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Summary

Context and methods

In this report weinvestigate the development of European air pollutant concentrations during-a 17
years period (2002021). Surface concentrations of SMQ, PMo, PMs and Q at different
typologies of air quality monitoring statiorfaural, suburbanand urbanbackground sites, as well as
traffic and industriakiteg are analysed.

We first perform various descriptive statistical analyses to infer the main features of the evolution of
air quality. Then we compare the trends in air pollutant concentrations to the trends in reported
emissions at country level. This allows putting in perspective the efforts in mitigating air pollution with
the resulting benefit for ambient air quality. Waso conduct an unsupervised machine learning
classification to identify the group of stations at European or country level that exhibit a specific
temporal evolution. This last part of the analysis opens the way for further interpretation regarding
the efficiency of mitigation measures, which will be conducted in a foellpastudy in which those
group of stations displaying outstanding trends will be related to local air quality plans.

Between 2005 and 2021, the air quality monitoring has been extended significantly over Europe. In
2021 about 9000 records (combining all pollutants and stations) were available. After applying
temporal completeness criteria in order to ensure the consisyeaf the longterm trends, about 5000

time series are available for the trend analysis between 2005 and 2021 for the following air poilutants

SQ, NQ, PM, PMesand Q. The body of the report is devoted to the time period 2IR1. But all

the resuls are also provided ifor the 20062021 periodn the supplementary material.

Descriptive analysis of the observed trends

Sgnificant downward trendsire observed fo6Q, NQ, PMo, PMs.

The largest decrease is seen for sulphur dioxide for which the leveddl ather type of sites
(background urban and suburbamnd industrial and traffic)in 2021 are comparable tdhe
concentrations which were observed mtral sites at the beginning of the period (2005). A reduction
of the order of @ % to 68% is found

For NQ the surface concentrations have droppedtiveen 34% and 4®6on averagedepending on
the station typologiesThe decreases are widespread in Europe, but slightly lower in magnitude in
GermanyPoland and Austria.

The analysis of the evolution of N@ncentrations by day of the week, hour of the day, and also the
distribution of all days in a given year al®inferring further important features in the change that
occurred for N@air pollution in Europe. We find that the concentrations observed during weekend in
2021 are comparable to those that were classically seen duweekdaysn 2005. The sharp diurnal

cycle (with two peaks during morning and evening rush hours) is still marked in 2021 as the low levels
were more efficiently reduced that the rush hour peaks. The distribution of trends for all days in a
given year shows that the low and medium levels were also more efficiently reduced that the highest
peaks (except at rural sites).

Os is notdirectly emitted into the atmosphereput isformed in the atmosphere from precursors as
NQ, VOC, CO and methanehich, added toa hemispheric baseline leveesults in the final
concentrations During the period 2002021, at background sitegshe annual mean ozone
concentration haslightlyincreasedbetween 2% and 124 while the high peaks have been reduced
(by 6% to 9%) The increase iannualmears, especially noticeable at urban and suburban siges
explained byareduced titration byNQ, because of reduced N@vels in the atmospheréis a result
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of these opposite trends between annualerage N@and Q, the sum of the two (Ox), is reduced by
1 % to 23% for background sites, but increaldey 17% at traffic sites.

The increase of annual average ozone concentrations is markedly more pronounced over the North
Western part of Europamost densely covered by observations (Northern France, Benelux, Germany),
while the trends are often not significant elsewhere. Inversely, the downward trends for ozone peaks
aremore pronounced in Spain, Portugal, South France Italy and Austria.

PMyo concentrations decreaskbetween 39%and 44 % between 2005 and 2021. The density of the
network for PMxs only allows assessing the trends between 2008 and 2021 and we find declines
ranging from 37% to 52%. Decreases are observed throughout Europe, but they are lower in
magnitude in Germany, Austria and Finland (for bothw@Aid PM:s) and in Spain (only for Bly),

while some nonsignificant increases are seen for B Poland.

When comparing only the stations where both PMnd PMo are measured, and the sanperiod

(2008 to 2021), we findecreasingrends of 37 % and 324 respectively. The lower trends for RM

could be induced by a compensation due to natural sources of coarse particulate matter, or to a more
efficient reduction of secondary PMhich dominate in the fine fraction.

The number ofdayswith the highest peaksvas mitigated less efficiently thathe average values,
highlighting the importance of high air pollution episod®sthe total concentrations The PMy
concentrations were more reduced in winter compared to summer, also because of the higher natural
and biogenic contributions in summer months.

A composite index adapted from the air pollutant categories in the EEA Air Quality Index was designed.
¢KS ydzZYoSNJ 2F RI && O BMyahd R\sBaScRarljintreased st ieréozoe2 NJ b h
the distribution has not changed substantially. Considering all pollutants together, and Europe as a
K2t S AG FLIWISENAR GKFG AY WwnnpX 2yfteée KFIEF 2F (KS
this proportion hasricreased to about 790 in 2021.

Drivers of air quality trends

To put in perspective the efforts devotedratigate air pollution with the resulting benefit for ambient

air concentrations, we compare the reported emissions at country level with the evolution of
concentrations at background sites. This is only done for the countries with a sufficient number of
monitoring stations, so that the average trends reportigdthis partmay differ slightly from the
descriptive statistics sections. We also note that this comparison is limited as most pollutants are also
subjectto transport and transformation of related precursors species and a more detailed comparison
would benefit from the involvement of Chemistiiyansport model calculations.

For SQ@ reported emissionsleclined by 786, whilemeasured concentrationsere reduced by 6%

There was a relatively good agreement between those trends up to the year 2008, afteraddnigar
mismatch is seen. There are also some differences depending on the countregeas the observed

rate of decline in S£@bservations is lower than the decline of emissions in Czechia, Bulgaria, Italy, and
Hungary, the opposite is found for Austria, Belgium, Germany, and Poland.

For NG we also find that a larganismatchoccurs after the year 2008. Overallreported emissions
declined by 55%, the ambient air concentration decreased only by@8 here are notable differences
between countries such aSermany,Hungary, Swedeand Poland where thelecreasingrend in
emission was reported to range from 3&to 42 % and the other countriesvheretrends in emissions
are ratherdecreasingetween48and 60%. It would be worthwhile to find out if such different trends
are due to actual changes in the vehicle fleets, or rather to artifact related to theiwatich the
reported emissions are computed.

Thedecreasingrends in the emissions of the main ozone precursors aré3nd 560 for NMVOC
and NOx, respectively. At the same time, annual mean ozone increaseddwar®l ozone peaks
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decreased by 8. The increase of annual mean ozone is due to the titration effect in relationheith

NG decline. The limited decrease in 0zone peaks is due to théffacthe reduction in anthropogenic
precursors only reduces the ozone peak increment above anmitigable natural and hemispheric
burden of ozone. It would be insightful to quantify more precisely this burden in order to assess the
efficiency of ozone mitigain strategies.

The surface PM concentrations show stronger downward trends than the reported emissions. This is
likely an effect of the importance of secondary aerosols which are mitigatetdp ofthe direct PM
emissions, thus leading to additional reductions compared to the abatement of primary emissions
alone.For PMo and PM s we find overall reductios in surface concentrations of the order of 42
and45 % respectively The reduction of the direct emissionsgfmaryPMyois 36 % and for PM2.5 it

is 41%.Theconcentrationreduction for PMisalso slightly larger than the rate of emission reduction

of primary PMs.

An unsupervised machine learning clustering is applied to produce objective clusters of stations with
analogous features with regards to ginllutantsconcentratiorsin 2005, relative trends, and relative
changes in emissions. When applied to the whole of Europe, this analysis confirms the above
statements regarding the consistency between concentrations and emissions.

Applying the clustering on a country basis akkaglentifying group of stations, within a given country,
exhibiting specific features. In the report \weesenta few examples of this analy$a a few selected
countries and pollutants as well as station typologidhe results of the clustering applied
systematically for all countries/pollutants/station typologies are presented in Annexes.

For background N&stationsin Spain we identify two groups of stations distributed evenly over the
country, and with similar concentrations in 2005, but in onetld groups the concentrations
decreased by 600 while in the second group the decrease is only2@uch sharp differences in the
temporal trends will be further investigated in a follayp study to infer whether some of those
stations are located in air quality zones undergoing specific action plans.

Similar outstanding behaviour are provided for Ni@ffic stations in Spain, PMbackground stations

in Poland, PM traffic sites in Germany, and RMndustrial sites in Francélote that in this main text,

the later specific countrie®r station typologiesvere choserto be as illustrative as possible of the
various possible situatiorie proposea simple method for identifying outstanding statiods. already
said,the result of the clustering for all pollutants and all countries are also delivered in supplementary
material to support the future analysis of air quality plans.

ETCHEReport 203/8 7



1 Introduction

It is well documented that air pollution poses a serious threat for human health and ecosystems. It has
been mitigated since the 1970s, in particular through international policy instruments such as the
Geneva Convention on the Long Range TransboundaBoMitionor Air ConventiofCLRTAP 1979)

and, as far asegulations within theEuropeUnion areconcerned, the National Emissioeduction
CommitmentsDirective (EC 2016)which set objectives to be achieved by the implementation of
national and local regulations. In order to assess the magnitude of the thfesdt pollution and the
efficiency of mitigation strategies and policies, scientific assessments based on tools to monitor and
predict atmospheric composition changes were developed. The CLRTAP launched the European
Monitoring and Evaluation Programme (EMEP, www.em&pwith a dedicated in situ monitoring
network, and the European Commissisgta number of air gality directivegEC 1996, EC 2004, EC
2008)defining common monitoring principles for countrjes well as maximum air pollution levels

not to be exceeded to ensure a clean air for Europgapulation and environment

Decades after having initiated emission reduction strategies and dedicated monitoring networks,
several studies taking stock of lotgym air quality monitoring have been performed by tBEA/ETC

and the CLRTAP to assess the efficiency of air pollution mitigation strai€gletie et al. 2016a, Maas

and Grennfelt 2016, EEA 2020, Colette et al. 20I81i® topic has also been of interest for the scientific
community withseveralarticles devoted to the assessment of air quality trends thed relationships

with efforts achieved in terms of emission reductions. The majority of such studies were focused on
ozone(Cooper et al. 2020, Lefohn et al. 2016, Vautard et al. 2006, Sicard et al. 2013, Derwent et al.
2003, Derwent et al. 2010, Jonson et al. 2006, Wilson et al. 2012, Fleming et al. 2018, Simpson et al.
2014)to name just a few, and excluding all the scientific body devoted to tropospheric ozone at a
larger scale. But therbavealso been studies investigating nitrogen and particulate matter trends:
(Colette et al. 2011, Guerreiro, Foltescu and de Leeuw 2014, Barmpadimos et al. 2012, Turnock et al.
2015, Banzhaf et al. 2015, Turnock et al. 2016, Tarseth et al..2012)

Several of those investigations relied on both observations and models to discuss policy effectiveness,
in general by feeding one or several chemidtgnsport models with reported air pollutant emissions
before comparing the results with observations tmnclude on the effectiveness of policy
implementation(Colette et al. 2017, Colette et al. 2011, Wilson et al. 2012)

In this report the trends are studied by analysing the observations through linear statistics to update
the knowledge of the current status of trends in the Europeargaality. The results are presented
based on aggregated European data in the main report, and foriedifidual countryin the annexes.
Themethod relates the trends in air pollutant concentrations to the reported emission changes over
the 20052021 period to the extent possibladditionally, a clustering method was applieddentify
stations, urban areas, regions and/or countries with outstanding trends in concentrations and
emissions The later analysis will be a support to identify good practicamnfmoving air quality.

In this study, dl7-year period (20052021)is studiedand presented in the main texalthoughthe
20002021 period is also investigateahd the resultpresented as annexes onlgompared to earlier
studies looking at shorter periods a -Y@ar period makes it easier to conclude on statistical
significance of the trends. In additioinanks to the development of the monitoring in timere are
more stationsavailable in recent years and therefaaebetter spatial coverag®er the analysis.

The methods and their respective input data are described in Chapter 2, and the results in €Bapter
and 4where the trendl Y R & I (i A 2 of thevariOus dmpo|Btallls yfanterest are discussed
(Sulphur dioxide; SQ, nitrogen dioxideg NO,, ozoneg Os, Particulate matter finer than 10pum and
2.5um¢ PMy and PMs) as well as the trends of the Air Quality index in order to provide a synthetic
overview of air quality evolution that captures the change for all individual compounds. A summary is
givenin Section 5 5
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2 Models and methods: Analyses of air quality observations

For this study, we rely on the air quality monitoring databases hosted by the European Environment
Agency (EEA). Up to 2012, these datasets were gathered RIRRASE database, for which we used
the v8 release. After 2013, the EEA database moved to the Air Quakyoeting system. Only
validated data are used. A technical difficulty lied in matching these two databases because many
stations changed names awddes over time. Instead of station names, the matching is perfoioyed

the EEAusing the Sampling Point Identification, which is the most reliable rdata about the
consistency of a given record.

The EEA databases differentiate sampling point area (urban, suburban and ruraljatod type
(background, traffic, industrial). For synthesis, we differentiate background types at urban, suburban

and rural areas and also considered separately traffic stations and industrial stations (yet without
distinction of whether traffic or industrial statis are located in urban, suburban or rural are#s).

other words, in the present report, only background types aensideredfor urban, rural and

sukurban areas (for some figureswe explicitly stated bckgroum-urban (BGUR) background-
suburban(BGSUBRNd backgroundural( BGRU))¢ K2 a4 S OF 6 S3I2NASA F NB NBTSNN
the present report.

2.1 Data completeness

All the surface data available included in tBEAdatabase are used in the present study. We did not
apply any outlier detection or filtering considering that the impact of spurious data will be minimised
in the aggregation of statistover a large dataset. We did however perform a completeness check so
that too short records were not included in the trend analysis. First the completeness in any given year
is assessed so that all datasets (days or hours) within a year where less th@ofAhe recordare
available are discarded. In a second step, we also removed a given station if less%haii the years

in the 17-yeartime period (.e.,5 years or more) were not available.

Reducing data after a data completeness test can improve data quality but may also come with trade
offs such as reduced sample siae can be seen when comparing Total and Selected StatiGiigpuire

2.1. Howeverthe dataselectioncriteriaadopted above is meant foreserve a substantial sample size
and minimize potential biases regarding the trend analysis.

Regarding temporal resolution, most observations forN&I) and Q are available as hourly data so
that we used only those records, which allow to investigate daily maximum behaviour and diurnal
variations. For PM and PM: there is however a mix of hourly and daily values according to the
measurement method used, but most relevant indicators are defileded ondaily means.
Consequentlywe checked for redundanciy the corresponding record was already provided as daily
meanbefore aggregatinghe avalable raw hourly recordsnto daily meanslhis aggregation did not
include a verification of missing data over a given,daythat the recomputed daily meansvere
computed irrespective of the number of available records for that. &g note that this is slightly
different than in the official statistics usually produced by EEA, wiiBr# completion criteriaare
applied before computing a daily mean value. Given the amount of data used in the present
assessment, we considered that this discrepancy wdalde minor impactsA specific work was
performed to identify collocated measurements of &hd NQ in order to discuss Ox (as ® NQ)
trends, but also to compare the relative trends afddd NQ at a consistent set of stations. Ideally NO
should also be added tos@nd NQ to derive total Ox, but that would have led to a selection of too
few stations because of the scarce collocation @f BQ and NO measurements. Likewise, we
identified collocated measurements of RiMind PMsto compare the trends of fine and coarse PM.

Until 2007, French authorities reported PM hourly concentrations from automatic devices (TEOM, Beta
gages) without applying any correction factor to account for the volatilisation of some PM compound
during the measurement phasé&or that reasongaily values could not be directly used before that
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date in that country. Nevertheless, as it was done by the other countries at that time, a correction of
annual mean values was applied (factor {\Malherbe et al. 2017)so that only annual mean statistics
of PMo can be used for the purpose of this study for France up to 2006.

The total number of air quality stations by station type and pollutant available during the period 2005

2021 in the European Union (27 countrigs)given inFigure2.1. In 2005, about 5000 records
(combinations of stations and pollutants) were available, but in 2021 this number exe860s

records(in 2019 the number has even exceeded 10000 recorlsteady increase of the number of

stations is found fomanystation types and pollutants. An exception is noted for:Pdhd SQwhere

the number of stations has decreased slightly in the years 2020/2024 same eception applies to

urban, suburbanand rural station typswhere the number of stations decline slighity2020/2021.

h@dSNJ GKS SINIeé HnnnQas GKS ta Y2yAl2NAy3 ySisg2N]
gaseous monitoring devices is reducdebr example, there was a noticeable increase in,£M
monitoring up to 2011.

Before 2007, Pl stations locations werso scarcethat after applying the completion criteria they
can barely be seen in the histogram in the middle of the first rowigfire2.1. This is why, only for
PM s the time window for the trend assessment will be reduced to 2Q021.

After having applied the completeness checks for trend assessment described above, we kept about
5000 records. If only stations covering the whole period had been selected, the numbetiohs
would have been constant in timmsteadwe see an increase in the number of sites over the first few
yearsdue tothe improvement of temporal coveragend the presence ahore samplingoints. There

is also the effect of theelaxed completeness criteria that selects records with onl6/7&f valid years
(i.e.,over 20052021 for all pollutants except for PMwhere the time period is 2008021 due to the
completeness check presented Tmble2.1). In the previousEionetreport 2021/9 (Solberg 2022x

clear issuappearedregardingthe number ofstationsselected irR013, the year when the EEA system
changed from Airbase to AQreporting. In this report, this anomaly has been partly corrected, mostly
with the update of French submissions to AQeporting. The anomaly remaingightly visible,
especially in the selected stations per pollutakRtgure2.1). This lower number of available sites in
2013 can be due either to a lower number of reported data, ohange in sampling point identifiers
(which would impair the matching of several records with the reminder of the period, making them
irrelevant for trend assessment)Nevertheless, the number of reportestationshas improved since

the previous assessme(Bolberg 2022)The vast majority of selected stations passing completeness
criteria are located in the 27 countries of the European Uificable2.1). But we also captured a few
additional stations located mainly in Norway and Switzerland, as well as Icafaiorth Macedonia.
These other countries anmeot discussed in the main body of the report, but they are@ludedin the
supplemental material on trends analysis by country.

Apart from this anomaly of 2013 there is no systematic trend in the distribution of station type after
2005. The number of PM monitoring sites increased gradually, sahkabroportion ofozone and
NG monitoringstationsis lower.
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Figure2.1: Number of air quality monitoring station by pollutant (top) and station type (bottom),
in the 27 countries of the Europeabdnion EU27) available over the 206021 time
period (left) and passing the completeness criteria for trend assessment in absolute
(middle, please be aware of the different-axesvalueg and relative (right) numbers

Total number of station per pollutant: EU27
Selected stations per pollutant: EU27 Selected stations per pollutant, Normalised: EU27
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Table2.1: Number ofstations per country and typology passing completeness criteria and therefore included in the present trend assessmentifor ea
pollutant. The horizontal line separates the EU27 countries (above the line) from few other European countries (below the line)

Pollutant S02 S02 S02 S02 S02 NO2 NO2 NO2 NO2 NO2 03 03 03 03 03 PM10 PM10 PM10 PM10 PM10 PM25 PM25 PM25 PM25 PM25
Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual
Metric Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean
Station Type urban suburban rural traffic industrial urban suburban rural traffic industrial urban suburban rural traffic industrial urban suburban rural traffic industrial urban suburban rural traffic industrial
AT 9 15 21 0 19 19 41 26 35 7 11 33 41 4 1 19 41 20 16 7 6 4 2 2 0
BE 3 5 9 2 13 6 11 17 2 19 4 8 18 1 5 6 11 13 1 15 7 8 0 6
BG 12 0 1 2 2 9 0 1 2 0 10 0 1 2 1 20 2 1 2 2 3 [ 1 0 0
CcY 0 0 1 1 0 0 0 1 1 0 0 0 1 1 0 0 0 0 0 0 1 2 1 0 0
cz 12 7 6 2 1 14 11 6 14 1 15 9 16 3 0 27 19 5 12 1 12 7 2 3 1
DE 37 15 31 9 11 90 59 52 98 19 79 59 58 5 12 88 59 49 92 21 45 15 14 31 7
DK 0 0 0 1 0 3 0 2 3 0 3 0 2 1 0 0 0 0 1 0 0 0 0 1 0
EE 3 0 2 1 2 3 0 2 1 2 3 0 3 1 2 0 0 1 1 2 3 0 3 0 1
ES 44 25 32 61 104 54 42 36 89 112 43 51 52 50 74 24 17 20 44 54 6 12 13 14 23
FI 0 0 4 0 4 3 1 4 10 2 2 0 7 0 0 2 2 0 14 0 4 2 1 5 0
FR 28 1 3 1 61 148 46 8 44 20 119 v 31 1 0 126 27 5 31 31 45 2 6 5 0
GR 0 0 0 1 0 [ 1 0 1 1 0 1 0 1 1 0 [ 0 0 0 0 0 0 0 0
HR 1 0 0 1 0 2 0 0 2 0 1 [ 0 0 0 [ 0 0 2 0 0 0 0 0 0
HU 5 7 1 7 1 6 7 1 7 1 6 7 2 1 1 6 6 2 7 1 0 0 0 1 0
IE 2 0 1 0 0 1 0 1 2 0 1 1 3 0 0 1 3 1 1 0 0 1 0 0 0
T 27 10 5 21 20 89 39 43 100 24 68 30 41 3 3 58 28 20 61 14 32 7 15 13 1
LT 3 0 0 2 2 3 0 0 4 4 2 [ 4 4 2 5 [ 0 5 4 0 [ 0 3 0
LU 2 0 1 0 0 1 0 2 0 0 2 0 3 0 0 0 1 0 0 0 1 [ 0 0 0
Lv 0 0 0 0 [ 0 0 0 0 0 0 [ 0 0 0 [ 0 0 0 0 [ 0 0 0 0
MT 0 0 1 1 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
NL 0 1 4 0 0 10 3 18 15 2 3 3 17 4 0 2 3 15 11 0 0 0 0 0 0
PL 42 2 10 1 3 39 3 11 5 2 23 2 15 0 0 48 3 4 4 2 25 0 1 4 1
PT 3 2 1 2 2 10 1 4 5 4 14 4 8 0 2 9 2 5 6 2 3 0 4 1 0
RO 0 0 0 1 0 2 0 0 0 1 1 0 1 0 1 0 [ 0 0 1 0 0 0 0 0
SE 2 0 0 0 [ 5 0 1 6 0 5 [ 8 1 0 3 0 2 9 0 2 [ 3 5 0
SI 3 1 0 1 0 3 1 1 1 0 5 1 3 1 0 4 2 1 1 0 1 0 1 0 0
SK 4 1 0 2 0 2 1 0 4 0 4 2 5 0 0 11 2 1 5 1 1 0 0 1 0
NO 0 0 0 0 1 1 2 0 10 0 [ 0 6 0 0 4 2 0 11 0 2 2 0 10 0
CH 2 2 2 1 0 [ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
IS 0 0 0 1 0 [ 0 0 1 [ [ [ 0 0 0 0 0 0 1 0 0 0 0 0 0
MK o 0 o 3 1 0 0 [ o 0o 0 0 4] 2 2 0 0 0 o 0 0 0 0 0 o
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2.2 Air pollutant indicators, metrics and indices

We intended to be as comprehensive as possible in terms of statistical indicators, computing for each
year: annualseasonal, monthly, weekly (per day of the week), daily information and corresponding
guantiles on the basis of daily means for all compounds. FeraN@Q we also computed indicators
aggregated on the basis of hourly observations to derive daily maxima and include diurnal profiles.

We also included a few additional metrics because of their relevance with regards to the European
Directive on Air qualityEC 2008)or health and ecosystem impacts. For ozahe, maximum daily
eighthour mearwas used to compute the number of days above 120iglongterm objective) The

180 pg/m? (information threshold) and 240 pgfr(alert threshold)are computed based on hourly
values The daily maximum-Br average was also used to derive 4DMAS: the annual fourth highest
peak, which is considered to be the most representative of ozone peaks. The summertime mean of
daily maximum ozone is sometimes used as an indicator of ozaalespleut it should be noted that in
many locations in Europe most summer days are not characterized by high ozone levels. In turn, the
summertime average is also largely influenced by moderate ozone levels. That is why we u%e the 4
highest value observed in the summer to provide an indication of the highest j€akstte et al.
2016a) We also computed healtfelated metrics: SOMO35 and SOMO10 (sum of ozone daily maxima
in excess of 35 pplfly and 10 ppbv(Malley et al. 2015)and ecosystennelated metrics: AOT40c and
AOT40f (accumulated ozone over 40 ppbv between May and July for crops and between April and
September for forests). For N@e considered but eventually excluded the number of hours above
200 ug/n? because of the low number of occurrences at most stations. Similarly, the number of days
above 125 pg/mand hours above 350 pgfhwere excluded for SOFor PMo we computed the
number of days above 50 pghdaily limit value.

The trends can become complicated to synthetise, with various degfeeductions for the different
pollutants, and even opposite trends depending on the metrics. At the same time, the reader can
legitimately call for a synthetic diagnostic illustrating whether the Air Quality situation improves overall
(irrespective of the pollutants). This is why we also provide some tdgmghosesnspired from the
concentration intervals used in the EEA Air Quality I{@&A 2021)Ve computed air quality indices

by country for all air pollutants, using tieategoriesdefined byEEAandrecalled inTable2.2. The index
definesconcentrationintervals for each air pollutanand issubsequentlyategorized for every station

as the worst level across available air pollutant observatiotisaagiven station. Computing the index
therefore requires availability of all pollutants at a given station, which is far from being the case so
that modelling is used by EEA as gap filling. In ordevatke the calculation easigwe rather compute

the index levein a countryfor all pollutantsand at eachstation, and then wetake the median by
pollutant for all stations. The country air quality index is then defined here as the worst category for
all pollutants.

(® Equivalent to ug/md, using the equivalenceppbv Q= 2ug/m?, applicable to all the othe®s concentrations
in the report.
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Table2.2: Categorief the EEA Air Quality Index (SourdeEAairindex.eea.europa.eu)

Very  Extremely
poor poor

Good Fair Moderate Poor

Particles
less than
2.5 um
(PM, 5)
Particles
less than 10 ' 0-20 40-50 150-1200
pHm (PM;g)

Nitrogen

dioxide 0-40 90-120
(NO,)

0-10 20-25

Ozone (O3;) | 0-50 100-130

Sulphur
dioxide 0-100 200-350 750-1250
(50;)

2.3 Statistical tests

Thestatistical method applied for the trend detection is MaKendall (with a gvalue of 0.05]Mann

1945, Kendall 197%nd we compute the actual slope using the Sémwil approact{Sen 1968)Both
techniques differ from the more classical least square regression in the fact that they focus on the
distribution of pairs of changes, aggregating their sign for Mdandall, or using the median of
differences for SefTheil. They are thus less séive to outliers, but also to autocorrelation and non
normality in the distribution.

The trends presented here are given in unit change per year (ig/im most cases). But we also
provide the relative change which is useful to infer order of magnitudes over various
pollutants/indicators. The relative change is computed from the-Beeil slope, multiplied by the
overall duration, and normalised by trstimated level at the beginning of the period. The estimated
level at the beginning of the period is the linear fit over the whole time series taken for the year 2005,
which minimises theffect of interannual variability compared threctly usinghe value for the year
2005. Those estimated 2005 levels are used for normalisation of both observed concentrations and
emissions in the timeseriesThe same approach is used for comparing the distribution or
monthly/weekly/daily cycles at the beginning and end of the period. Instead of using the actual values
for the year 2005 and 2021, linear fits are used to estimate the baseline cycles for tlaosergducing

the impact of interannual variality.

In several figures, the distribution of relative changegresented as boxplot that provide the inner
25th-to 75th percentiles (filled boxes), median (horizontal line) as well as the 5th and 95th percentiles
(whiskers) and individual values outside of that later interval (ddts).term "relative change" refers

to a measure of how much a specific value (e.g., concentration or emission) has changed over time
relative to a reference valyend in this precise case the reference is the estimated valuedg as
explained in the previous paragraph
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2.4 Air pollutant emissions

We used the National air pollutant emissimwventory(Primary PMb and PM s, nitrogen oxides NQ,
ammonia- NH;, volatile organic compounds/OC andulfur oxides SQ), reported to the Convention
on LongRange Transboundary Air Pollution (CLRTR#®se were obtaine@for both EU27and non
EU27 countriesfrom the EMEP Centre for Emission Inventories and Projec{iomsssion as used in
EMEP models), in the version updated in July 2023.

2.5 Methodologyfor the analysis of clustering

An unsupervised machine learning approashusedto produce group stations within clusters with
similar trend characteristics. The classification is based on tnedns techniqugJain, Murty and

Flynn 1999) applied to observed air concentratisnf NQ, PMo, and PMsand related precursor

emission trends over the period 20@021 (or 2002021 presented as supplementary material).

To capture the essential characteristics of each station, we selected three distinct features (i.e.,
predictors) when the clustering is applied on the whole Europe and two for individual countries. At the
European scale, we used the following features: #stimated concentration value in 2005, the
relative concentration change trend, and the relative emission change trend. The emission is reported
at national scale, so that it is not relevant to include that feature for a codvaised clustering. At the
country level, we use therefore only the concentration features: the estimated concentration value in
2005 and the relative concentration change trend.

Our clustering methodology encompassed the following station typologies: backgwobad (BG
UR), backgrounduburban (B&UB), and backgroundral (BGRU), all background (BGR, B&SUB,
and BGRU), traffic and industrial. To facilitate the interpretatiof the clustering, we arbitrarily set a
limit to three clusters for this analysis.

Once the clustering is completed on an objective basis with thee&ns approach, we rely on
probability density functions (PDFs) distribution of the main features of each cluster to interpret what
differentiates each cluster. The Map of stations distrémiby cluster, and the distribution of station
typologies in each cluster is also used in the interpretation.
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3 Descriptive analysis of therénds of air pollutants of concentrations

In this Chapter we perform various descriptive statistical analysis to assess the main features of air
pollution trends in Europe. Some of these diagnostics allow pointing out possible causes for the
changes in air quality, but the analysis of the main drivers willupthdr discussed in Sectioh
Additional results for individual countrieend in EU27spanning the periods 2008021 and 2000

2021, are provided as supplementary material (refer to Annex 1 and 2).

3.1 Suphur dioxide

The time series presented Figure3.1 display, for each typology of stations, the median of annual
mean values at all available European statjdghsir linear fits for 2002013 and 2012021,as well

as the distribution for all sites of the relative changes between the beginning and the endpsfrtbd

(as boxplots). The corresponding quantitative 8énds are provided iffable3.1.

The trends of sphur dioxide present the largest decrease of all pollutants, and they are always
significant as indicated by the very smalgues. The decrease is such that at industrial sites, the

levels in 2021 are comparable to that of rural sites at the beginnitigegberiod. The relative changes

in the Europewide compositecomputed as the median of all annual mean values between 2005 and
2021, depends on station types62.1 % (traffic),-63.5 % (industrial), aneb7.7 % fural background).

In order to provide an indication whether theend is steady, slowing down, or increasing in time, we
also computed the same trends over the first and second halves of the gerdidated by the dashed

lines inFigure3.1). Comparing the linear fits over the first and second halves of the period 2005

and 20132021), one can notice a slight flattening of absolute decrease in more recent yaaept

at suburban background stations (s€able3.1). The slowdown in the pace of the downward trend
becomes even more pronounced when tracing it back to the 1990s, although such estimates are only
available for EMEP rural sites in the literatufecording to the literaturethe significant decrease in

SO at those EMEP sitemainly occurred during the 1990s, with reductions of up td8Colette et

al. 2016a, Tarseth et al. 2012, Aas et al. 2019)
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Figure3.1: Time series of the Europeawide composite (median) of annual mean $(ug/m?3) per

station typology (red: urban background, bluesuburban background, green: rural
background, black: traffic, violet: industrial) between 2005 and 2021. The dashed lines
show the linear fit between 200%nd 2013 and between 201and 2021. The boxplots

on the righthand side show the distribution of relative changes (%) between 2005 and
2021 for all stations of eactypology
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Table3.1: Summary of observed SGnnual mean trendger station typology: total number of
stations, trend of the median of the Europeawide composite (SefTheil slope,
ug/m3yr), 5th and 95th quantiles of Sen Theil slopes at all European stations,
significance of the Europeawide (EU27)composite (ManaKendall pvalue, MK pval),
and relative change between: 2R1 and 2M5, 2013 and 2M5, 2@R1 and 2QAL3 for the
Europeanwide composite (% change)
Relative Relative Relative
Metric Station Nu(r;wber Trend of SIB:;ﬂegg;h MK p Change Change Change
Typology Stations Median q trends val (2021 (2013 (2021
vs 2005 %) vs 2005 %) vs 2013 %)
Annual o 244 [:0.85,0.01] -0.20 <0.01 -62.4 -47.0 -28.0
Mean
Annual g rban 94 [-0.57:0.00] -0.18 <0.01 62.0 -36.0 -42.0
Mean
Annual = 136 [-0.38:0.04] -0.10 <0.01 67.7 -44.0 -37.0
Mean
Annual i 125  [-0.68:0.06] -0.20 <0.01 62.1 43.0 -19.0
Mean
A&ggﬁ' industrial 247 [-1.02:0.07] -0.25 <0.01 635 56.0 -15.0

The trends of the Europeanide compositegmedian over all stations of the annual meams$played
in Figure3.1, are all significant as indicated with the MaKendall statisticéMK pvalue)of Table3.1
that are well below 0.05. There are however a few sites where the relative trend is smaller (or even
positive) in the boxplots dfigure3.1. Trends at all urban, suburban and rubalckgroundsites are
plotted in Map 3.1. Those small decreaser even increaseare scattered across Europad would
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need to be investigated at site level. Such a level of investigation is beyond the scope of our European
wide assessment and would not change our overall conclusions. Besides these localized increases, it is
difficult to point out significant spatial pattas inMap 3.1.

Map 3.1: Map of SQtrends (in pg/m3/yr) at all urban, suburban and rural background sites in
Europe between 2005 and 2021. Significant trends are displayed as dots, and un
significant trends as diamonds
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3.2 Nitrogen dioxide

The median trend of annual mean of nitrogen dioxide over Europe is displafaping3.2 as the time

series of the median across all European sites. It shows a clear downward trend for all station types.
The interannual variability is low. The relative changes are wi#n% to-50 % for the central
interquartile part of the distribution across all stations. They are similar for all station types, except for
rural and industrial stations where the median relative change is larger. For all site typologies except
traffic stations, thelinear fits over thebeginning (20022013) and end (2013021) of the period
indicated as dashed straight lines suggests that there is no strong change in the rate of decline.
However,in the quantitative estimates provided (fTable3.2), it appears thathe rate of decline is
stronger over the recent years (202B21)comparedto the earliest years (2068013) except for the
industrial stations.
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Figure3.2: Time series of the Europeawide (EU27)composite (median) of annual mean NO
(ug/m3) per station tymlogy (red: urban background, bluesuburban background,
green: rural background, black: traffic, violet: industrial) between 2005 and 2021. The
dashed lines show the linear fit between 20Gd 2013 and between 2013nd 2021.
The boxplots on the righthand side show the distribution of relative changes (%)
between 2005 and 2021 for all stations of each typology
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Table3.2: Summary of observed NGannual mean trendger station typology: total number of
stations, 5th and 95th quantiles of Sen Theil slopes at all European stations, trend of the
median of the Europeaswide composite (SefT heil slope, pug/n¥/yr), significance of the
Europeanwide composite (ManrKendall pvalue, MK pval) and percentage change
between: 2005 and 2021, 2005 and 2013, 2013 and 2021 for the Eurcopode
composite (% change)

Station Number of  5th and 95th  Trend of Relative Relative Relative

Metric . . - MK p-val Change (202 Change (201! Change (202:
Type Stations quantile of trends Median vs 2005 %)  vs 2005 %)  vs 2013 %)

Annual - han 523 [1.33:0.12]  -054  0.00 -33.9 -14.0 -25.0

Mean

Annual g urban 269 [1.06:0.13]  -056  0.00 41.1 -17.0 -30.0

Mean

Annual ) 238 [0.78:0.02]  -026  0.00 417 -10.0 -33.0

Mean

Annual o 462 [2.42:027]  -1.02  0.00 -38.8 -16.0 -32.0

Mean

AGZ;‘;’]" industrial 221 [111,001]  -057  0.00 47.1 -30.0 -22.0

In order to discuss the relativevolution of low and high N&oncentration the absolute and relative
trends of percentiles 0 to 100 are given kigure 3.3. At each monitoring site, the percentiles
distribution of daily mean N£s computed every year to derive the absolute trend and relative change
of each corresponding percentiles. The Figure provides the mediismiutetrend andrelativechange

for each percentile by typology of station. It appe#rat the absolute largest declines are found for
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highest percentiles. On the contrary, the relative changes are larger for the lower/medium percentiles
(below 40 %) for urban and traffic siteswhereas thee are declines larger than40 % for highest
percentiles at rural sites Similar patterns were observed in previous assessments, with a few
differences. For instance, the earlier assessnuithe 20062017 period(Colette and Rouil 2020)
revealed a more pronounced trend where high values were less efficiently reduced than medium levels
in relative terms.

Figure3.3: For NQ and each typology of station, absolute trend (solid lindsft y-axis) and relative
change (dashed linesight y-axig) of the percentiles of daily means

NO2 EU27 Quantiles (daily mean)
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This larger decline of high M@vels in absolute terms is also seen in diurnal cyEligsire3.4.
Thediurnal cycle displays a usual typeak (morning/evening) profile. What is noticeable is the
relative change per hour of the day, where it appears clearly that those peaks were not reduced as
efficiently as lower values (see dashed lines in the Igaeel ofFigure3.4). Likewiseligure3.5 shows

the trends by day of the week. This weekly cycle illustrates thal®®Is observed in 2021 in working
days are similar to those of weekends in 2005, even at traffic sites. But here, in relative terms, it is the
(decreasingyveekday trends that are larger than during weekends.

There is some geographical variability in,N@nual mean trendsMap 3.2). In particular, a lower
relative decline is found over Germany, Austria and Poland compared to other coulitwesignore

the stations where the trend is not significant (diamond sign), there are only very few and isolated
stations which display an increa@me in Italy and one in Romania)
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Figure3.4: Top: diurnal cycle of Ngper station type estimated from the whole time series in 2005
(solid lines) and 2021 (dashed lines). Bottom: corresponding absolute (solid, lieésy-
axig) and relative (dashed linegight y-axis) trends
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Figure3.5: Top: weekly cycle of N£iper station type estimated from the whole time series in 2005
(solid lines) and 2021 (dashed lines). Bottom: corresponding absolute (solid, lieésy-
axig) and relative (dashed linegight y-axis) trends
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Map 3.2. Map of NQ trends (in pg/n¥/yr) at all urban, suburban and rural background sites in
Europe between 2005 and 202S5ignificant trends are displayed as dots, and-un
significant trends as diamonds
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3.3 Ozone

For ozone, opposite trends have been identified in the past depending on the metrics with decreases
of high ozone peaks, whereas annual mean ozone increased or displayed no significanBiesmadg

et al. 2018, Simpson et al. 201%his finding is confirmed here: annual mean ozone increases while
peaks decreasd-(gure3.6). The increase of annual mean can be substantial, especially at traffic sites
where it reaches almost Z& over EuropeT@ble3.3).
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Figure3.6: For ozone annual mean (top), fourth highest daily peak (4MDAS8, second row), number
of days of exceedance ofmaximum daily eighthour mean over the target value
120ug/m? (third row), and Ox (as &NQ) annual mean (bottom): fie continwus lines
show the time series of the Europeawide composite (median) per station tygogy
(red: urban background, bluesuburban background, green: rural background, black:
traffic, violet: industrial) between 2005 and 2021. The dashed lines show the linear fit
between 2005and 2013 and between 2013and 2021. The boxplots on the rigHtand
side show the distribution of relative changes (%) between 2005 and 2021 for all
stations of each typology
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