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Abstract

It is important to study aerosols and their origins, as they pose various negative health and
environmental impacts. In this study, we combined year-long datasets from 15 different countries
with Trajectory Statistical Methods (TSMs) on such a comprehensive scale for the first time. We
found possible source regions and seasonal variations of various particulate matter (PM)
components, including total organic aerosol (OA), biomass burning OA (BBOA), oxygenated OA
(OO0A), ammonium (NHa4), nitrate (NOs), and sulphate (SOa) in Europe. We found that for all of
the studied components, Eastern Europe was among the highest contributors. For NOs, other
important source regions were northern France and the Benelux, while for SO4, there were
significant contributions from the Mediterranean region. We also compared our measurement-
based model with simulated concentrations of an atmospheric chemistry transport model (CAMX).
We observed a satisfactory agreement in regions where we had sufficient coverage with air
pollution monitoring stations. The main deviations for OA were found around the Po Valley, where
CAMXx consistently estimated higher concentrations, while the TSM analysis did not highlight it
as a hot spot because long-term monitoring data sets in this region are lacking. CAMXx also
underestimated the concentrations around Poland, mainly from residential burning. Our results
provide opportunities to refine European emission inventories and deliver valuable information on
long-range transported air pollutants. It suggests that policies mitigating air pollution in Eastern

Europe and the Benelux could help improve overall air quality in entire Europe more efficiently.
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1 Introduction

Particulate matter (PM) remains a persistent environmental challenge, with adverse effects on
human health, ecological systems, and global climate (Harrison & Yin, 2000). PM varies in size
and composition and is emitted from a wide range of sources, encompassing both natural and
human emissions. Among the primary sources of PM are transportation, biomass burning, dust
resuspension, industrial processes, and agricultural activities. The impacts of PM on human health
are profound and diverse. Inhalation of PM can lead to respiratory problems such as asthma,
bronchitis, and other respiratory infections (Samoli et al., 2016). Fine particulate matter, known as
PMz2s (particles with aerodynamic diameters of 2.5 micrometres or smaller), can penetrate deep
into the lungs and even enter the bloodstream, increasing the risk of cardiovascular diseases
strokes, cancers, and other systemic health issues (Mitsakou et al., 2007).

Particulate matter consists of both organic and inorganic components. Examples of the latter are
sulphate, nitrate, chloride, ammonium, and black carbon. The sources and formation processes of
these inorganic components are relatively understood, while the other part of PM, organic aerosols
(OA), consists of thousands of compounds; therefore, their formation processes and sources
remain challenging to deconvolve. Previous measurements across the world suggested that OA
can dominate the overall PM mass and consist of 20-90% of the total PM mass (Chen et al., 2022;
Crippacetal., 2014; Jimenez et al., 2009). Recent studies have reported an overview of OA sources
in Europe by employing advanced source apportionment techniques (Calvin et al., 2023; G. Chen

etal., 2022).
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5

While local sources undoubtedly play a significant role in aerosol pollution, it is crucial not to
overlook the substantial impact of transboundary transport. PM can travel vast distances, extending
far beyond its original emission point and affecting regions remote from its sources. To better
grasp the complex interactions between aerosols and long-range transport, researchers have
increasingly turned to trajectory statistical methods (TSMs) (Salvador et al., 2008). These
analytical techniques leverage air mass backward trajectories, which trace the path of air masses
from receptor locations back to their source regions, and PM concentration data collected at
various receptors (Salvador et al., 2010). TSMs do not account for factors like atmospheric
dispersion, chemical conversion, or dry and wet deposition through the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT) (NOAA, accessed 1.11.25), developed by
NOAA'’s Air Resources Laboratory. However, they offer simplicity and effectiveness in
application. TSMs can assist in pinpointing relevant source regions and distinguishing the airflow
patterns associated with the transport of regional and large-scale air pollution. By examining the
relationship between air mass trajectories and PM concentrations, TSMs enable the identification
of potential emission hotspots, the characterisation of pollutant transport pathways, and the
assessment of the efficacy of regional air quality management strategies. Utilising TSMs with a
large number of trajectories can notably diminish trajectory uncertainty, which arises from
interpolation and truncation processes, low temporal or spatial resolution of wind data, or
inadequate selection of starting heights (Lupu & Maenhaut, 2002).

Previous studies have highlighted the potential of incorporating multiple receptors in TSMs to
enhance accuracy (Hsu et al., 2003; Lee & Ashbaugh, 2007). In this study, we leverage

comprehensive datasets utilised in harmonised OA source apportionment across Europe to identify
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6
potential source hotspots in the region using TSMs. This has not been done previously on this scale
and with this level of high-quality source apportionment data from high-time resolution
measurements (30 min to 4 hours). By integrating all datasets, trajectories converge at various
receptor sites, facilitating a more robust analysis (Stohl, 1996). This convergence, together with
variations in concentrations at each site, amplify the redistribution process, thereby improving
efficacy. The findings from TSM-based investigations are invaluable for policymakers,
environmental agencies, and public health authorities aiming to devise targeted interventions to

mitigate the impacts of transboundary aerosol pollution.

2 Methodology

In this study, we used the chemical composition data and the source apportionment results of 22
air quality observational sites from 15 different countries over Europe, published in (Chen et al.,
2022). The source apportionment results were retrieved through Positive Matrix Factorization
(PMF) analysis by following the harmonized protocol in Chen et al. (2022). In addition, 5 sites in
Italy were included, some of whose observational results have been published previously in
Paglione et al. (2020). An overview of the countries and the measurement periods can be found in
Figure 1. Measurement devices include the Aerodyne Aerosol Mass Spectrometer (AMS) and the
Aerosol Chemical Speciation Monitor (ACSM), which both deliver real-time mass concentrations
of aerosol species (i.e., organic, nitrate, sulphate, ammonium, and chloride). In particular, data
from 18 Q-ACSM (quadrupole ACSM (Ng et al., 2011)), 3 ToF-ACSM (time-of-flight ACSM

(Frohlich et al., 2013)), 1 C-ToF-AMS (compact time-of-flight AMS (Drewnick et al., 2005)), and
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2 HR-ToF-AMS (High-Resolution ToF-AMS (Paglione et al., 2020)) were used in this study. All
ACSM data used here comply with the Standard Operation Procedures (SOP) (COST COLOSSAL
Q-ACSM SOP 2021; ToF-ACSM SOP, 2022) of the instruments as best as possible.
Intercomparisons of the ACSM instruments have been performed regularly (Crenn et al., 2015;
Freney et al., 2019; Frohlich et al., 2015; Marmureanu et al., 2025), thus systematic uncertainties
of the instruments have been minimized. In addition, the procedures to calibrate the different
versions of ACSM and AMS are essentially the same to ensure consistency in accuracy across
measurement sites.

The measurements of the concentrations were averaged every 12 hours (at 12 a.m. and 12 p.m.).
These averaged values were used in TSMs analysis by combining them with trajectory endpoints
using an R script. The script can be found in the supplementary material. A statistical analysis
(Concentration Weighted Trajectory, CWTSs) was done using the openair R package (Carslaw,
2019), an open-source tool for analysing air pollution data. The R script for the plotting can be

found in the supplementary material, and the results are shown in section 3.



167

168
169
170

171

172

173

174

175

176

177

178

179

180

181

| ® HR-ToF-AMS @ Q-ACSM ToF-ACSM @ C-ToF-AMS

Padova (IT) —----

p
San Pietro Capofiume (IT) —
Milan (IT) —----

Birkenes (

Carnsore Point (|

Hyytiala (Fl
Hohenpeissenberg

Puy de Déme (FR

Cyprus Atmos. Obs. (CY

Kosgetice (CZ

Mal\rh;adino ECH

elpitz (DE

Dublin IQE

Tartu (EE

Helsinki EFI

Athens DEM (EL

Zirich (CH

mo

m

Marseille (FR) —
Athens NOA (EL
Lille (FR
Bucharest (RO) —
Krakéw (PL i S

2012-01-01  2013-01-01  2014-01-01 2015-01-01 2016-01-01 2017-01-01 2018-01-01 2019-01-01  2020-01-01
Date

Fig. 1. The contributing countries and the measurement periods considered in this experiment. 24
ACSM measurements and 3 AMS measurements were used in this study (Chen et al., 2022;
Paglione et al., 2020).

We chose to focus on specific PM factors based on their universality, i.e., their presence in most
of the stations, as well as their relative importance, based on the results from Chen et al. (2022).
We studied two organic PM factors: biomass burning OA (BBOA) and oxygenated OA (OOA),
as well as total organics, i.e., the sum of all OA factors. BBOA originates mainly from residential
heating activities, therefore it is more regional and could be more prevalent in rural areas. OOA is
an important factor, as it makes up 70% of total OA. Rapid oxidation of primary emissions (e.g.,
BBOA, HOA, COA, biogenic) can be a considerable pathway of OOA formation. Consequently,
biogenic OOA is more prevalent in warmer seasons, while anthropogenic OOA has larger
contributions in colder seasons. In addition, OOA is expected to be transported over long distances.
Other organic components resolved by Chen et al. (2022), such as traffic OA or cooking OA, were

not considered, as they only exist in specific urban environments. Even more site-specific factors,



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

9
such as cigarette smoke and ship industry OA, were also not considered for the same reasoning.
Additionally, we also considered three inorganic PM components: ammonium (NHa4), nitrate
(NOs3), and sulphate (SO4). NH4 contributes on average 10% of overall sub-micron aerosol. In
Europe, ammonium emissions are dominated by agriculture, with some contribution from traffic
exhausts (Liu et al., 2024). NOs has a similar overall PM contribution but shows a higher
variability than NHa, as it can make up to 30% of total aerosol. NOs comes from the oxidation of
NOx, which in Europe is mostly emitted from traffic and industry. SQOus is the highest inorganic
sub-micron aerosol contributor, on average 16%. Sulphate originates from the oxidation of SOz,

mainly emitted from heavy fuel oil and coal combustion (Bressi et al., 2021).

2.1 Back-trajectory analysis

The backward trajectories were modelled using HYSPLIT. It has been widely used in many
previous studies to successfully investigate the impacts of atmospheric transport and dispersion all
over the world (Chen et al., 2021; Escudero et al., 2011; Stein et al., 2015). For the input
meteorological data, we used the GDAS (Global Data Assimilation System) global archive from
2006—present with 1-degree resolution, provided by the National Weather Service's National
Centres for Environmental Prediction (NCEP) (GDAS, accessed 1.11.2025). We used each of the
27 measurement stations as end points and modelled one 72-hour back-trajectory every 12 hours
(at 12 a.m. and 12 p.m. UTC) for the periods where the ACSM/AMS data were available, with
consideration of the computational capacity. The height of the trajectories arriving at the end points
was set to 200 metres above ground, and points in the trajectories reaching over 1500 metres above

ground were filtered out.
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Generally, trajectory positional uncertainties range from +15% to +30% of the path length,
depending on atmospheric conditions and data resolution (Draxler, 1999; Stohl, 1998). For
HYSPLIT, the error of individual trajectories is typically around 1-3 degrees of latitude/longitude
at mid-latitudes. By aggregating a large number of trajectories in TSMs, the influence of the
individual errors decreases, as they are typically normally distributed and tend to cancel each other
out. TSMs are able to accurately predict broad areas of pollution sources, even if the endpoints of
the trajectories are subject to errors: Repeatedly elevated pollution levels associated with a specific
region will still be captured in the statistical output. While interpreting the results, it is important
to note that TSMs are useful to determine broad source regions, rather than point sources (Stohl,

1996).

2.2 Concentration weighted trajectory

The openair package provides two kinds of statistical methods to identify possible source
locations by using back-trajectories: the Potential Source Contribution Function (PSCF) and the
Concentration Weighted Trajectory (CWT). Both methods divide the map into grid cells (i, j) and
can be easily applicable to multiple receptors. The PSCF method takes the number of times a
source concentration was high when the trajectories passed through the cell (i, j), and divides it by
the number of times a trajectory passed through the cell (i,j). The CWT, on the other hand,

calculates the mean concentration species, i.e., their logarithm, for each grid cell as follows:
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N
— 1
ln(Cll) = N—z ln(ck) Tijk
D=1 Tijk &=

where i and j are the indices of grid, k the index of trajectory, N the total number of trajectories
used in analysis, ¢, the pollutant concentration measured upon arrival of trajectory k, and T, the

residence time of trajectory k in grid cell (i, j). With this CWT method, air packets that stay longer
in a cell are weighted higher, which is not the case for PSCF. Additionally, the PSCF method
requires a weighting function for multi-site analysis, which remains a challenge. Furthermore, as
previously mentioned, PSCF relies on an arbitrary threshold, causing the model to emphasize high-
source contributions. This can result in an imbalanced representation of moderate and relatively

high source contributions. For these reasons, we have chosen to use CWT for the purpose of this
study. A high value of C; ;7 means that air parcels passing over cell (i, j) would, on average, cause

high concentrations at the receptor site (Carslaw, 2019; Wilks, 2019).

2.3 Air quality modelling

An atmospheric chemistry transport model (CAMX) (Yarwood et al., 2024) was deployed to
simulate the distribution and transport of air pollutants for the year 2017. Also, as shown in Figure
S8, the spatial variabilities and pollution hotspots (including Po Valley) for CAMx modelling
results in 2013 and 2017 are relatively consistent. We chose that particular year because it had the
largest overlap of the ACSM/AMS data (see Figure 1), making it more suitable for comparison
with the TSM analysis. In addition, one year of modelling results should cover most of the relevant

scenarios of meteorological conditions. The model domain covers nearly all Europe (Figure 2),
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12
with a horizontal resolution of 0.25 x 0.125 degrees (lon x lat) and 14 vertical layers from the near
surface to 7 km ASL. The high-resolution (0.1 x 0.1 degree) European emission inventory,
Copernicus Atmosphere Monitoring Service-Regional Inventory-Version 4, developed by the
Netherlands TNO (Kuenen et al., 2022a), is deployed in the simulation. The gas phase chemistry
is simulated using the Carbon Bond 6 Revision 2 mechanism (Hildebrandt Ruiz & Yarwood,
2013). The ISORROPIA model (Nenes et al., 1998) is used to simulate the thermodynamic and
gas-particle partitioning of inorganic aerosols. Future studies should consider using a more
advanced mechanism (e.g., ISORROPIA Il (Fountoukis & Nenes, 2007)) to improve the model
performance on SIA. Simulation of secondary organic aerosols is carried out using a 1.5-
dimensional volatility basis set module (Koo et al., 2014). The CAMx model is driven by the
hourly meteorology from the regional Weather Research and Forecasting model (WRF, version
3.7), which is driven by and nudged to a 6-hourly reanalysis of global meteorology from the
European Centre for Medium-range Weather Forecasts. The chemistry initial and boundary
conditions for CAMXx are provided by the MOZART4 global model (Horowitz et al., 2003). The
CAMx model and the used configuration have been validated in many previous studies to well
reproduce the air pollution over Europe (Daellenbach et al., 2020, 2023; Jiang et al., 2019a; Jiang
et al., 2019b). More details of model configuration and validation are given in our previous

research (Daellenbach et al., 2020; Jiang et al., 2019a; Jiang et al., 2019b).
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3 Results and Discussion

The frequencies of the trajectories, without the concentrations, are presented in Figure 2. Figure 3
shows the yearly averaged results for the different species (BBOA, OOA, total organics, NHa,
NOs, SOa). For each species, the plot on the left-hand side displays the result of the TSM analysis,
i.e., the specific source areas. On the right-hand side, respectively, we have plotted the specific
local concentrations as simulated by CAMx (Jiang et al., 2019b). Additionally, emission
inventories of a few selected species can be found in Figure S1. We have decided to focus here on
the comparison with the simulated concentrations in order to obtain a comprehensive picture of
both the source regions and those most affected by air pollution. Note that the scales for the TSM
and CAMXx results are different in Figure 3, in order to visualise better some of the patterns. Figure
S2 shows the side-by-side comparisons with the same scaling. Figure 4 contains the seasonal plots
for June, July, August (JJA) and December, January, February (DJF) of BBOA, NOs, and SO, all
of which we expected strong seasonality.

Firstly, looking at the frequency plot (Figure 2), we notice that the highest percentage of
trajectories are very close to the actual measurement stations, which is what we would expect. A
significant percentage of trajectories are over continental Europe, and there are also some over the
Atlantic. Overall, Figure 2 indicates a decent coverage of the air masses over the European domain

of interest.
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Fig. 2. Frequency plot of the trajectories without the concentrations. The colours indicate the
percentages of the total amount of trajectories passing through each grid cell. The pink dots
indicate the locations of the measurement sites.

It is important to note that in our analysis, all of the available ACSM/AMS data were used with
the CWT method in a single run, not accounting for different campaign durations and times. As
can be seen in Figure 1, some sites have much shorter campaigns and fewer data points in overall
comparison. Even though the CWT method weighs according to concentrations, not the number
of measurement points, this could still potentially lead to an underestimation of shorter campaigns.
To study this limitation, we have conducted different analyses, which are included in the
supplementary. Firstly, Figure S3 shows the year-round TSM analysis for only the stations in the
Po Valley, which had shorter campaigns compared to other regions. Figure S4 shows the results
of the TSM analysis for only the month of January with the most overlapping measurements in the

Po Valley, averaged over all years. Figure S5 again shows only the January average, excluding the
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stations in Krakow and Bucharest. Comparing Figure S4 with the original DJF plots for BBOA,
NOs, and SO4, we see that the overall picture does not change significantly. Even excluding
Krakow and Bucharest from the analysis (Figure S5) only changes the scaling, not the source
regions highlighted. Comparing measurements from different times and of different durations
definitely poses a challenge, and we acknowledge this limitation, which is generally difficult to
quantify, in our analysis. But seeing that our results are sufficiently robust under different
circumstances gives us confidence in our approach and its ability to identify aerosol source regions,
while also allowing for a straightforward integration of datasets in the future. Nonetheless, we

highlight the need for long-term measurement datasets and a wide-spread network of stations.
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Fig. 4. Seasonal plots showing TSM results for BBOA, NOs, and SOa, with summer results on top
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3.1 BBOA

The results of the TSM analysis show that most of the contributions are from continental Europe.
This is what we would expect since BBOA is only emitted over land. Most notably, the highest
contributions come from Eastern Europe, stretching from southern Poland to northern Greece.
There is hardly anything from Western Europe.

In agreement with the TSM predictions, high BBOA concentrations were predicted in Eastern
Europe by CAMYX, in particular in Hungary, Romania, and the Balkans. This would suggest that
most of the BBOA emitted in those regions stays local as it's highly reactive in the atmosphere

(Hennigan et al., 2010) and oxidises quickly. We can also observe concentration hotspots around
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major cities. The most significant difference between CAMx and TSM predictions can be observed
in the Po Valley, where CAMX estimates a high BBOA concentration while not being elevated as
a source region by the TSM analysis. When including the PMF results for Po Valley in the analysis
we find a marginal increase in concentrations in those regions (Figure S3), compared to the
analysis without those 5 sites. However, this region is still not at the same level of concentration
as Eastern Europe. In the Po Valley, CAMx might underestimate oxidation processes leading to
the formation of OOA from BBOA, an important source of OOA as described in Paglione et al.
(2020). Also, CAMXx utilizes meteorological data from the European Centre for Medium-Range
Weather Forecasts (ECMWF), while the TSM implements NOAA’s GDAS dataset, potentially
leading to a different transport of air masses into and out of the Po Valley. The strongest hypothesis
for the overestimation of BBOA in the Po Valley in CAMX is, however, that the model failed to
catch fog scavenging processes (Gilardoni et al., 2014), which leads to a general overestimation
of total organics (Jiang et al., 2019a). As we include multiple different sites in the TSM analysis,
we conclude that, relatively, the Po Valley is a less important source region of BBOA than Eastern
Europe.

Figure 4 shows high BBOA concentrations in winter, indicating the importance of domestic

heating sources. We can also see a high contribution from Finland in the summer.

3.2 OO0OA

Our analysis indicates that OOA mainly originates from continental Europe, with the highest
concentrations observed in Eastern Europe (from southern Poland to Romania). Although Chen et

al. (2022) reported exceptionally high concentrations measured by the Krakow station, excluding
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this station from our analysis did not significantly alter the results, as illustrated in Figure S6.
Therefore, we can confidently conclude that these regions indeed serve as hotspots for OOA.

CAMXx also indicates high concentrations in Eastern Europe, particularly in the Czech Republic,
indicating a more local effect of OOA sources. This can also be seen in Hungary and southern
Romania, which are both elevated by the CAMx and TSM approaches. While the CAMXx predicts
high concentrations in the Po Valley, the TSM observed comparatively low contributions from
this region. The overestimation of primary OA sources in general by CAMX, and the exclusion of
fog scavenging processes (Gilardoni et al., 2014; Jiang, et al., 2019b), may lead to overall higher
production of OOA in the Po Valley than what was simulated by CAMXx. Once again, this could
suggest that the Po Valley does not contribute much to the overall air pollution burden in Europe.
Despite surrounding stations, the TSM did not predict significant contributions from Turkey, even
though CAMXx predicts high concentrations. This could possibly be due to limited trajectories

passing through this region, as depicted in Figure 2.

3.3 Total organics

A distinct east-west contrast in OA concentrations is evident in both CAMx and TSM approaches,
which indicates that OA is not transported over the entire continent. OA contributions primarily
originate from continental Europe, notably southern Poland, extending to Serbia and northern
Bulgaria. CAMXx also predicts high OA concentrations in that region, in addition to the Benelux,
parts of Germany, the Po Valley, and Turkey. It also depicts localised high OA concentrations
around major cities, beyond the resolution of the TSM analysis. The TSM highlights

concentrations exceeding 16 pg-m=over Poland, compared to simulations reaching only up to 4
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ug-m3. This disparity could be attributed to exceptionally high concentrations around Krakow
(Tobler et al.,, 2021), which might disproportionately affect the TSM analysis. However,
performing the TSM analysis without the Krakow station (Figure S6) still highlights Eastern
Europe as the main source region. This could indicate inconsistencies in long-range transport of
air masses between CAMx and TSM due to the different meteorological datasets used. Or, it might
suggest a tendency for CAMXx to underestimate actual OA levels in southern Poland. Indeed, the
emission inventory of CAMXx does not include coal combustion, which is a significant emission
source particularly in Eastern Europe. Yet, multi-site observations from this region would be
needed to confirm this tendency. In addition, the emission inventory we used as model inputs
(TNO-CAMS) was 102% lower than EDGAR emissions in non-EU countries (Kuenen et al.,

2022b), which may also lead to underestimation of OA, for example in Serbia.

3.4 NH4

Our TSM analysis shows the highest NH4 contributions from the region in and around Krakow.
Overall, Eastern Europe is rather elevated, as are some regions in Western Europe, such as the
Benelux and Germany. The highest CAMXx concentrations are over Belgium, Germany, Czechia,
the Po Valley, and Poland, with some slightly elevated concentrations over the southeast of the
UK, Northern France, Slovakia, Balkan regions, Ukraine, the south of Romania, and Turkey.
Overall, both approaches show a consistent spatial distribution except for the Po Valley, indicating
that the emission inventory for CAMX is in agreement with the measurements. For the Po Valley,
the differences in meteorology including missing fog scavenging (Gilardoni et al., 2014; Jiang, et

al., 2019) as mentioned above, most likely lead to the discrepancies between CAMXx and the TSM
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model. The latter also generally showed pronounced contributions of PM components in southern
Poland, which leads to higher NH4 concentrations than the CAMx model (Figure S2). From Figure
3, we see that SO4 shows higher concentrations for the TSM model results than for CAMX, due to
lack of coal combustion source in CAMx. NHsand SO4 were found to be correlated, because they
both depend on neutralization processes (Shon et al., 2020). NH4 concentrations in CAMXx might
also be directly affected by the underestimation of coal combustion emissions (Z. Chen et al.,
2022). NOs

In the TSM analysis, we observe significant contributions from northern France, the Benelux
region, and Eastern Europe, which align with the expected patterns given the influence of high
NOx and NHs emissions from urban areas, particularly those with heavy traffic. Surprisingly, we
also detected relatively elevated contributions from the Atlantic, which prompted further
investigation. Upon conducting our analysis without data from select stations in the UK, Ireland,
Paris, and Lille, we found that this oceanic influence vanished, as illustrated in Figure S7. This
suggests that these unexpected findings are likely artefacts of the TSM process. Additionally,
trajectory analysis (see Figure 2) reveals a notable proportion of trajectories passing over the
Atlantic, corroborating our assessment. As expected, NOs exhibits a significant seasonal trend,
with higher concentrations in winter due to enhanced partitioning at lower temperatures (Figure 4)
(Bressi et al., 2021; Poulain et al., 2011)

We observe that CAMXx estimated concentrations of NOs are considerably higher than the TSM
model across the UK, northern France,Germany, and Czechia, potentially caused by scarcities of
measurements in those regions, leading to an underestimation in the TSM analysis. There are some

agreements between CAMx and TSM modelin the Benelux region, Eastern Europe and Southern
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Europe (Figure S2). The discrepancy between CAMx and TSM model in the Po Valley, with
significantly higher concentrations from the CAMx simulations, could again be caused by the

different meteorological datasets includingthe lack of fog scavenging.

3.5 SO4

In winter, the TSM model predicts the highest concentrations over Eastern Europe, particularly in
Poland, likely due to industrial emissions and residential coal burning for heating (Figures 3 and
4). Significant contributions are also observed from the Mediterranean region, attributed to high
ship emissions and enhanced photochemistry during the summer in this region (Figures 3 and 4).
There is a match of hotspots between the TSM and CAMXx simulations over Poland, the Balkans,
the Mediterranean, and Turkey. However, the TSM model showed much higher concentrations
than CAMXx in Eastern Europe due to the potential underestimation of the CAMx model from
industrial and coal combustion sources. In addition, the CAMx model might slightly underestimate
ship exhaust near the Aegean Sea and southwest of Turkey's coastline, resulting in relatively higher
concentrations in these regions for the TSM model. Nevertheless, SO4 could still be
underestimated in the Balkans, where coal power plants are quite a common source due to both
the scarcity of measurements in this region and limitations of the emission inventories. Indeed, the
model underestimation of SOa4is a known issue for many air quality models (Im et al., 2015). A
primary explanation is the lack of accurate heterogeneous formation mechanisms in the model
(Miao et al., 2020). Meanwhile, uncertainties in emissions, meteorological fields and deposition
processes can all contribute to model bias. From Figure S1 we see that Eastern Europe and the

Balkans are exactly the regions with intensive SOz emissions. Those regions reportedly have a
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larger uncertainty in SO2 emissions than for example western European countries (Vestreng et al.,
2007). In addition, other species like NHs could also influence the model performance in SO4 by
mediating the chemical reactions. The emission inventory we used as model inputs (TNO-CAMYS)
was 102% lower than EDGAR emissions in non-EU countries (Kuenen et al., 2022b), which may
also lead to underestimation of SO4. The TSM results for SO4 in the UK show less pronounced
contributions compared to the high concentrations predicted by CAMX, indicating a potential

overestimation of SOz emissions in these regions.

4 Conclusion

In this study, we investigated various PM components, both organic (BBOA, OOA, and total OA)
and inorganic (NH4, NOs, SO4), and their long-range transport in Europe. Our aim was to identify
their geographical origins by combining source apportionment results and measurements from 27
air quality observational sites with TSMs. Using numerous trajectories and receptors reduced
uncertainties, providing a comprehensive analysis of source origins. We then compared these
results to estimations of concentrations by the CAMXx air quality model in Europe. However, we
acknowledge the caveat of this analysis to combine several receptors with different time periods,
and the fact that back trajectory analysis does not reproduce all atmospheric physicochemical
processes.

Starting with the organic components, most contributions come from continental Europe. BBOA
hotspots are around southern Poland to northern Greece. The main source regions as predicted by

our analysis mostly align well with regions of high concentrations as simulated by CAMX, except
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for the Po Valley. Seasonally, concentrations are low in summer and high in winter, likely due to
heating. For OOA, the highest contributions are also from Eastern Europe, in particular southern
Poland to Romania. The CAMX also highlights this region, but predicts overall lower absolute
concentrations, which could indicate transport processes. Excluding the Poland station did not
change results, suggesting this region is a major contributor, possibly also underestimated in the
CAMXx model. The TSM analysis also shows discrepancies with the CAMx results in the Po
Valley, potentially indicating an overestimation in the CAMx model, or transport processes. For
total organics, the highest contributions are from southern Poland to Bulgaria, with a clear east-
west contrast well captured by our TSM analysis. Overall, Eastern Europe seems to be the most
important contributor.

For inorganic components, NH4 shows high contributions from Poland, and the TSM results
generally match predictions of regions with high concentrations from CAMXx except for Po Valley.
The NOgs contribution is highest from northern France, Benelux, and Eastern Europe due to NOx
emissions from traffic and agricultural emissions in Benelux. The CAMXx results show higher
concentrations than the TSM analysis in northern Europe, and Po Valley with good consistences
in Eastern Europe in general. TSM analysis showed lower NO3 concentrations in summer, likely
due to higher temperatures, photochemistry keeping NOs in the gas phase, and higher vertical
dilution. SO4 concentrations are high in Poland, likely from industrial and heating emissions, and
over the Mediterranean, due to photochemistry and ship exhausts. This matches CAMx model
highlights, though we do not find elevated concentrations over Benelux and Germany. Seasonally,
SOu is higher in winter over Poland and in summer over the Mediterranean, supporting heating-

related emissions and the photochemical transformation of SOz to SO4, respectively.
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In conclusion, we have developed a novel approach to take advantage of available large datasets
to have a comprehensive picture of the geographical origins of different PM components, such as
BBOA, OOA, total OA, NH4, NOs, and SO4 across Europe. It demonstrated great consistency with
the concentrations simulated by the CAMx model. With the help of more data available in the
future, the results of this analysis could be used to validate and improve the emission inventories
of air quality chemical transport models. By understanding the intricate interplay between local
emissions and long-range transport, stakeholders can implement informed strategies to improve
air quality on a larger scale, protect human health, and safeguard ecosystems in both source and

receptor regions.

Data availability

The code to execute the TSM analysis can be found in the supporting material. Raw data of the

TSM data is publicly available through Zenodo: https://zenodo.org/records/6672710. The raw data

of CAMX results are available through a request to the corresponding authors.
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Highlights

e Long-range transport of PM species across Europe was analysed using 27
datasets;

e (Concentrations of most PM components are highest in eastern Europe;

e TSM results aligned with CAMx output except for Po Valley and northern
Europe;

e This study provides observation-based data to validate chemical transport models.
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