[ug-m3], SOMO35 and SOMO10: [ugai], AOT40v and AOT40f: [ugin].
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Uncertainty estimated by crossalidation

The basic uncertainty analysis is provided by cuadislation. Table A3.6 shows both absolute and
relative mean uncertainty, expressed by RMSE and Relative RMSE. The relative mean uncertainty of
the 2019 ozone map is at tf#8.2 percentile of daily-8 maximumsabout 8% for rural areas and

10% for urban aregsaround 3032 %for SOMO35, around 123 % for SOMO10 and around-32 %

at AOT40 indicators. The small levels of the relative uncertainty fod3H percentile of maximum

daily 8h means and SOMID are highly influenced by the low ratio between the relevant standard
error and mean calculated based on all annual station concentration data: for these two indicators
the ratio is at the level of about 0.20.19, while for SOMOS35 and for both AOT4digators it is at

the level of about 0.40.54.

Figure A3.5 shows the cregalidation scatter plots for both the rural and urban areas of the 2019
map for the healthrelated ozone indicators.

Figure A®: Correlation betweewrossvalidated predicted @axis) and measurement values for
ozone indicators 93.2 percentile of max. da#lyd®rly means (top), SOMO35 (middle) and
SOMO10 (bottom) for 2019 for rural (left) and urban (right) areas

Ozone, 93.2 percentile of daily max. 8h, rural
pred. (crossv.) vs. measured
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