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Summary

We present an analysis of air quality trends in Europe aiming to identify the relative contribution of
the main factors influencing ambient air quality. The m@atiutants under focus are ozone, nitrogen
dioxide and particulate matter for which a denseoeighnetwork of observation is available to derive
robust conclusion on the overall air quality in Europe. Air pollutant concentrations are primarily driven
by the European emission of anthropogenic precursors, meteorological variability driving the
accumulation and transformation of pollutants, and lerapge transport at hemispheric scale.

Substantial improvemestare observed in ambient air over the period 288017 according to AQ-e
reporting monitoring stations. PM particulate matter decreases by 25 to 45%. For ozone peaks (as
the fourth highest daily maximum of-Br mean: 4MDAS8) the decrease is oabyout10%, whereas the
improvement in one of the main precsors the ambient NQ, is 30%.The reported anthropogenic
emissions of NOx reduction in Europe reach 53% over the same p€ottté and Rouil, 2020

The mismatch between those estimates raise legitimate question orssilgle discrepancy between
reported emission trends and actual efficiency of mitigation measures (in particular for NOx), but also
on the possible role of external factors such as meteorological variability, natural emissions, or
hemispheric transport foozone and particulate matter.

To address this question, we rely on two complementary modelling approa¢heshemistry
transport modelling (CTM) and (ii) machine learning statistical models. The@pMyedhere is the

EMEP MS&/ model used in policy pport activities in the framework of the United Nations
Convention on Longange transboundary air pollution (CLRTAP). The machine learning model is a
Generalized Additive Model (GAM) developed by ETC/ATNI to reproduce the meteorological sensitivity
of Euppean air pollution.

Both models are confronted againstsitu monitoring stations from the Airbase and A@eporting
databases (therefore also including most EMEP sites). Only statitndata coverage at leag5% of
the years over the 2000017 peiod were includedThisdrastically reduesthe number of monitoring
sites and the spatial representativity of the assessmamnid is biasedowards countries benefiting
from a longterm monitoring network.

For ozone, the GAM and CTM model dispsapilar performances in capturing the interannual
variability of high ozone peaks, but the GAM is notably better for the datmaual variability of daily
maxima. Both perform better over Western, Central and Northern Europe than over Mediterranean
areas.For NQ, the GAM model captures much better the interannual variabilitptighout Europe.

For PMj, the performances of the GAM and CTM are closer, with yet a slight advantage to the GAM
compared to the CTM.

The two models can be used to assess the irdimportance of driving factors on ambient air. In the
sensitivity simulations investigated here, the GAM model isslde contribution of (i) meteorological
variability and (ii) emissions and background. The CTM scenarios investigated here isolate the
contributions of (i) meteorological variability and background and (ii) emissions. This difference in
design unfortunately precludes a clear comparison between both approaches. There are however
some clear conclusions that can be drawn from this compariso

>

0 Emission changes are the main driver to all air pollutant trends. FeaNDPMoy, it is clear from
both GAM and CTM results that this driver dominates and contributes to at least 90% of the 2000
2017 trend.

For ozone peaks (as 4MDAB8), the meteorolaidiactor can be important for the 208017 trend.

The GAM model estimates that it contributes to an increase counteracting mitigation effort up to
a magnitude of 20 to 80% (compared to the effect of emission and background changes) in Austria,
Belgium, @ech Republic, France and lItaly. Given the good skill of the GAM model to capture
meteorological effect, this estimate can be considered quite robust.

O«
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The CTM sensitivity simulations investigated here include both meteorology and background changes.
Theyconfirm that such factors can be important for the trends, also reachin§j58%6 (compared to

the effect of emission changes) depending on the countries, but generally contributing to decreasing
trends (therefore acting in the same direction as Europeatigation strategies)This decrease is
largely influenced by ozone boundary conditions that follow a decreasing trend in the model
simulationsFrom the simulations anadgd here it is not possible to conclude whether the CTM would
have indicated a similaneteorological penalty as the GAM that would have been compensated by
hemispheric contribution.

These results demonstrate the substantial impact of factors such as meteorological variability or
background changes for ozone peaks, whereas European em@woiges dominate for Piand
NG trends.

We then extend the analysis to natural factors and individual activity sectors. Such an analysis can only
be performed for PM and precursors, and on the basis of the EMEP monitoring sites or CTM results as
the GAVMI model is only designed to capture meteorological factors.

The joint analysis of EMEP model and measurements results show a significant reduction in fgoth PM
and PM5s (0.28 ug mg® y* and -1.7-2.0 % ). The decrease in sulphate explains2226 of tle
reductions in PNb while nitrate and ammonium explain each around 10% of thasRMnd in the
observations. The model estimates a higher role of nitrate and ammonium to thetfekid (25% and

14% respectively). Observed trends in organic aerosolsaitedtbat this may be important, but too

few data and large uncertainties in the trend precludes validation against the model estimates.

The EMEP CTM can be used to infer how the contribution from different sectors have changed over
time.

Therelative contribution of agriculture and industry to the total RMnass has been reduced by
around 30% for both secter This similar evolution is not directly linked to the emission tdarin the
respective sectg; it is a nonlinear relationship depemgdj on availability of precursor gases to form
ammoniumsulphate and ammoniumnitrate. The relative contribution ofraffic sourceso PMiohas
been reducedwith around 20%while the trend attributed to residential heating is marginal. The
model also indiatesthat the natural contributions (such as sea salt and dust) has had little impact on
the longterm changes in PM

These results demonstrate that measures to reduce emissibpsecursor gases from several sectors
explain the PM reductions in Europe. The heating sector has become a relatively more important
contributor to the aerosol pollution and needs more attention. In addition, furtmethods
development to reduce the uncertainties in both modelling and obstons of organic aerosols from

the residential heating sector is needed.

Eionet Report ETC/ATNI 2028/ 5



Acknowledgements

This report is a part of ETC/ATNI AP2020 deliverablesEEA task manager was Evrim Ozturk.

Augustin Mortier from EMEP MS@W and MET Norway is greathcknowledged for all help in
facilitating data from the EMEP web trend interfachttgs://aerocomtrends.met.no/EMEBI
HildeFagerli and Svetlana Tsyro also from EMEP-WIS@ve been very helpful imé discussion of
the EMEP results.

Eionet Report ETC/ATNI 2028/ 6


https://aerocom-trends.met.no/EMEP/

1 Introduction

Context:

~

0 The present report aims to strengthen our understanding of air quality trends in Europe on the
basis othe analysis of isitu observation available in the A@e&porting database, supplemented

by additional information from air quality models. We take stock of past assessment performed
by ETC/ACM and ETC/ATNI and focus essentially on providing moredndigiv meteorological
variability, natural factors, and emission from the main activity sectors might have influence the
trend in PMo, NQ and Ozone between 2000 and 2017.

Motivation:

0 Documenting the long term evolution of air quality trends in Eurap@n important topic, in
particular to understand to what extent an improvement is found in terms of detrimental impacts
on human healthQolette et al., 2017e0r ecosystemgJolette et al., 208).

Availability of air quality observations:

0 A few years ago, such long tetrend analyses could only be performed on the basis of a limited
set of reference sites such as the EMEP netwOtidtte et al., 2016

0 The first studies including a wider range of regulatory air quatiyitoring stations (including
urban sites) were limited in terms of spatial coverage with long terms records available only for a
few countries in Western Europ€dglette et al., 201p

0 Long term air quality observations amew available over a much larger dataset of sites, the most
recent assessment (Colette et al., 2019) relied on about 3,500 stations passing the requirement in
terms of completeness of observations over the 2@0017 period.

Such assessment on how air tjtyatrends evolve also raise legitimate questions on the main drivers
influencing the trend:

0 Atmospheric composition is notoriously complex because of thelim@ar chemical reaction
involved, which are also influenced by (i) the local emission of aptigenic of air pollutants, (i)
long range transport, (iii) biogenic and natural sources, (iv) meteorological variability. Quantifying
the respective importance of each of these factors is then crucial to conclude on the efficiency of
mitigation measures.

0 ChemistryTransport models can be used for such a quantitative decomposition of each of those
factors as documented in the ETC/ACM Technical Report 2016/7 building upon the Eurodelta
Trends experiment coordinated under EMERIgtte et al., 2017p

0 Statistical models can also be developed to isolate the impact of the meteorological factor. The
first development in that direction were explored for ozor&o(berg. et al., 201Solberg et al.,
2018h. It was extended to Nand PM §olberg et al., 2018aand a synthesis was presented in
(Solberg et al., 2020a

In the present report:

0 We put in perspective statistical versus chemidgtansport models to quantify the impact of
meteorology on air quality trends

0 We also discuss the impact of activity sectors and natural factors, which can only be done on the
basis of chemistry transpomodels

For this work we rely on:

O«

Statistical models developed internally by ETC/ATNI
ChemistryTransport model results made available to ETC/ATNI by EMERAMSC

O«
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2 Methods
2.1 GAM model

A Generalized Additive Model (GAM) is a tioear regression model linkinexpected values of a

given response variable to several explanatory variables. A GAM could be considered an extension of
a standard MLR (multiple regression model) in which the coefficients are replaced by smooth
functions. The GAM used in this study haen developed for several years for the assessment of air
pollutant trends in Europe based on leterm monitoring data of @ NQ, and PM. The aim has been

to apply and adapt for European conditions a statistical method that has been used by-EfeADS

a routine basis for surface ozone trend assessments, adjusting for theaimteral impact of changing
meteorology.

The response variable in the GAM is a measured air pollutantNQ, PMo) while the explanatory
variables are represented by local, gridded meteorological data (temperature, relative humidity etc)
as well as temporal variables (day of week, season and time since the start of the data series). The
GAM is applied to time seried daily data for air pollutant concentrations and meteorology, and in

the present study, we used data for the period 261 7.

The GAM was based on monitoring data from EEA (AirBase-mmbsing) available by download
FTNRBY 99! Qa ¢ S0 nindetéb®logical data Sxtrdcted: fdm PCMWF (HER&im as
described by Dee et al., 2011).

All available EEA monitoring sites fulfilling a data capture criterion that 75 % of the data should exist
in at least 75 % of the years in this period were used. GAM was then applied to each monitoring
station and parameter (NQGs, PM) individually. The main outcome of the GAM is that it optimises
the fit to the observations and furthermore, that it estimates an individual response function between
each explantry variable and the response function. Thtise influence of the longerm trend is
separated from the changing influence of the meteorology. Any trends caused by meteorology alone
could therefore also be calculated. The GAM and its applications Iefudtescribed inolberg et al.,
20203Solberg. et al., 201Solberg et al., 202Qb

2.2 EMEP/MS@QV

EMEP/MSQV produces annually air quality simulations in suppdthe LRTAP Convention. This work

is often complemented with lorterm simulation to assess long term evolution. In 2019, it was even
complemented by a sensitivity simulation covering the 2Q0Q7 period, but with anthropogenic
emissions fixed at their \els for 2017. The comparison of this simulation with the reference trend
simulation allows isolating the relative impact on the trends of (i) European anthropogenic emission
changes and (ii) all the other factors (meteorological variability, natural esuiiatercontinental
transport).

The reference run is denoted EMEP_MSCW in the figures, and the simulation with constant emissions
is EMEP_MSCW _2017. The trend of all factors besides emission changes is derived from the trend in
EMEP_MSCW_2017, and siynplbtracted from the trend in EMEP_MSCW to have the trend due to
emissions alone.

In the trends comparing with EMEP observations, and for calculating changes in source contribution
from different activities and in chemical composition, the consistent EMBSEW model version
available from the Aerocom trend tool is usddtps://aerocomtrends.met.no/EMEB/i.e: Model
versions rv4.17a and rv4.33 (for 2017) and Emissions EMEP v2018 and v2019 (forf#0iripacts

of different emission sectors on Rband PM sconcentrations for the period 2068017 were derived

from a series of model runs, in which sector emissions wiadividually reduced by 15%.
Anapproximate contribution from that sector is thestimated by subtracting the reduction run from

the base run (without sectoral emission reductions) and multiplying 100/15. The following sectors are
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considered: traffic, industry, residential heating and agriculture. In addition, the contributions {9 PM
and PMsfrom naturalsources (i.e. sea spray and windblown dust) are distinguighardher details
are described in the EMEP Status rep{ERIEP, 20182019.

2.3 Observations

PANI ljdzk £ AG& Y2YyAOG2NAYy 3 RIGIF 202 0. Adlde Dadatidefdre 6 | & S a
2013 and eReporting for data from 2013 and onwards, were extracted by April 2019. All data were
compiled into daily data; for PM ad M@e used daily werages whereas for{ve used MDAS (the

maximum daily 8 h running mean values). Fop,N®and PMo we used the data capture criteria as

given above, whereas for BRMthis was relaxed to 65 %. PM could be measured both as hourly data
andasdailysamfla ® Ly G KS a iwediddyr@rge thede dBa irdtHe NadseS af a switch

from e.g. daily to hourly sampling over the period so that annual mean can be computed either from

daily or hourly values.

Only background sites were considered (ixcleding traffic and industrial stations), but no screening
on the basis of altitude was performed considering that their influence on the overall results would be
marginal,althoughmodels are not expected to be adapted to capture their specificities.

It should be emphasized that the completeness criteria led to select only measurement stations
operating over a long period of time subsequently drastically reducing the spatial coverage. The
conclusions of the present report only apply to a very limited stulid European stations. The
discussion on model ability to capture the variability is therefore only relevant for those areas and not
representative of overall model performances.

The EMEP observation data are all downloaded from the EBAS database runfuast
(http://ebas.nilu.no/) and aggregated to annual mean concentrations. Years with data coverage higher
than 75% are included and time series with at least 14 years of data for the perioe2@08Gre used

for trend analysis. Minor manual screening of the data has been done, i.e. obviously erroneous data
are excluded. Time series from some sites which have moved a short distance have been merged, i.e.
Birkenes/Birkenes Il (NOOOO1R/NOO0002R), Rorvik/Rad (SEO00ZRYSEO0Bspvreten/Norunda

Stenen (SE0012R/ SE0022R), Vavihil/Hallahus (SE0011R/ SE0020R) , Virolahti II/Virolahti 11l (FIO017R/
FI0018R)

2.4 Trend calculations

The trend calculations on EMEP observations and model results were done on annual mean
concentrations and were based on the Mann Kendall (MK) method for identifying significant trends
O2YO0AYSR gA0K GKS {SyQa af2L)S YSUK2R FT2NJ SadAayl i
were programmed and run in Python using the pyMannKendakage Hussain and Mahmud, 2019

Trends are considered statistically significant when thalpie of their ManrKendall statistic is lower

than 0.05.
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3 Validation

Both approaches experimented here are models, whiadiuire some form of validation. Since the
statistical GAM model is fitted to the observation, it is unbiased by construction whereas the CTM may
have a systematic bias. Similarly, the GAM also accounts for thedongrend in the regression, so

that the interannual long term evolution is also unbiased. Looking at the temporal correlation
constitutes a more fair comparison, which is also justified since our focus here is on the capacity of
such models to capture the extent to which they are able to reprg the impact of meteorological
variability on air quality evolution.

Since the focus is on long term trends, it is mainly the iatamual correlation that we want to
compare. But models are more classically assessed focusing on théir-day varialiity, so that we
also discuss intrannual correlations.

We focus first on intraannual correlations. The correlation between modelled and observed daily
indicators is computed for each year over the 217 period, and the median of the correlations
found for each year is displayed as maps and scatter plot between the GAM and CTM models. Then
we compare intefannual correlations. Here we compute the correlation between the modelled and
observed annual indicators over the period 2a8I@L7.For both typesf correlations, a value close to

one indicates the best performances.

3.1 Ozone

For ozone, we used MDAS8 between April and September as a daily indicator, shoRimgrél only

rural stations (other station types available in supplementary material). The GAM exhibits a slightly
better capacity to capturing the dap-day variability. Both models perform less well in southern
Europe, which is a concern given the importantezone pollution there. The CTM performs less well

as coastal sites in UK, Benelux, North of Germany and Scandinavia, presumably because of local
meteorological features. The synthetic view in the scatter pldtigtire2 confirms the overall better
performance of the GAMalthoughboth models remain fairly similar.

Figurel: Intra-annual correlation between model (Left: CTM, right: GANJ rural background
observations (daily MDA8 from April and September). The correlations are computed for
each year between 2000 and 2017, and the median over all year is plotted.

ctm - MDAS - rural - Intra-annual Correl. gam - MDAS - rural - Intra-annual Correl.
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Figure2: ScatterplotcomparingGAM and CTM intrannual correlations at rural background sites
for daily MDAS8 from April and September. The correlations are computed for each year
between 2000 and 2017, and the median over all year is plotted.

MDAS rural Intra-annual Correl.

1.0

ctm

0.0

-0.5

gam

Since we are primarilinterested to the longerm impact of meteorological variability on the trend,
the essential feature to be captured by the models is the year to year variability -dnirral
correlations are displayed iRigure3 for the GAM and CTM, and for either the 4MDAS8 (the fourth
highest ozone peak as daily maximum of the 8hr running meaim a given year) and the average of
MDAS8 over ApriBeptember. For 4AMAD8, both models have quite similar skill according to the
scatterplot inFigured. Again, it is over Southern Europe that they perform less well. For theSgpil
average of MDAS8, the GAM model performs better in general (inodudiver central Europe), there
are improvement in southern Europalthoughthe correlations are still limited.
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Figure3: Inter-annual correlation between model (Left: CTM, right: GAM) and rural background
observations (daily MB8 from April and September). The correlations are computed over
the 20002017 period for 4MDA8 (top) and the average of MDAS8 between April and
September (bottom).

ctm MDA8 4MDAB rural Inter-annual Correl.
gam MDAB8 4MDAB rural Inter-annual Correl.
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Figured: ScatterplotomparingGAM and CTM inteainnual correlations at rural background sites for
4AMDAS (left) and Apkibept. average of MDAS (right). The correlations are computed for
each year between 2000 and 2017, and the median over all year is plotted.
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3.2 NG

The intraannual correlation of the GAM model is notably better than that of the CTM for daily mean
NG as shown both in the map of correlatioRigure5) and the scatterplotRigure6). The GAM model
tends to perform better in urban sites, whereas on the contrary the CTM performs better at rural sites.
The resolution of the EMEP model (10 km) implies that the grid values could not really be compared
with measurenents at urban locations, whereas on the contrary the GAM is specifically designed to
capture local features. This difference in design has particularly strong impact for aligbdrt
pollutant as N@

Figure5: Intra-annual correlation between model (Left: CTM, right: GAM) and urban (top) and rural
(bottom) background observations (based on dailg)NThe correlations are computed for
each year between 2000 and 2017, and the median over all year is plotted.

ctm - NO2 - urban - Intra-annual Correl.
gam - NO2 - urban - Intra-annual Correl.
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Figure6: ScatterplotcomparingGAM and CTM intrannual correlations at urban (left) and rural
(right) background sites for daily MQ'he correlations are computed for each year between
2000 and 2017, and thmedian over all year is plotted.

NO2 urban Intra-annual Correl. NO2 rural Intra-annual Correl.

cim
ctm

gam

When it comes to inteannual correlation, the performances of the CTM become closer, but are still
surpassed by the GAM moddtigure7 and Figure8). There is a strong spatial variability in the
performances of the CTM, for instance in Germany, Italy and southern Spain.tAgaliscrepancy is
larger at urban sites.
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Figure7: Inter-annual correlation between model (Le®&TM, right: GAM) and urban (top) and rural
(bottom) background observations. The correlations are computed over the22aQd0
period for annual mean NO

ctm NO2 Annual Mean urban Inter-annual Correl. gam NO2 Annual Mean urban Inter-annual Correl.
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Figure8: ScatterplotcomparingGAM and CTM intemnnual correlations at urban (left) and rural
(right) background sites for annual mean N©The correlations are computed for each year
between 2000 and 2017, and the median over all year is plotted.
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