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ABSTRACT

This paper encompasses an assessment of air pollution trends in rural environments in Europe
over the 2000-2019 period, benefiting from extensive long-term observational data from the EMEP
monitoring network and EMEP MSC-W model computations. The trends in pollutant concentrations
align with the decreasing emission patterns observed throughout Europe. Annual average
concentrations of sulfur dioxide, particulate sulfate, and sulfur wet deposition have shown consistent
declines of 3—4% annually since 2000. Similarly, oxidized nitrogen species have markedly decreased
across Europe, with an annual reduction of 1.5-2% in nitrogen dioxide concentrations, total nitrate
in the air, and oxidized nitrogen deposition. Notably, emission reductions and model predictions
appear to slightly surpass the observed declines in sulfur and oxidized nitrogen, indicating a
potential overestimation of reported emission reductions. Ammonia emissions have decreased
less compared to other pollutants since 2000. Significant reductions in particulate ammonium have
however, been achieved due to the impact of reductions in SOx and NOx emissions. For ground level
ozone, both the observed and modelled peak levels in summer show declining trends, although
the observed decline is smaller than modelled. There have been substantial annual reductions of
1.8% and 2.4% in the concentrations of PM1o and PMzs, respectively. Elemental carbon has seen
a reduction of approximately 4.5% per year since 2000. A similar reduction for organic carbon is
only seen in winter when primary anthropogenic sources dominate. The observed improvements
in European air quality emphasize the importance of comprehensive legislations to mitigate
emissions.

Keywords: Transboundary, Air pollution, Compliance monitoring, Aerosols, Deposition

1 INTRODUCTION

Under the United Nations Economic Commission for Europe (UNECE) Convention on Long-range
Transboundary Air Pollution (CLRTAP) there are several legally binding protocols. The latest one
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is the 2012 amended Gothenburg Protocol, which abates acidification, eutrophication and ground
level ozone (UNECE, 2012). The Protocol entered into force in October 2019, and this initiated a
review to assess the progress made towards achieving the environmental and health objectives
of the Protocol. The amended Protocol includes legally binding emission reduction commitments
for 2020 for the major air pollutants: sulfur dioxide (SOz), nitrogen oxides (NOx), ammonia (NHs),
volatile organic compounds (VOCs), and fine particulate matter (PMzs).

The cooperative programme for monitoring and evaluation of long-range transmission of air
pollutants in Europe (EMEP) is an integral component of LRTAP, and it relies on three main elements:
(1) collection of emission data, (2) measurements of air and precipitation quality data and
(3) modelling of atmospheric transport and deposition of air pollution. Through the combination
of these three elements, the quantity and significance of transboundary fluxes and related
exceedances to critical loads and threshold levels can be assessed. The EMEP model results are
an essential input to integrated assessment models and to a number of Protocols and the European
Union National Emission Ceilings Directive. It is critical that the model responds correctly to emission
changes to give confidence in its ability to predict concentrations and depositions for present and
future emission scenarios. The response of a model to emission and deposition changes can be
assessed by comparison to long-term observational data. In this paper we present an assessment
of the trends in air pollution in Europe for the period 2000-2019, based on observational data
from the EMEP network, as well as EMEP MSC-W model calculations. We analyzed trends in air
concentrations for ozone, sulfur dioxide, particulate matter (and their components sulfate, nitrate,
ammonium, elemental- and organic carbon), as well as oxidized and reduced nitrogen, along with
wet deposition of sulfur and nitrogen species. For elemental- and organic carbon (EC/OC), we
present trends for the 2010-2019 period due to lack of longer observed timeseries for these
components.

Unfortunately, the EMEP observational network is dominated by sites in the western parts of
the EMEP domain and has hardly any coverage in the EECCA (Eastern Europe, Caucasus and Central
Asia) countries. Therefore, the assessment discussed here is only valid for a part of the EMEP
domain (EU27 + UK + EFTA countries).

There have been several studies of sulfur, nitrogen, PM and ozone trends in Europe throughout
the forty years of the EMEP programme (Banzhaf et al., 2015; Colette et al., 2016, 2021; Fagerli
and Aas, 2008; Jonson et al., 2006; Simpson et al., 2022; Theobald et al., 2019; Tgrseth et al., 2012;
Tsyro et al., 2022; Vivanco et al., 2018). However, this is to our knowledge, the first comprehensive
European overview of trends in observations and model results in carbonaceous aerosols. This
enables a better assessment of changes in the chemical composition in PM1o and PMas.

It should also be pointed out that for the different components analyzed, the number of
observational sites available and the geographical coverage differ.

2 METHODOLOGY

2.1 Setup for EMEP MSC-W Model Calculations

The EMEP MSC-W model version rv4.42 (Simpson et al., 2012, 2021) has been used to perform
model runs for years from 2000 through 2019. The horizontal resolutionis 0.1° x 0.1° with 20 vertical
layers (the lowest with a height of approximately 50 meters). Meteorology, emissions, boundary
conditions and forest fires for the respective years have been used as input. Meteorological data
have been derived from ECMWF-IFS (cy40r1) simulations for the years 2000 to 2018 and from an
ECMWEF-IFS (cy46rl) simulation for 2019. The boundary conditions for the main gaseous and
aerosol species were based on climatological observed values with prescribed trends in trans-
Atlantic fluxes, while the ozone boundary levels have been based on measurements of ozone in
incoming westerly air masses at Mace Head in Ireland (Simpson et al., 2012).

The anthropogenic emission input data are based as far as possible upon emissions per sector
and grid square officially reported to CLTRAP, available in 2021 (EMEP, 2021).

The speciation of PM emissions into emissions of elemental carbon (EC), primary organic aerosol
(POA), and remaining primary particle matter (remPPM) components was based on ECLIPSE v6b
emission data (Klimont et al., 2017). The condensable component of particulate matter is a class
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of organic compounds of low volatility that may exist in equilibrium between the gas and particle
phase. Itis probably the biggest single source of uncertainty in PM emissions (Denier van der Gon
et al., 2015; Simpson et al., 2020, 2022).

2.2 Observations

The observations used have all been reported to EMEP and are openly available from the EBAS
database (http://ebas.nilu.no). For EC and OC, only observations using the reference method
EUSAAR-2 (Cavalli et al., 2010) have been selected and, due to the lack of a long consistent time
series, statistics have only been compiled for these compounds in the last decade. Further, visual
inspection of the time series revealed some data sets with very high annual variability and
inconsistency in the time series, like sudden drops or increase. This can be due to contamination
of the samples, a change in methods, or the influence of local sources from the surrounding
areas. Some of these timeseries have been excluded. Data from sites which have been moved a
very short distance during the period have been combined into one timeseries. Further, sites not
representative when comparing with a model of 0.1° x 0.1° resolution (for example mountain
top sites) have been excluded. An overview of the in total 146 sites that have been used for the
different components and periods are found in Table S1 in the Supplementary. It should be
remembered that all the EMEP sites are in rural areas away from cities and therefore representing
the European rural background. The analytical methods used are described in the annual EMEP
data reports (Hjellbrekke, 2021; Hjellbrekke and Solberg, 2021).

2.3 Method for Calculation of Trends

Trends for the sulfur and nitrogen compounds, EC/OC, PM, and ozone were computed based
on yearly averages of the original daily data with a criterion of at least 75% data coverage each
year. For seasonal averages, at least one monthly value was required with 75% data coverage.
A data capture requirement of ca 75% was also applied for yearly averages, i.e., requiring at least
14 yearly values for the period 2000-2019.

For Os, a different approach for the data aggregation was applied. Firstly, daily maximum
concentrations were computed based on hourly measurements, requiring at least 18 hourly
measurements per day corresponding to a 75% data capture as for the other variables. Subsequently,
annual percentiles were computed based on the daily maximum values, requiring at least 90%
valid daily data, corresponding to 330 daily values. The reason for this strict criterion is that the
high ozone episodes typically cover a short period of the year. Trends were then calculated for
several annual percentiles.

The same methodologies as described in earlier studies (Aas et al., 2019; Mortier et al., 2020)
have been used to calculate the trends in both model and observational data at all the individual
sites. The significance of the trends is tested with the Mann-Kendall test (Hamed and Ramachandra
Rao, 1998). The related p-value is used to determine if the trend is significant or not. A p-value
less than 0.05 is defined as statistically significant. The slope is calculated with the Theil-Sen
estimator which is less sensitive to outliers than standard least-squares methods (Sen, 1968). The
trend is provided as a relative trend (% yr ) with respect to the first year of the time-period, i.e.,
the intercept of the Sen’s slope. The trends presented are calculated by taking the averages of the
Sen slopes or the relative trends for all the sites, including those with non-significant trends. In
addition, confidence intervals for these mean values were calculated. It should be noted that
these 95% confidence intervals for the average trends will be less accurate when the number of
sites with significant trends is low.

3 RESULTS AND DISCUSSION

Both observed and modelled trends spanning the years 2000—2019 were computed. For most
compounds, the reported emissions do not follow a linear trend over the whole period, but typically
flattens out in the last years. To assess if there are differences in the observed and modelled trends
between the two decades, decadal trends for 20002010 and 2010-2019 were analysed separately.
Additionally, the period 2005-2019 was included, aligning with 2005 as the base year of the
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Gothenburg Protocol. The statistics of absolute and relative average changes for all the periods
and seasons are found in Supplementary Tables S3-S21.

3.1 Trends of Sulfur Compounds

Emissions of SO have declined by more than 80% (—4.3% yr!) within the area of the EU27 +
UK + EFTA countries the last two decades (Table S2). Both the observed and modelled trends for
all the atmospheric sulfur components show substantial decreases (Fig. 1) in line with previous
trend studies (Aas et al., 2019; Theobald et al., 2019; Vivanco et al., 2018). Most of the time series
show significant trends for the 20-year period for all considered compounds (Tables S3-S5).

The spatial distribution of the relative trends (Fig. 2) shows that the decreases in sulfur air
concentrations and wet deposition have been quite homogeneous across Europe (west of Russia),
though somewhat higher in Spain and France and lower in Poland. Both model and observations

show higher reductions in the primary component SO, compared to secondary S04

. The greater

decrease in SO2 compared to secondary sulfate is likely due to a combined effect of higher oxidation
rate (hence more SO; converted to SO4%7) and increased dry deposition rate of SO,. One possible
explanation is that the oxidation capacity of the atmosphere may have increased as the emissions
have decreased (Dalsgren et al., 2016). This would give less acidic clouds due to less SOz and only
slight decreases in NHs which has increased the oxidation rate of SO, to SO4?~ via the ozone pathway
(Banzhafet al., 2015; Redington et al., 2009). In addition, less acidity in the environment probably
leads to more efficient dry deposition of SO, (Fowler et al., 2009).
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Fig. 1. Trends in sulfur and nitrogen components from 2000—2019 for EMEP observations and model, compared to the emission
trends. The solid line in the time series plots (a) indicate the average annual mean concentrations for all the sites and the shaded

area the 95% confidence interval. The box plots (b) represent the 50",

25t and 75™ percentiles and the whiskers lie within the

1.5 inter-quartile ranges for the trends of all the sites, including those with not significant trends. In addition, the mean trends
are indicated with black circles.
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S0,% aerosols %/yr

S0,% wet dep.

NO; wet dep.

Fig. 2. Relative trends in sulfur and nitrogen components from 2000-2019: EMEP modelled are
shown as coloured contours (grey/white means non-significant trends) and observed by coloured
triangles (significant) and circles (non-significant).

The average observed trends for the last 20 years (2000-2019) are —3.9 = 0.3, —-3.2 + 0.3, and
-3.1+ 0.3% yr for SO, S04* in aerosols and SO4%~ in wet deposition, respectively, while the
trends in model calculations are somewhat greater: —5.1 = 0.3, -3.8 £ 0.2, and —4.3 £ 0.2% yr?,
respectively. The model exhibits an overestimation of the declining sulfur trends, seen both in
the relative and absolute trends for SOz and wet deposition of SO42~, while for SO42~ in aerosols
the absolute reductions in concentrations is higher in observations, but within the 95% confidence
interval of the modelled trends (Table S3).

Itis not clear why the trends calculated by the model are larger than the trends in observations.
The mismatch between the calculated trends and the observed trends are particularly large for
eastern Spain and parts of eastern Europe (Fig. 2). Assuming that the observations are representative
for the area, these differences indicate that the emission reductions reported by some countries
are probably somewhat optimistic. However, firm conclusions are difficult to draw as we do not
monitor the full sulfur budget (e.g., dry deposition of sulfur is lacking). Furthermore, changes in
the spatial distribution of the emissions may not be correctly accounted for and missing processes in
the model could also play a role.

There are not large differences in the relative trends between seasons, and the differences in
the relative trends between the two decades are small. The reductions in sulfur oxide (SOx)
emissions are 58% for 2000—-2010 and 55% for 2010-2019 (Table S2), and in the observations the
total changes in these two periods are between 26—43% for all the different sulfur compounds in
2010-2019 and 25-44% for 2000-2010. For the model estimates the reductions are between 38—
50% and 42-54%, respectively.

3.2 Trends in Oxidised Nitrogen

Over the last few decades, there has been a significant decline in the emissions of NOy in
Europe, a total reduction of 48% (2.5% yr™) since 2000 (Table S2). This decline has resulted in
reduced concentrations of NO», total nitrate (comprising nitric acid and particulate nitrate) in air,
and oxidized nitrogen wet deposition at EMEP background sites (Fig. 1). EMEP MSC-W model
calculations follow the reported emission reductions closely with a total reduction of 43 + 3%
(2.2 £ 0.2% yrt). However, the reductions of observed NO2 concentrations are lower than the
reported emission and the modelled ones, with an average of 1.7 =0.4% yr or in total 32 + 7% for
the 2000-2019 period. Notably, the observed trends vary more between sites than the modelled,
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and the median of the observed and modelled trends are somewhat closer, =1.9% yr~* and
—-2.1% yr?, respectively (Fig. 1).

The trends derived from observations, model and emissions agree well for the last period
(2010-2019), with trends around —2.7% yr~* whilst the trend in the first period is substantially
lower in the observations than in the model calculations and emissions. From Fig. 1, the agreement in
average concentrations between observations and model calculations is excellent until around
2008, but from 2009 on the model (and emissions) is shifted down relative to the observations.
Similar results have been found in Colette et al. (2021) using data both from Airbase and EMEP.
As NO; has a short lifetime (a few hours to days), the trend in NO; is expected to reflect the trend
in (local) emissions of NOy; thus, the comparison between average European emission trends may
not reflect more local changes in emissions. However, these findings indicate that the reported
European emissions have most probably been too optimistic, which is also seen in other studies
(Jiang et al., 2022; Vaughan et al., 2016; Oikonomakis et al., 2018). Jiang et al. (2022) found large
uncertainties in the trends of anthropogenic nitrogen oxides (NOx) emissions over Europe (15—
45% in 2005-2018) when using different methods to quantify the trend. They suggest that the
shift of the largest NOx sources being power generation to industry and transport have caused
smaller effects of emission controls and find that in general the official emission inventories (as
used in this study) show lower reductions than the science-based inventories. Vaughan et al. (2016)
suggest that NOx emissions from traffic is underestimated compared to real world road traffic
emissions.

The trends in wet deposition of oxidized nitrogen reflect changes in long-range transported
oxidized nitrogen (e.g., NOx has been converted to nitric acid and particulate nitrate and then
washed out by rain) and are less sensitive to local changes. The trends for wet deposition of nitrate
are also lower in the observations than in the model calculations (and emissions of NOy) for the
2000-2019 period. Whilst the average of the trends in observations is —1.4 + 0.4% yr* (total of
—26 + 7%), the model calculates the trend at the same sites to be =2.4 £0.1% yr! (total of 45 £
3%), close to the trends in emissions from the western EMEP domain (—48%).

For particulate nitrate, nitric acid and their sum, the results are more complex. The number of
sites is small (especially for nitric acid, with only 6 sites), the coverage of Europe more scattered,
and the gas/aerosol partitioning to nitrate and nitric acid is methodologically biased (Aas et al.,
2012).

The modelled trends of particulate nitrate, nitric acid, and their sum for 2000 to 2019 are all
around -2 to —2.5% yr! and thus aligned with the results for NO,, wet deposition of oxidized
nitrogen and the emissions of NOx. The observations show a somewhat smaller negative trend,
1.6 + 0.4% yr ' for the sum, and around 2% yr* both for particulate nitrate and nitric acid. For
the shorter periods, the number of sites with significant trends are very small, both in the model
calculations and the observations, and thus the results are more uncertain.

The relative trends for NO2 and wet deposition of oxidized nitrogen for observations from the
eastern EMEP domain are smaller and to a larger extent non-significant, whilst the trends in
model calculations are in general larger and more often significant (Fig. 2). The reasons for these
discrepancies are not clear but could be related to problems/inaccuracies in emission reporting
and their trends, all the processes may not be defined well enough, and there might be biases in
the observations.

3.3 Trends in Reduced Nitrogen

Ammonia emissions from agricultural activities have only been slightly reduced (-12%) for the
western EMEP domain since 2000 (Table S2). In the EMEP domain as a whole, ammonia emissions
have increased by 12% since 2000 (EMEP, 2021). With such small changes in emissions, it is very
difficult to detect any trends in the observations, considering also that the meteorological variability
introduces year-to-year changes of the same magnitude as the expected trends. This is reflected
in both observations and model calculations where we find very few significant trends in wet
deposition of reduced nitrogen. Out of 44 sites with long term measurements of wet deposition,
only 13 are significant for the observations and 9 for the model (Table S14). The average change
in the observations for 2000 to 2019 is —0.3 £ 0.7% yr  while the model shows an average trend
of =0.4 £ 0.3% yr~ (Fig. 1). For the shorter time periods there are even fewer sites with significant
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trends (see details in Supplementary Tables). Note that previous studies (Theobald et al., 2019;
Torseth et al., 2012) have found decreasing trends for reduced nitrogen. However, those studies
analysed earlier periods (e.g., 1980-2009 or 1990-2009), where the reported ammonia emissions
decreased more.

Total ammonium (NHz + NH4*) in air shows larger changes in observations of about —1.5 +
0.5% yr~t (—28 £ 10% totally for the period) compared to the model with =1.4 + 0.2% yr (=26 +
4%), and with a larger fraction of the sites having significant trends. This trend is larger than the
reduction in ammonia emissions for EU27 + UK + EFTA countries (—12%). The trend for ammonium
aerosols is even more negative, —2.6 + 0.4% yr, similar in observations and model calculations.
Very few sites have long-term timeseries of ammonia in air (8 sites), and very few of the trends
calculated are significant. However, on average, the changes observed and calculated are positive:
+1.5% yr* with all values within the confidence interval being positive (Table 512).

This large difference between the trends of the different reduced nitrogen components (Fig. 1
and Fig. 2) can be explained by the interaction of ammonia with the sulfur and nitrogen
components. When ammonia is released into the air, it reacts with sulfuric acid originating from
SO; oxidation and forms particulate ammonium sulfate. During the years from 2000 onwards,
large reductions in SOx and NOx emissions have taken place, and thus less sulfuric acid and nitric
acid is available for forming ammonium particles. Therefore, a smaller fraction of NHs is converted
to aerosol ammonium, and the decrease in particulate ammonium is strongly linked to the decrease
in sulfate and nitrate (Grange et al., 2023). It is therefore to be expected that the trend in ammonium
aerosol (2.6 = 0.4% yr~, observations) lies somewhere between the trend in particulate sulfate
(-3.2+£0.3% yr?, observations) and nitrate (—2.0 + 0.5% yr, observations).

When less ammonia is converted to ammonium, the (very small) decrease in ammonia emissions
is compensated by a larger part of ammonia residing in the gas phase, and no decreases inammonia
(very few significant trends) are detected. For the sum of ammonia and ammonium, the two
opposite trends of ammonia (no trend or slightly positive) and ammonium (negative) results in a
negative trend that is smaller than the trend for ammonium alone.

The analysis done for the shorter periods (Tables S11-514) confirms the explanations discussed
above. It is worth noting that the agreement between the trends obtained from model and
observation data is excellent for the different reduced nitrogen components, which indicates that
the EMEP MSC-W model does a reasonably good job in reproducing the non-linear interactions
between sulfur, oxidized nitrogen and reduced nitrogen and how this has evolved during the past
20 years.

3.4 Trends in Elemental and Organic Carbon

Elemental and organic carbon (EC/OC) has not been part of the EMEP monitoring programme
as long as the species regulated in the Gothenburg protocol, thus, to assess the trends in these
compounds, we only look at the last ten years period (2010-2019).

The average observed trends in EC for 2010-2019 for 15 sites shows a reduction of 4.5 + 1.5% yr™*
(Fig. 3). This is comparable to the reduction (5.0 + 0.9% yr™) calculated for the eleven sites
where the reduction was statistically significant. The reduction was rather similar considering
only these eleven sites, ranging from —4.2% yr* to —5.8% yr for ten out of eleven sites. The largest
reduction was seen amongst the sites with the highest EC levels, i.e., at Iskrba (~7% yr™) in Slovenia
and at Ispra (-5.8% yr™') in the Po Valley region in Northern Italy (Fig. 3). Notably, these were the
only sites where a statistically significant reduction was observed for all seasons. When considering
all sites, the reduction was most pronounced in summer and autumn, but the general picture is
that there is a minor seasonal variability in the reduction of EC. There are more sites with significant
trends in summer than in winter (Table S18). These change in EC is consistent with the decreasing
trends in equivalent black carbon (eBC) reported lately (Savadkoohi et al., 2023). Several studies
attribute reduced European EC levels to reduced vehicular emissions, following from effective
mitigation policies such as introduction of particle filters (Borlaza et al., 2022 and references
therein).

The model captures the annual changes of EC very well over the ten years and captures well
the relative changes, which are approximately —4% yr! in all seasons. Larger differences between
observations and model are seen in the absolute changes.
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Fig. 3. Observed and modelled trends of OC and EC for 15 EMEP sites across Europe for 2010-2019 (left panels), aggregated
annual relative changes (mid panels), and spatial relative trends (right panel). For explanation of what the shaded areas and map
colours represent see Fig. 1 and Fig. 2.

A 2.4+ 1.6% yr reduction in OC for 20102019 was calculated for the 15 sites assessed (Fig. 3).
Statistically significant downward trends were only observed for Iskrba (Slovenia) and Ispra (Italy),
which are amongst the sites with the highest OC loading. At these two sites, the reduction was
noticeably higher (-=3.1% yr™ at Iskrba; —5.9% yr! at Ispra) than for the mean of all sites. The
reduction in OC appears somewhat lower at the westernmost and northernmost sites (Fig. 3). There
was a pronounced seasonal variability in the reduction observed for OC. In winter, the reduction
(—-4.2% yr) was equal to that for EC (—4.3% yr2), but only statistically significant for six of the
sites, whereas no reduction was seen in summer. Spring (=2.2% yr) and autumn (-3.0% yr!) are
transition seasons with reductions in between that of winter and summer and a statistically
significant reduction was observed only for Ispra. The model substantially underpredicts the
annual concentrations of OC over the whole period, as well as the trends. There is substantial
seasonal variation though. Observed reductions in winter are not at all reproduced by the model
(-1.1% yr ). In summer the model shows positive trends of 2.1% yr™.. Ten years is a short period
to assess trends. To illustrate this, Table 1 shows trends assessed for three periods (2008-2018,
2008-2019, and 2010-2019) at Birkenes Observatory, using the same methodology. The results
show that the magnitude of the trends can differ substantially depending on the time-window.
For EC the values range from —2.2% yr* to —4.2% yr™, and for levoglucosan from —2.5% yr~ to
—5.2% yr; all these trends are statistically significant. Trend values for OC vary even more than
for EC and levoglucosan but were non-significant for all periods. Trends reflect changes both in
emissions and in meteorological variation, the latter being most responsible for the high variability
in the calculated trends for the different time windows.

The 2010-2019 reduction of 4.2% yr~ in observed EC across all seasons is substantial, although
different choices of time-windows (Table 1) suggest a less pronounced reduction. The lack of
seasonal variability in the reduction of EC is puzzling since residential heating should have a clear
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Table 1. Relative trends (% yr) and p-values in parentheses calculated for Birkenes using different
time-windows (2008-2018 2008-2019 2010-2019).

2008-2018® 2008-2019 2010-2019
EC —3.00 (0.043) -2.21(0.034) -4.24 (0.012)
ocC -0.44 (0.876) 0.18 (—)® -0.64 (-)
Levoglucosan —2.50(0.043) —2.48 (0.024) —5.2(0.032)

Notes: @ Values for 2008-2018 use same procedure as for 20082019 and 2010-2019. Due to
minor screening differences, numbers differ slightly from results of Yttri et al. (2021), which had
2008-2018 trends of —4.2% yr™ for EC and —2.8% yr™* for levoglucosan; ) dash (=) indicates
highly insignificant p-value.

winter maxima. Yttri et al. (2021) found that the reduction in EC was most pronounced in spring
and summer at the Birkenes Observatory in southern Norway for 2001-2018, arguing that this
was due to influence from less abated sources such as domestic heating in winter and autumn.
This argument was supported by a smaller change (-2.8% yr™) for the biomass burning tracer
levoglucosan (2008-2018) than for EC (—4.2% yr).These trend numbers are from Yttri et al.
(2021) and differ slightly from trends calculated for this report (Table 1). In the present study we
calculated a yearly reduction of 5.2% yr~* for the biomass burning tracer levoglucosan observed
at the Birkenes Observatory for 2010-2019. This is greater than the —4.2% yr~* change calculated
for EC. Although it might seem contradictory to the findings of Yttri et al. (2021), it must be
emphasized that the differences in trends result from using different time-windows, as shown in
Table 1. This underscores the challenges in reaching firm conclusions on trends for short time
periods.

As the biomass burning emissions observed at the Birkenes Observatory are largely long-range
transported from Continental Europe and Western Russia (Yttri et al., 2021), our findings for
Birkenes are likely to be representative for a larger part of Europe. Variability in the source areas
for the air masses arriving the Birkenes Observatory can influence the observed trends, but as
the time-series is extended, these variations will be smoothed out, resulting in more reliable
trend observations.

Fig. 4 shows that for certain countries, such as France, PMa.s emissions from residential heating
have constantly decreased over the 2000s. Reductions in other countries from around 2010 mostly
show a reduction of approximately 4% yr™. Thus, abatement of residential wood combustion (RWC)
emissions seems to be progressing for many countries, though the magnitude of the contribution
from different countries will vary from year to year.

Condensable organics impact estimates of PMzs emissions and their trends (Denier van der
Gon et al., 2015; Simpson et al., 2020, 2022), and Fig. 4 illustrates this. French emissions include
condensable organics in their reported PM emissions, whereas Germany does not (Simpson et
al., 2020). This difference is a major reason for the magnitude of the French emissions from
residential heating compared to those of the more highly populated Germany. We note that Yttri
et al. (2021) found a statistically significant trend of similar magnitude and sign (-4.2% yr™) for
EC for 2001-2018 as for 2010-2019 in the present study for the Birkenes Observatory. As this site
has a footprint that covers a large part of continental Europe (ibid.), this consistency suggests a
large-scale reduction in EC emissions over the last two decades. As discussed in Simpson et al. (2022),
assumptions concerning the volatility of condensables, or addition of additional intermediate-
volatility VOC, can also impact trend calculations of modelled data, but these refinements are
very uncertain and beyond the scope of the present study.

Unlike EC, the observed seasonal trends for OC (c.f. Fig. 3) are very variable, with large (ca. 4%)
reductions in the winter months (both DJF and SON), and apparently no change in summer. The
lack of clear trends in summer is not surprising. Spring and especially summertime levels of OC
are subject to substantial influences from natural sources, in particular from biogenic secondary
organic aerosol (BSOA) and primary biological aerosol particles (PBAP) (Gelencsér et al., 2007; Yttri
et al., 2021, 2019). These biogenic emissions are not subject to abatement, but are very sensitive
to meteorology, and thus summertime OC trends are strongly influenced by year-to-year changes in
meteorological conditions. Anthropogenic OC emissions are likely best represented by wintertime
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Fig. 4. Trends in PM2s emissions from the GNFR C (Gridded aggregated Nomenclature for Reporting
from other stationary Combustion activities) emission sector which is mainly residential heating.
Values in parentheses give relative trends (here linear regression slopes), for the periods 2000-
2019 and 2010-2019.

data, and in DIF the observed trend of —4% yr~' for OC is rather similar to that found for EC. As
for EC, domestic heating is an important source of OC all over Europe in the heating season (Yttri et
al., 2019), but especially where RWCis utilized (Gilardoni et al., 2011). At the Birkenes Observatory,
the wintertime reduction in OC (—=4.1% yr™!) was only somewhat lower than for EC (-6.4% yr?)
and levoglucosan (—4.6% yr1). These results suggest that abatement of RWC emissions has been
quite effective for Europe in general, taking into account the considerations made about the
length of the time series and the Birkenes Observatory as an indicator of European emissions.

The underprediction of the wintertime OC levels should not be interpretated as a flaw in the
EMEP model but is rather at least partly the result of the issues with missing condensable or
intermediate-volatility organics. It has been demonstrated elsewhere that model results improve
substantially when such compounds are included (Denier van der Gon et al., 2015; Fagerli et al.,
2020; Robinson et al., 2007; Simpson et al., 2019, 2022). Inclusion of such compounds has been
discussed in Simpson et al. (2020) but the necessary timeseries of emissions were not available
for the current study.

3.4.1 OC and EC fractions of PM

The highest PM levels in Europe are often seen during winter periods with stagnant air and
high emissions from RWC. The relative contribution of inorganic and carbonaceous matter to
PM2s during the winter periods for 2000-2019 at four different sites is shown in Fig. 5. It
highlights the importance of the organic fraction for a further reduction in wintertime PM..s mass
concentration. As a first step, the natural and the anthropogenic fraction of the carbonaceous
aerosol must be separated, then further separated into abatable categories. Separation of eBC
into biomass burning (solid fuel) (eBCwb) and fossil fuel (liquid fuel) (eBCs) is possible using data
from the multi-wavelength aethalometer (Savadkoohi et al., 2023; Platt et al., 2020). Although
not directly comparable to the multi-year plots presented in Fig. 5, results from the EMEP
intensive measurement period during winter 2017/2018 (Platt et al., 2020) illustrates the split
between eBCw, and eBCs for winter 2017/2018 at the respective sites, identifying biomass
burning/solid fuel as the major source of eBC. The apportionment of eBC can also be used to infer
the corresponding fractions of OM. An obvious next step is to implement such analysis as part of
regular monitoring. This would enable validation of not just model performance, but also the
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Fig. 5. Mass balance of wintertime PMa.s at Birkenes (NOOOO2R), Diabla Gora (PLOOO5R), Iskrba (SIO008R), and Ispra (ITOO04R)
including PMz.s, organic mass (OM), EC, SO42~, NO3~, NH4* from observations (left), modelled (middle) and apportionment of eBC
into biomass burning/solid fuel (eBCwb) and fossil fuel/liquid fuel (eBCs) for winter 2017/2018 (right). Note that at Birkenes and
Diabla Gora the SIA components in observations are from filterpack sampler with no cutoff and thus probably overestimate the
PM25 SIA.OM is calculated assuming OM = OC x 1.4 for Ispra and 1.7 for the other sites).

effectiveness of initiatives aimed at reducing carbonaceous aerosol emissions from both fossil
fuel and biomass burning sources.

3.5 Trends in PMjo and PM;;5

The reduction of PM pollution is largely dependent on abatement strategies of anthropogenic
gaseous precursor of secondary aerosols, as discussed above, though changes in primary PM
emissions may also be important depending on site location. Annual timeseries of PM1o and PMazs
(Fig. 6, left panels) exhibit evident concentration reductions from 2000 to 2019, both for observational
data and model simulations. In general, the model underestimates the concentrations, but
reproduces quite well observed annual changes in both PM1o and PMas. This includes enhanced
PM levels due to meteorological conditions, such as for the dry and hot summer in 2003 (EMEP,
2005) and the dry conditions in 2011 in Western/Central/Southern Europe (EMEP, 2013). It should

Aerosol and Air Quality Research | https://aaqr.org 11 of 19 Volume 24| Issue 4 | 230237


https://doi.org/10.4209/aaqr.230237
https://aaqr.org/

ORIGINAL RESEARCH

Special Issue on Carbonaceous Aerosols in the Atmosphere (1) https://doi.org/10.4209/aaqr.230237
2 PM, at 37 sites 5 Rel. change PM,, trends %/yr
—— obs. I obs. i ) ]
model =0 model
20
o — 0
L1
S §
g ES
10 = -1
-2
5
—-1.5
0 -
2000 2005 2010 2015 2020
) -2
2 PM, 5 at 19 sites 5 Rel. change
—— obs. I obs.
model =0 model
-3
15
0
E 10 S -4
o X
e} s
-2
5 -5
0
2000 2005 2010 2015 2020

Fig. 6. Spatial and temporal trends in PM1o and PMas from 2000-2019. For explanation of what the shaded areas and map
colours represent see Fig. 1 and Fig. 2.

be noted that the emission data used for the model runs does not include condensable organics
consistently across countries, thus, part of the underestimation of PM can be related to this.

Statistically significant PM1o and PM2s trends were identified for most of the sites (Fig. 6, right
panels). For PM1o, the observed and model simulated relative reductions are on average 1.8 +
0.3% yrtand 2.0 £ 0.2% yr! respectively, whilst reductions are on average 2.4% + 0.4% yr ! and
2.5% £ 0.2% yr~* for PM2s (Tables S15 and S16), thus a total reduction of about 36% and 47% in
PM1o and PMzs, respectively.

The relative changes shown in Fig. 6 highlight a considerably greater variation in trends observed
at different sites with respect to modelled trend, with the modelled trends falling within the
inter-quartile range (IQR) (25-75%) of the observed ones.

The reductions of both primary PM emissions and those of PM precursor gases (SOx, NOyx, NHs,
and VOCs) were drivers of the reductions in PM concentrations observed over the western part
of the EMEP domain during the 2000-2019 period. Substantial reductions of SIA concentrations,
and those of SO42~ in particular, made a crucial contribution to decreasing PM pollution, but also
substantial reduction of emissions of primary PM1o (by 32%) and PMzs (by 35%) contribute. OC,
more than EC, accounts for a major fraction of (anthropogenic) primary PMa s, thus its contribution
to the observed reduction in PM should not be overlooked. The major influence of natural
emissions and the lack of (consistent) data covering the 20-year period studied makes it difficult
to quantify the contribution made by OC.

3.6 Trends in O3

Trend studies of surface ozone require a somewhat different approach than other species since
ambient ozone levels are the result of a substantial baseline level with episodes of photochemical
production or entrainment form aloft. Whereas NOx often leads to ozone formation in rural areas
in the summer season, it can cause depletion of ozone by titration in and downwind of urban
areas, especially in winter. Thus, the effect of anthropogenic emissions of ozone precursors such
as NOx is to change the distribution of hourly and daily ozone concentrations during a year with
increased ozone levels in summer and reduced ozone levels in winter. Furthermore, the extent
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of these perturbations is significantly determined by the weather conditions and thereby by the
ongoing climate change.

The selection of ozone metrics is decisive for the estimated trends (Lefohn et al., 2018). The
annual mean concentration used for evaluating other species is of little interest when studying
ozone. A common procedure is to look at the trend in the probability distribution of ozone, e.g.,
by calculating trends for various percentiles of the distribution (Simpson et al., 2014). Fig. 7 shows
the calculated Sen's slopes for six percentiles (10, 50, 75, 95, 98, and 99) of the daily maximum
Ozvalues for the period 2000-2019 for EMEP sites north and south of 49°N. For both the observed
and modelled data, the trends show an increase in the 10" percentile and with a gradually
stronger decrease in the higher percentiles. This is as expected when the emission of precursors
(NOy) is reduced with time. The increase in the 10" percentile could be explained by reduced
titration of NOy, at least at sites exposed to surrounding emissions or long-range transport of NOx.
For remote sites, an increased level in the low percentiles could reflect changes in the hemispheric
free-tropospheric baseline ozone. The decreasing trend in the highest percentiles is explained by
reduced photochemical formation of ozone in summer. The net result of these trends is a narrowing
of the distribution of Os concentrations. In general, the agreement between observations and
model is rather good, with the model agreeing very well with the observations for the high
percentiles for stations north of 49°N though overestimating somewhat the decrease of the high
percentiles (95—99) for stations south of 49°N. This is an important finding since these percentiles
are the main indicators for surface ozone pollution events. Fig. 7 furthermore shows that the
spread in the observed data is significantly larger than the spread in modelled data which is as
expected: A grid model will inevitably reduce local geographical differences and produce smoothed
concentrations fields.

The modelled 10" and 50 percentiles are higher than the observations whereas the observed
high percentiles (95—99) are higher than modelled. The bias in the high percentiles is particularly
strong for stations south of 49°N.

The reason for the model to overestimate the 10™ percentile is not obvious and one should note
that these percentiles refer to the daily maximum values and not the hourly levels. Deficiencies
in the modelled ozone diurnal cycle, particularly during periods of stable, stagnant winter situations
could lead to discrepancies vs. the observed levels. It could also reflect that real NOx concentrations
in winter are not reduced as much as the emission inventories and the model assume, or it could
e.g., reflect deficiencies in the model description of atmospheric vertical stability and exchange
of pollutants in winter. A possible underprediction of European NOx emissions was suggested as
a likely cause of model underprediction of peak ozone and overprediction of low ozone by
Oikonomakis et al. (2018). The interannual variation in the higher percentiles, i.e., the change in

Annual O3 trend 2000-2019 (56 sites > 49 °N) Annual O5 trend 2000-2019 (33 sites < 49 °N)
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Fig. 7. Boxplot of trends in annual percentiles of daily max Oz from 2000-2019 for EMEP observations and
model calculations for stations north (left) and south (right) of 49°N. For explanation see Fig. 1.
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Fig. 8. Relative trends in different ozone effect metrics from 2000-2019. For explanation see Fig. 2.

levels from year to year, is however very well reproduced by the model. Peak years as 2003 and
2006 in both regions as well as 2015 in the south and 2018 and 2019 in the north is reproduced
by the model, the levels have however a substantial offset. This implies that the episodes leading
to the peak values are captured by the model, but that the ozone levels during the episodes are
underestimated.

Trends in ozone metrics linked to harmful effects on vegetation (AOT40 for crops and forest,
here calculated from observations and modelled values at 3 m elevation) and on human health
(SOMO35) are shown in Fig. 8. The absolute levels in AOT40 are underestimated by the model
compared to the observed data (not shown). This might be because this metric is very sensitive
to the hemispheric baseline O3 concentration level (Sofiev and Tuovinen, 2001) which is close to
the 35-40 ppb range. Thus, a small offset in the assumed model boundary conditions compared
to the actual levels at the boundary could lead to substantial discrepancies. However, as shown
in Sl Fig. S6 in Etzold et al. (2020), the EMEP model can reproduce AOT40 quite well. For SOMO35
(Fig. 8), the model calculations agree very well with the observed data, both with respect to the
absolute levels and the trends. Both the modelled and observed AOT40 and SOMO35 indicate
declining levels during 2000-2019, but the fraction of significant trends is rather low, reflecting
that these metrics are close to the background level and thereby sensitive to small fluctuations
in the baseline ozone level. For all these metrics the model calculates stronger mean reductions
than observed (Table S21).

4 CONCLUSIONS

Our trend study reveals significant improvements in Europe's environmental conditions over
the past two decades. Notably, the reported European SOx emissions have declined by over 80%
since 2000, leading to substantial reductions in atmospheric sulfur components by 3-4% annually.
The reported NOx emissions have been reduced by almost 50%, resulting in a 1.5-2% annual
reduction in oxidized nitrogen compounds in air and precipitation. Observed reductions of sulfur
and oxidized nitrogen are somewhat smaller than model predictions, prompting the need for
looking into reported emissions. Further investigations are needed to identify the sources of
these differences. Ammonia emissions have seen limited reductions, but the concentration of
particulate ammonium has notably decreased, due to reductions in SOx and NOx emissions.

Abatement measures have successfully reduced EC and OC levels over the last ten years,
particularly during wintertime; trends in summertime OC were much less clear, almost certainly
due to the impact of biogenic sources. Both PM1o and PMz.5 concentrations exhibited significant
downward trends, with PM2s showing more substantial reductions, respectively about 1.9% and
2.5% annually. Ozone show significant reductions for the highest concentration levels, 0.3—0.6%
annually. Also, the three aggregated effect metrics (AOT40 for crops, AOT40 for forests and SOMO35)
show a decrease during the last two decades, 1-2% annually. Overall, our findings highlight positive
environmental improvements in Europe, although some differences between observations and
model predictions merit further investigation.
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