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Abstract. Air pollution nowadays represents the most significant environmental health risk in Europe, with fine particulate
matter (PM 5) being among the pollutants with the most critical threat to the-human health, especially in urban areas. Identi-
fying and quantifying the sources of PM5 5 components are essential prerequisites for designing effective strategies to mitigate
this kind of air pollution. In this study, we utilized the namerical-weatherprediction-model-WRF-(Weather Research and Fore-
cast Model (WRF) coupled with the ehemistry-transportmodeHCAMx(Comprehensive-Adr-quality- Comprehensive Air Quality
Model with Extensions (CAMX) to investigate the relationships between emissions (with-a-primary focus-onemissionscovering
Wde—mﬂgeﬁfﬂﬂ&mepegefneaeﬂvr&es—}and the concentrations of total PMs 5 and its secondary components (ammonitm;

the period

2018-2019, with a more detailed focus on six large cities in this-the region, namely Berlin, Munich, Vienna, Prague, Budapest,

and Warsaw)-chiring-the-period-2648—2649-ustng-the PSATAL.

Concretely, we conducted three experiments named PSAT, SOAP, and VBS. In the PSAT experiment, we used the Par-
ticulate Source Apportionment Technology »toelimplemented-in-CAMx-and-the-(PSAT) built into CAMX to determine the
contributions of individual anthropogenic emissions sectors and total biogenic emissions to the mentioned concentrations. The

» using which we determined the impacts of the complete reduction of emissions from individual anthropogenic emissions
sectors on the mentioned concentrations, The difference between the SOAP and VBS experiments lies in using different model
mechanisms of secondary organic aerosol formation built into CAMx and associated emission estimates of intermediate-volatility
and semivolatile organic compounds, which allowed us to evaluate the sensitivity of their use to the resulting impacts. While we
used the Secondary Organic Aerosol Processor (SOAP) in the SOAP experiment, we employed the 1.5-dimensional volatility
basis set (1.5:D VBS) in the VBS experiment. The overall design of the study, in which anthropogenic emissions were divided

into 12 emission sectors defined by the Gridded Nomenclature For Reporting, makes it the only one of its kind for this region.
The use of the PSAT tool showed, among other things, that during the winter seasons, emissions from other stationary

combustion (including residential combustion), boundary conditions, road transport, and agriculture—livestock contribute most
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extensively to the average PMs 5 concentrations{their-, with domain-wide average contributions are-of 3.2, 2.1, 1.4, and 0.9
pem—2 respeetivelyyug m %, respectively, while during the summer seasons, the average PMs 5 concentrations are mainly con-
tributed by biogenic emissions, followed by emissions from road transport, industrial sources, and boundary conditions(their
. with domain-wide average contributions are-of 0.57, 0.31, 0.28, and 0.27 pem—>respeetively)ug m >, respectively. In con-
trast, the most considerable average seasonal impacts on the-coneentration-of PMs 5 when-medeling-with-the- SOAP-mechanism

ated—Ge—with—the me—SOA formation—mechanism—that—is—implemented when—usine—the PSA

sensitivity-experimentas-the-SOAP-experiment)-concentration in the SOAP experiment are caused by the overall reduction of

emissions from other stationary combustion, agriculture-livestock, road transport, and agriculture—other during the winter sea-
sons¢their-, with domain-wide averages are-of 3.4, 2.9, 1.4, and 1.1 pem—3 respeetivelyjug m >, respectively, while during the

summer seasons, they are induced by emissions from agriculture—livestock, road transport, industrial sources, and other station-

ary combustion{, with domain-wide averages of 0.46, 0.45, 0.34, and 0.29 pem—>;respeetively)yug m >, respectively. Further,

we revealed that the differences between the contributions of emissions from anthropogenic sectors to PMs 5 concentration and

the impacts of these emissions on PMs 5 concentration in the SOAP experiment are predominantly caused by the secondary
aerosol-components—{(due-to-the-acting of oxidation-limiting and/or indirect effects yon the secondary aerosol components.
Moreover, the most substantial of these differences, in terms of daily averages in the cities (reaching—tp-to-~15pem——in

some-of-them-during—winter-time)-and seasonal averages for the winter and summer seasons {reachingup-to4-5-and125
pem—3 respeetively)-over the domain, are associated with emissions from agriculture-livestock, mainly due to differences
in nitrate concentrations. Specifically, in the case of the daily averages, they reached up to around 15 pgm™? in some cities
during winter time, while in the case of the seasonal averages, they reached up to 4.5 and 1.25 ug m >, respectively. Finally, we

the comparison of the SOAP experiment;-mainty-inereases-and VBS experiments showed that the modifications used in the
VBS experiment mainly increase the average seasonal impacts on the-coneentration—of-PMy 5 concentration caused by the

overall reduction of emissions from other stationary combustion and road transport during the winter seasonsfthe-inereases

produced-by-the-, while during the summer seasons, they do the same mainly for the overall reduction of emissions from road
transportduring-the-summerseasons(the-inerease reach-. These increases reached up to 12 and 4 ug m 3, respectively, durin

the winter seasons andup to 2.25 pgm—"jug m "> during the summer seasons.

1 Introduction

Particulate matter (PM) is a component of ambient air pollution that is widely recognized for its harmful effects on human
health, including various respiratory and cardiovascular problems that can result in premature death (e.g., Anderson et al.,

2012; Apte et al., 2015; Turner et al., 2020). According to the European Environment Agency’s latest report on air quality in
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Europe (EEA, 2022), air pollution is the most significant environmental health risk in Europe, which significantly impacts the
health of the European population, particularly in urban areas. Regarding PM with an aerodynamic diameter < 2.5 um (PMs 5,
also called fine PM), the report concludes that in 2020, 96 % of the urban population in the European Union was exposed to
levels above the health-based guideline level for it set by the World Health Organization (5 pem—3ug m %), which resulted in
238,000 premature deaths.

Although the chemical composition of fine PM (including submicron PM) in Central Europe shows significant spatial and
temporal variability, it is generally dominated by organic matter and secondary inorganic aerosols (e.g., Lanz et al., 2010;
Putaud et al., 2010; Szigeti et al., 2015; Schwarz et al., 2016; Juda-Rezler et al., 2020; Bressi et al., 2021; Chen et al., 2022).
Moreover, Chen et al. (2022) suggested that secondary organic aerosol (SOA) is the main contributor to total submicron PM
and dominates organic aerosol across Europe.

In order to design effective strategies to mitigate the adverse effects of PM, it is essential to thoroughly understand the
sourees—of PM-PM sources, which is still a challenge as PM consists of a host of components with different sources and
atmospheric behavior (Hendriks et al., 2013). One of the commonly used ways to source attribution analysis of PM {whese

$)His to use sophisticated Eulerian chemical transport models (CTMs) such as the
Comprehensive Air guality-Quality Model with Extensions (CAMx; Ramboll, 2022), the Community Multiscale Air Quality
(CMAQ) model (EPA, 2022) or CHIMERE (LMD, 2022). It is given by the fact that these models can describe not only the
evolution of primary PM but also eontains-contain modules that can rigorously control the formation of secondary ¢imjinorganic
and organic PM from gaseous precursors and its subsequent development, as well as aqueous aerosol chemistry.

Over time, several methods have been developed to study relationships between PM concentrations and emission sources
using CTMs. Depending on the approach used for such an analysis of PM sources, they have been generally divided into
sensitivity analysis methods and reactive tracer (also called tagged species) methods (e.g., Yarwood et al., 2007; Clappier et al.,
2017). The fundamental difference between these two approaches lies in the following: while sensitivity analysis methods

estimate the impact on pollutant concentration {in-eur-case;-on-the-total PM-er-its-components)-that results from a change of

one or more emission sources, reactive tracers methods deal with a source apportionment, which means that they quantify the
contribution of an emission source {er-preetrsor)-or precursor to the concentration of one pollutant (in-eur-case;-again;on-the
total-PM-or-its-components)-at one given location (Clappier et al., 2017). It is also important to emphasize here that only in
the case of linear (or close to linear) relationships between concentration and emissions, impacts {given by sensitivity analysis
methods )y-and-eontributions-(and contributions given by reactive tracers methods )-are equivalent (or close) concepts (Clappier
et al., 2017).

One of the traditional sensitivity analysis methods, frequently used for PM source attribution due to its simplicity and
intuitive interpretation, is the zero-out method, which is a-speetal(extreme—)-an extreme case of the brute-force method. As
the name suggests, this method quantifies the impact of a particular emission source by comparing the model outputs of a
stmutation-base simulation, in which emissions from all sources were taken into account(a-base-simutation)-, with the outputs
of a simutation-perturbed simulation, in which emissions from the source of interest were set to zerofsinee-, because it seems
intuitively obvious that removing a source should reveal the source’s impact (Yarwood et al., 2007))—. Using this method for



experiments with many studied emission sources quickly becomes impractical and computationally demanding, as it requires
the implementation of a large number of perturbed simulations. Among the works in which the zero-out method was used to

95 study the impacts of anthropogenic activity sectors on the total concentrations of fine PM in various regions of Europe, we
mention the papers of Tagaris et al. (2015), Jiménez-Guerrero (2022), and Arasa et al. (2016) as they differ from most other
ones in that their authors used the zero-out method to determine impacts of either all or almost all of anthropogenic activity
sectors within the SNAP (Standard Nomenclature for Air Pollution) classification. Concretely, Tagaris et al. (2015) studied
these impacts over the whole of Europe but on a model domain with a relatively coarse horizontal resolution (35 km) and

100 only for one month (July 2006). Jiménez-Guerrero (2022) did the same over the Iberian Peninsula using a model domain with
a horizontal resolution of 9 km for the summer (June—August 2011) and winter (December 2011-February 2012) scenarios.
Finally, Arasa et al. (2016) made such a sensitivity analysis for the region of Madrid and the urban metropolitan area of Madrid
on model domains with a horizontal resolution of 3 km and 1 km, respectively, for the year 2010.

Unlike the zero-out method, which can be applied in any CTM, the selection of the tagged species method for PM source ap-

105 portionment is limited by the selection of the-a CTM since usually only one such method, if any, is implemented in each CTM(Gf

at-alh. For example, while the CAMx model provides the PSAT (Particulate-Seurce-Apportionment-Technology—Yarwood-et-al5 2007

Particulate Source Apportionment Technology; Yarwood et al., 2007; Ramboll, 2022) module for this purpose, the TSSA (Tagged
Species Source Apportionment; Wang et al., 2009) module can be used in older versions of the CMAQ model, and the ISAM

(Integrated Source Apportionment Method; EPA, 2022) module in its newer versions. CAMX, like any other Eulerian CTM

110 naturally cannot provide any source apportionment in its ‘normal’ calculations, as it mixes all emissions from different sources
together during them. In order to perform PM source apportionment within a CAMXx simulation, the PSAT module employs
sets of several families of reactive tracers, which are added for each emission source category/region to track the effects
of emissions, transport, diffusion, deposition, chemical reactions, and initial and boundary conditions. Therefore, the very.
use of this tool requires having properly allocated emission sources, which can be defined in terms of geographical regions,

115 emission categories or their groups, and initial and boundary conditions. The significant flexibility of this module enables
the implementation of a complex PM source apportionment, including several emission categories from several geographical

regions in one model simulation; however, the increase in complexity also significantly affects computational demands.
Tagged species methods have been used in several studies dealing with the origin of fine PM in various regions of Europe:

. Hendriks et al. (2013) used the LOTOS-EUROS model (Schaap et al., 2008) equipped with a source apportionment module
120 based on the PSAT approach (Kranenburg et al., 2013) to establish the origin of ambient PM (PM;y and PMs 5) over the
Netherlands for the years 2007-2009. Skyllakou et al. (2014) used the Particulate Matter Comprehensive Air Quality Model
with Extensions (PMCAMXx; Fountoukis et al., 2011) together with their extension of the PSAT algorithm (Wagstrom et al.,

2008) over Europe on a model domain with a horizontal resolution of 36 km to estimate the impact of local emissions and

pollutant transport on primary and secondary fine PM mass concentration levels in Paris for-two-differentperiods{asammer

125 period-in-during the summer of 2009 and a-winter-period-in-201+0)-the winter of 2010. Bove et al. (2014) used CAMXx version
5.2 combined with the PSAT module on model domains covering Europe and the area around the city of Genoatttaly)-, Italy,

with a horizontal resolution of 10 km and 1.1 km, respectively, in-erder-to estimate major PM, 5 emission sources in the city
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during a summer and late autumn

period in 26442011, which they subsequently compared with the estimates achieved from Positive Matrix Factorization.
Karamchandani et al. (2017) used the PSAT method in CAMX version 6.1 on a model domain with a horizontal resolution
of 23 km to identify the main source sectors of fine PM in 16 major European cities(includingBerlintGermany);,—Warsaw
(Poland)-and BudapesttHungary)-, including Berlin, Germany; Warsaw, Poland; and Budapest, Hungary, from the Central

European region)-for-ene-winter-meonth-(February)-and-one—summer-month—(August)—in-, during February and August of
2010. Skyllakou et al. (2017) used PMCAMXx combined with the extended PSAT algorithm of Skyllakou et al. (2014) over

Europe on a model domain with a horizontal resolution of 36 km in order to quantify the sources which-that contribute to
the primary and secondary organic aerosol during three different periods in 2008 and 2009. Pepe et al. (2019) used CAMx
version 6.3 together with the PSAT module on model domains covering the Po Valley and the metropolitan area of Milan with
a horizontal resolution of 5 km and 1.7 km, respectively, to perform multi-pollutant {ineladingPMz)-source apportionment
analyses, including PM, 5. that combine emission categories and regions for the calendar year of 2010. Coelho et al. (2022)
used CAMXx version 6.3 together with the PSAT tool to, among other things, quantify the main sources of PMs 5 and PM;( over
four European urban areas(ineluding-Sesnowiee(Poland)-, including Sosnowiec, Poland, from the Central European region)-,
for the year 2010. Finally, Piiltz et al. (2023) used the LOTOS-EUROS model version 2.1 together with the PSAT algorithm on
a European domain with a horizontal resolution of about 28 x 32 km? with a nested domain covering Germany, Poland, and
the Czech Republic with a horizontal resolution of about 7 x 8 km? to identify the most relevant sources of PM (namely-for
PMy 5 PMygand-coarse-PM)-in the Berlin agglomeration areatGermany)-, Germany, covering the period from 2016 to 2018.

In this work, we use an offline coupled modeling framework consisting of a numerical weather prediction model and a
CTM on the Central European domain with a moderate horizontal resolution (9 km) to perform: (1) two sensitivity analyses
quantifying the impacts of emissions from a wide range of anthropogenic activity sectors on the concentrations of PMs 5 and
its secondary components (ammonium, nitrate, sulfate, and secondary organic aerosol) using the zero-out method, and (2)
source apportionment to estimate the contributions of emissions from the same sectors of anthropogenic activity used in the
sensitivity analyses to the concentrations of PMs 5 and its secondary components using the PSAT tool, both for the relatively
current period covering the years 2018 and 2019. Moreover, in addition to analyzing the outputs determined using both methods

over the entire Central European domain, we also focus on six large cities in this region: Prague(Czech—Republie); Berlin

rd), Czechia; Berlin, Germany;

Munich, Germany; Vienna, Austria; Budapest, Hungary; and Warsaw, Poland. Compared to the previous works mentioned
above, ours is exceptional in that it is the first to simultaneeusty-implement both approaches(, i.e., sensitivity analysis and

source apportionment)-, simultaneously in one of the regions of Europe.
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2 Methodology
2.1 Models and their configurations used

To describe the regional weather conditions and to drive the chemistry transport model, the Weather Research and Forecast
(WRF) Model version 4.2 was adopted in our study. To simulate the chemistry and transport of pollutants, CAMx version 7.10
was used.

The WREF is an atmospheric modeling system designed for research and numerical weather prediction whose detailed de-
scription can be found in Skamarock et al. (2019). Our setup handled long- and short-wave radiation transfer using the Rapid
Radiative Transfer Model for General Circulation Models (RRTMG; Iacono et al., 2008). Land-surface processes were driven
using the Noah land-surface model (Chen and Dudhia, 2001). Urban canopy meteorological effects were invoked by a bulk
approach, which treats urban surfaces as any other flat surfaces with physical parameters specific to urban surfaces (like
roughness, albedo, etc.). Microphysical processes were parameterized using the scheme proposed by Thompson et al. (2008).
Turbulent exchange in the planetary boundary layer (PBL) was solved by the BouLac PBL scheme (Bougeault and Lacarrere,
1989), and convection was calculated using the modified version of the Kain-Fritsch scheme (Kain, 2004).

The CAMX is a state-of-the-science Eulerian chemical transport model, a detailed description of which can be found in Ram-
boll (2022). To solve the gas-phase chemistry, we applied the CB6r5 mechanism (5th revision of the Carbon Bond mechanism
version 6), developed initially as the CB6 by Yarwood et al. (2010), and since then, several times revised{a-detailed-deseription

. The CB6r5 mechanism consists of 233 reactions among 87 species (62

state gases s-and 25 radicals) that can also be found in Ramboll (2022). The mechanism was numerically solved using an
implementation of the Euler Backward Iterative (EBI) method developed by Hertel et al. (1993).

We used the-CFa static two-mode coarse/fine (CF) scheme to run aerosol chemistry processes together with the gas-phase
chemistry. In this scheme, which divides the aerosol size distribution into two static modes (coarse and fine), primary species
can be modeled as fine and/or coarse particlesin-. In our case, both modes were considered). In contrast, all secondary species
are modeled as fine particles only. Aqueous aerosol formation in resolved cloud water was driven using the modified version
of the RADM (Regional Acid Deposition Model) aqueous chemistry algorithm (Ramboll, 2022), developed initially by Chang
et al. (1987). To predict the physical state and composition of inorganic aerosols, we applied the thermodynamic equilibrium
model ISORROPIA version 1.7 (Nenes et al., 1998, 1999), which solves partitioning between the gas and aerosol phases for
the sodium—ammonium—chloride—sulfate—nitrate—water aerosol system, with an update for calcium nitrate on dust particles.

Two modules can solve organic aerosol-gas partitioning and oxidation chemistry in CAMx version 7.10, and we applied both
in the sensitivity analyses(, as will be mentioned in more detail later). The first one is the Secondary Organic Aerosol Processor
(SOAP) version 2.2, developed initially by Strader et al. (1999) and subsequently updated over timetinformation-abott-the-,
The description of its recent version can be found in Ramboll (2022))~Fhis-. Shortly, this module: (1) treats primary (direethy
emitted)-organic aerosol (POA) as a single non-volatile species that does not chemically evolve, and (2) considers oxidation
of seven gaseous precursors belonging to anthropogenic and biogenic VOCs (volatile organic compounds) to form three semi-

volatile {eondensable)-surrogate compounds for each VOC precursor that can coexist in the gas and aerosol phases based on the
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pseudo-ideal solution theory of Odum et al. (1996). The second module, the 1.5-dimensional (1.5-D) volatility basis set (VBS),
represents a hybrid VBS approach that provides a unified framework for gas-aerosol partitioning and chemical aging of both
primary and secondary organic aerosol (Koo et al., 2014). It combines the simplicity of the one-dimensional VBS approach
proposed by Donahue et al. (2006), in which the evolution of organic aerosol (OA) is described using a set of semi-volatile OA
species with volatility equally spaced in a logarithmic scale (the basis set), with the ability to describe the OA evolution in the
two-dimensional (2-D) space of oxidation state and volatility used in the (2-D) VBS approach (Donahue et al., 2011, 2012)
by using multiple reaction trajectories defined in the 2-D VBS space. Namely, the 1.5-D VBS scheme uses five basis sets to
describe varying degrees of oxidation in ambient OA: three for freshly emitted OA (hydrocarbon-like OA from meat cooking
and other anthropogenic sources and biomass burning OA) and two for chemically aged oxygenated OA (anthropogenic and
biogenic).

As we mentioned in the introduction, for PM source apportionment in CAMX, it is possible to use the PSAT toolin-CAMx,
proposed initially by Yarwood et al. (2007). The PSAT modification implemented in the CAMx version we used, a detailed
description of which can be found in Ramboll (2022), enables source apportionment of primary PM, ammonium (PNHy),
nitrate (PNO3), sulfate (PSQy), nitrate;—sulfate;"SOA, and particulate mercury using a total of 42 tracers for each source
region/group. The flexibility of this implementation makes it possible to reduce the number of considered PM species and,
thus, also the necessary tracers=in-. In our case, we did not consider the source apportionment of particulate mercury and eight
primary elemental species (e.g., iron, manganese, or silicon), which can be included by invoking the €F2E-extended version
of the CF scheme. One of the drawbacks of the current implementation of the PSAT tool in the model is that it only describes
the OA mass based on the SOAP approach.

To solve the dry deposition of gases and aerosols, we used the methods of Zhang et al. (2003) and Zhang et al. (2001), respec-
tively. Finally, to calculate the wet deposition of gases and aerosols, we applied the method-of Seinfeld-and Pandis (1998) for
- The model employs a scavenging approach in which scavenging coefficients are determined on the relationships described by

2.2 Model domains and input data

As mentioned in the introduction, we used an offline coupled model framework of the models described above (i.e., without
assuming feedback of air pollutants to processes governing weather conditions) to achieve the goals of this paper. In other
words, we first performed a regional weather simulation using the WRF model, the outputs of which we subsequently used to
create the required meteorological input fields for all CAMx simulations performed.

The regional weather simulation was conducted on the Central European model domain centered over Prague ;Czech
Republie(50.075° N, 14.44° E), Czechia, with a horizontal resolution of 9 km x 9 km that +(1) contained 208 x 208 x 49
grid boxes in z, y, and z directions, respectively, (2) reached the isobaric level of 50 hPa while the lowermost layer was about
48-50 m thick, and (3) used the Lambert conformal conic map projection. To force this simulation, we used the ERA-interim

reanalysis (Simmons et al., 2010). All CAMXx simulations were run on one domain, which had the same centering, horizontal
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resolution, and map projection as the WRF domain but was somewhat smaller compared to it:-, Concretely, it consisted of 172 x

152 x 20 grid boxes¢, with the vertical structure was-identical to the lowest 20 layers-of-the-WRF-demain)-and-reached- WRF

domain layers and reaching approximately 12 km. The model orography of this domain and the analyzed-eities™loeations
locations of the analyzed cities are presented in Fig. 1. To create the required meteorological fields for CAMx simulations

from the outputs of the weather simulation, we used the WRFCAMXx preprocessor. This preprocessor is supplied with the
CAMKX code (https://www.camx.com/download/support-software/(ast-aceess:—25Fanuary-20233). One of the key parameters
the WRFCAMX preprocessor calculates is the vertical eddy-diffusion coefficient that shews-is shown to be the dominant driver

of urban air pollution (Huszar et al., 2020b, a)—in-, In this study, the CMAQ method was-applied-(Byun-and-Ching;1+999)
Byun and Ching, 1999) was applied for its calculation.

Regarding anthropogenic emissions, we used three different emission inventories: (1) For the areas on the CAMx domain
outside the Czech Republic, we applied the emissions from the CAMS (Copernicus Atmosphere Monitoring Service) Eu-
ropean anthropogenic emissions - Air Pollutants inventory version 4.2 (Kuenen et al., 2021) for the year 2018. (2) For the
area on the domain covering the Czech Republic, we adopted the high-resolution emissions from the Register of Emissions
and Air Pollution Sources (REZZO — Registr emis{ a zdrojti znecisténi ovzdusi) for the year 2018 issued by the Czech Hy-
drometeorological Institute (https://www.chmi.cz;last-aceess-25-Fanuary2023) together with the emissions from the ATEM
Traffic Emissions dataset for the year 2016 provided by ATEM (Ateliér ekologickych modelt — Studio of Ecological Models;

https://www.atem.cz-tast-ae

3). These inventories provide annual emission totals of carbon monoxide (CO),
sulfur dioxide (SO3), nitrogen oxides (NOy), ammonia (NH3), methane (CHy4), non-methane VOCs (NMVOCs), and particulate
matter (PMyandPMyp)raggregated to 12 GNFR (Gridded Nomenclature For Reporting) sectors of anthropogenic activity that
are summarized in Table 1. To prepare the data from the mentioned emission inventories to emission files readable by CAMX,
including preprocessing of the raw input files, the spatial redistribution of the annual emission totals into the grid of the CAMx
domain, chemical speciation, and time disaggregation from annual to hourly emissions, we used the FUME (Flexible Universal
Processor for Modeling Emissions) emission model
—While-for-(http://fume-ep.org/; BeneSovd et al., 2018). For chemical speciation, we used the speciation factors from Passant
(2002);fer-. For time disaggregation, we applied sector-specific time disaggregation profiles proposed by Denier van der Gon
et al. (2011).

Emissions of biogenic volatile organic compounds (BVOCs) were calculated using the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) version 2.1 (Guenther et al., 2012) driven by the weather conditions obtained from the
regional weather simulation. Vegetation characteristics needed for this model simulation(, e.i., plant functional types, emission

factors, and leaf-area-index data)-, were derived based on Sindelarova et al. (2014).
2.2.1 Estimates of I/SVOCs emissions

Because emissions of intermediate-volatility organic compounds (IVOCs) and semivolatile organic compounds (SVOCs),
which are considered to be important precursors of secondary-OA(SOA)SOA, are generally missing in current emission in-

ventories, it is common for CTM modeling purposes to estimate them in the form of surrogate species based on sector-specific
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(alternatively on non-sector-specific) parameterizations-parametrizations (e.g., Giani et al., 2019; Jiang et al., 2019b, 2021).
With the intention of including these emissions in our model experiments, we proceeded analogously.

Specifically, to estimate IVOCs and SVOCs emissions produced by gasoline and diesel vehicles, we adopted the methodol-
ogy used by Giani et al. (2019). Thus, we first estimated IVOCs emissions for gasoline {diesel-and diesel vehicles as 0.0397
fand 1.2748 )-times their corresponding NMVOCs emissions, respectively. Next, we estimated emissions of organic matter in
the semivolatile range (OMgy) based on the estimates of IVOCs emissions and using knowledge of the ratio (/)-of IVOCs
emissions to OMgy emissions, I (12 = 4.62 for gasoline vehicles and 12 = 2.54 for diesel vehicles), derived from the volatility
distribution for gasoline and diesel vehicles provided by Zhao et al. (2015) and Zhao et al. (2016), respectively. Furthermore,
we used these distributions to redistribute OMgy of both sources into the volatility bins used in the 1.5-D VBS scheme.

Following the methodology justified by Ciarelli et al. (2017) and also used by Jiang et al. (2019b, 2021), we estimated
IVOCs emissions from biomass burning as 4.5 times POA emissions summed up from GNFR-seetors-C-in-other stationary
combustion and agriculture—other. In the territory of the Czech Republic, where we used more detailed data on residential
combustion, we applied this parameterization-parametrization only to the part of POA produced by wood combustion)-ane
E. The IVOCs emissions from other anthropogenic sources we calculated as 1.5 times their corresponding POA emissions,
as Robinson et al. (2007) proposed. Finally, to offset the influence of missing SVOCs emissions from biomass burning and
other anthropogenic sources besides gasoline and diesel vehicles, we adopted the routinely used approach of multiplying their
corresponding POA emissions by a factor of 3 (e.g., Jiang et al., 2019b, 2021).

For the sake of completeness, we add that fer-we considered only IVOCs estimates in all CAMXx simulations using the SOAP

module ;-we-eonsidered-onty FVOCsestimatestsince POA is eonsideredregarded as non-volatile in this case);white-for-, while
in those implemented using the 1.5-D VBS sehememodule, we naturally considered both IVOCs and SVOCs estimates.

2.3 Model experiments: design, validation, and evaluation

Sinee-Because our main objective is to assess the impacts and contributions of emissions from the broadest possible range of
anthropogenic activity on fine PM as-wel-as-and its secondary components, and we use the emission inventories that classify
anthropogenic activity into 12 GNFR sectors A-L, we decided to design the-model-experiments-to-evaluate-model experiments
so that they evaluate the impacts and contributions of all 12 GNFR sectors separately. Another aspect we took-into-aceount
considered is the dual implementation of the organic aerosol chemistry/partitioning we-mentioned-earkierIntendingusing either
the SOAP module or the 1.5-D VBS module. Hence, to assess the influence of these different mechanisms-implementations

on the sector “s-impacts, we %%wfefefe—ﬁnp}emeﬂfedrfw&mm%m\%mensmvny experiments based on the zero-out
method:—the-firs

each using one of the modules in all of its CAMx simulations. We further label them as the SOAP and VBS experiments
based on the module employed. In order to meet the mentioned experimental design, both of these sensitivity experiments

one base simulation, in which the total emissions from all sources were

eonstdered)-(i.e., anthropogenic and biogenic sources and boundary conditions) were considered, and 12 perturbed (in-each-of

consist of
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them;-simulations, in which emissions from one ef-the-GNFR-sectors-A—l-were-settozere)-GNER sector (different in each of

these simulations) were removed from the total emissions.

As the applicability of the PSAT tool is tightly-coupted-with-conditioned by utilizing the SOAP module ;-we-onlyperformed
experiment,from-now-on referred-to-as-the PSAT experimentto-during a CAMX simulation, we performed only one

experiment to determine the PM source apportionment using this tool. This experimenteensists-of-onty-one-CAMx-simulation-

dd on-to-the-con h OO he NER-<ceeto A -0 a ha con h on<ofbirocen am on ndn nd
ac|d O ¥ U oy O O - O ) arsou varoda I O e v, DAY O1TOZ O O cl . i cl <l

boundary-conditions—The-, further labeled as the PSAT experiment, evaluates the contributions of the individual GNFR sectors
biogenic emissions, and initial and boundary conditions in one simulation, thanks to the flexibility of the PSAT tool mentioned
in the introduction. To achieve this, we have prepared the emission inputs divided into the relevant categories (i.c., into the

individual GNFR sectors, biogenic emissions, and boundary conditions) for this simulation. The different approach in providin

emissions (total vs. categorized emissions) is the only difference in the model setup between the base simulation of the SOAP
experiment and the simulation of the PSAT experiment. Hence, for each chemical species, the sum of all contributions to its
concentration in the PSAT experiment should correspond to its concentration in the base simulation of the SOAP experiment.

The basic parameters of all three mentioned experiments are summarized in Table 2.

To demonstrate the capabilities and shortcomings of the model system we used, we eempared-validated the modeled con-

centrations of PMy 5 i

of its components and gaseous precursors. Specifically, in the case of PM, 5 components, we focused on PNH,, PNO

PSO,, elemental carbon (EC), and organic carbon (OC), while in the case of gaseous precursors, we focused on nitrogen
dioxide (NOy) and SO,. Naturally, te—validate-the-modeled-coneentrations;-we used only the simulation of the PSAT ex-

periment and the base simulations of the SOAP and VBS experiments sineeto validate the modeled concentrations because,

by the nature of their construction, only these three are different model representations of reality. Faking-At the same time,
taking into account the horizontal resolution used in all these simulations (9 km), we considered it adegquate-to-work—only
with-PMys-reasonable to compare them only with the measurements at the background stations —Therefore;—we-used-only
hourly—tor-datly)located up to 800 meters above sea level, which additionally covered at least 75 % of the modeled period.
For PMy 5, NOy, and SO, we selected such measurements at Czech, German, Austrian, Hungarian, Polish, and Slovak
rural, suburban, and urban background stations from the AirBase database provided by the European Environmental Agency

rovided

https://discomap.eea.europa.eu/map/fme/AirQualityExport.htm). The list of all these stations is

European region is considerably spatially limited and concentrated in rural areas, we selected their measurements at the
suitable rural background stations included in the Cooperative Programme for Monitoring and Evaluation of the Long-range
Transmission of Air Pollutants in Europe (EMEP), as well as at one suitable rural backeround station not included in the EMEP.
The list of all these stations is provided in Table S2. As can be seen in this table, some of the stations were taken from the
EBAS database (https://ebas-data.nilu.no/default.aspx), whereas the rest were taken from the AirBase database.
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As part of the brief-validation-validation process, we first compared the measured and modeled PM,, 5 daily concentrations
in the selected cities during the winter (eevering-December—January—February), spring (March—April-May), summer (June—
July—August), and autumn (September—October—November) seasons of 2018-2019 using Pearson correlation coefficient (r),

normalized mean bias (NMB), and normalized mean square error (NMSE), the definitions of which are given by Eq. (S1)—(S3)
in the Supplement. Fo-be-preeiseSpecifically, we analyzed their-average-values—while-the-averaging-was-performed-ove

available-the seasonal values of these statistical indicators averaged over all suitable urban and suburban background stations
in the selected eity—In-addition;we-also—ities, the list of which is summarized in Table S3. Further, we compared the measured

IR AR A AR AR AR A A A AN AN AN AN AN AR AAANARAARAANARARAAANA

and modeled annual cycles of average monthty-the monthly concentrations of the mentioned pollutants averaged over suitable
stations. Specifically, for PM; seoncentrations—(the-averaging-was-performed-in-the-same-way-asfor-the-statistical-indieators,
NOz, and SO, we first carried out such comparisons at the level of the individual studied cities, using the urban and suburban
background stations listed in Table S3. Subsequently, we also performed them for all the rural background stations and all the
suburban and urban background stations listed in Table S1. Finally, for PNH,, PNO3, PSOy, EC, and OC, we made analogous
comparisons using the rural background stations listed in Table S2.

Since meteorological conditions influence the concentrations of PMy 5 and its components, it is also appropriate to validate
how well the WRE model represents such conditions in our simulation. To get at least a partial idea of this in a specific part of
the domain, we compared the measured and modeled hourly values of both air temperature measured at 2 m above the ground
and wind speed measured at 10 m above the ground at all Prague synoptic stations listed in Table S4. Specifically, we first
compared the annual cycles of their monthly means averaged over all the stations and then the diurnal cycles of their seasonal
means averaged over all the stations in the winter and summer seasons. The relevant measurements of air temperature and wind
speed were provided to us by the Czech Hydrometeorological Institute (https://www.chmi.cz).

‘When evaluating the impacts and contributions, we focused on their average temporal absolute/relative impacts and contribu-

tions, the definitions of which are given in Appendix A. More precisely, when assessing the spatial distributions of the impacts
and contributions over Central Europe and its surrounding areas, we focused on the average seasonal absolute/relative impacts
and contributions, specifically for the winter and summer seasons. In order to provide information about the contributions and
impacts of emissions even at a greater temporal resolution, in the case of their evaluation in the selected cities, we focused on
the average daily absolute/relative impacts and contributions. In addition, we also determined their seasonal averages in the
winter and summer seasons. Before the evaluation, we removed the first 14 days (1-14 January 2018) from all the simulations,

viewing them as a spin-up time{we-. We also did the same before validating the simulations).

3 Results
3.1 Validation

Table 3 shows the average statistical indicators (r, NMB, and NMSE) comparing the modeled and measured daily PM 5

concentrations during the individual seasons in all studied-eitiesexeept-Warsaw,for-which-the required-station-measurements

were-tnavatlablethe studied cities. Regarding the correlations, the modeled concentrations in all three simulations correlate
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best with the measurements during the winter seasons (r = 0.66—0.82) in all the studied cities except Vienna, where it occurs
in the spring seasons (r = 0.73-0.74). On the contrary, the worst correlated in all three simulations are almost exclusively
the concentrations in the summer seasons (r = 0.28-0.55). The average NMB values indicate that the modeled concentrations
in all three simulations, excluding those in Prague and Munich during the winter seasons, are, on average, underestimated
compared to the measurements.

summer-seasons(when-itranges-The greatest underestimations are observed during the summer seasons, with an average NMB
from -75.8 to -35.1 %9, In contrast, the smallest deviations between the modeled and measured concentrations, in terms of the

absolute value of the average NMB)-, are most common in the winter seasons. Speeifieatly-the-The best agreements with the
measurements{, where the average NMB does not exceed +16-%)-are-achieved——(1-in-10 %, are achieved in several cases.
These include the base simulation of the VBS experiment in Munich during the autumn seasons (-0.4 %) and Budapest during
the winter seasons (-3.0 %), (2)yin-the base simulation of the SOAP experiment in Munich and Prague during the winter seasons
(1.5 % and 5.4 %, respectively), and (3)-in-the simulation of the PSAT experiment in Munich and Prague during the winter
seasons (1.6 % and 5.4 %, respectively). The average NMSEs for all three simulations in all the cities are almost always the
smallest (NMSE = 21.9-49.7 %) during the winter periods. On the contrary, they are almost always the largest during the
summer periods (NMSE = 39.5-274.3 %). At the same time, the average NMSE values for the base simulation of the VBS
experiment are almost always more or less smaller than those for the other two simulations. Finally, it is essential to point out
the striking similarity of all three indicators for the base simulation of the SOAP experiment with those for the simulation of
the PSAT experiment in all the cities during all the seasons, which shows {partially-preves-)-and partially proves the expected
high consistency of the model in the prediction of individual PM components during the simulation with and without the use
of the PSAT tool.

Figure 2?-compares-the-2 compares the average modeled and measured annual cycles of average monthly PM 5 concentra-
tions in all studied-eities-except-Warsaw-(for-the-abovereasemjthe studied cities. As regards the modeled monthly averages, it
is seen that those in the PSAT experiment are almost identical to those in the base simulation of the SOAP experiment in all the
cities during all months, which again points to the above-mentioned high consistency of the model. At the same time, the mod-
eled monthly averages in both of these simulations are always smaller than their corresponding monthly averages in the base
simulation of the VBS experiment: the differences between them are most often up to 2 pgm==ug m~>. The comparison fur-
ther reveals a certain spatiotemporal conditionality of the model’s ability to predict the monthly averages:InBerlinand-Vienna;

. In Berlin, Vienna, and Warsaw, the model underestimates them all year round in all three casesttheir-avers St

ion of tha UR OAP) oxneriment reaachac & om—3-in-Berlin-and-5-0

Budapest and Prague, the model fails in the same way in capturing the monthly averages during the warm half-year (April—-

September) and other autumn months in all

meost-of-the remaining-meonths;it captures them relatively accurately in most of the remaining months¢particularhy-aceurately-in
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measured averages are less than 0.6 pem ). Fmally, in Munich, the model underestimates the monthly averages in all three

cases from March to August

perm—2ybut sets them excellently during all autumn ¢winterymonths in the base simulation of the VBS (SOAP)experiment and

during all winter in the base simulation of the SOAP experimenttwi

The average modeled and measured annual cycles of average monthly NO, and SO, concentrations in the individual cities
are depicted in Fig. S1. The average modeled cycles for SO, are identical in all three simulations, while those for NO, are
almost identical, with slight differences occurring in the warm half of the years. As for NOy, the model can capture the shape
of the average measured cycle relatively well in all the cities, but it always more or less underestimates it, usually by about
8-20 pgm ™. On the other hand, the ability of the model to capture the average measured cycle for SO, varies considerably in
the individual cities. In Vienna, the model captures them relatively well, with some exceptions. In Budapest, the model mainly
underestimates them, while in Warsaw, it usually enormously overestimates them. Further, Fig. S2 shows the average modeled
and measured annual cycles of average monthly PM, 5, NOo, and SO, concentrations over the rural stations, as well as over the
suburban and urban stations. Briefly, the average cycles for PMy 5 show qualitatively similar behavior in both cases to the one
described above for Berlin, Vienna, and Warsaw. For NO,, the average cycles in both cases gualitatively behave as described
above for the individual cities. As for SOy, the model can capture quite well the average measured cycle over all the suburban
and urban stations in all three simulations, except for a few months. At the same time, over all the rural stations, the model
captures it relatively accurately in the winter months and underestimates it by up to about 1.75 ugm~* in the other months.

Figure 3 illustrates the average modeled and measured annual cycles of average monthly PNHy, PNO3, PSO4, EC, and OC
concentrations. Except for OC, the modeled cycles for the other components are almost the same in all three simulations. The
modeled average monthly OC concentrations in the base simulation of the VBS experiment are higher than their corresponding
concentrations in_the other two simulations during the whole year, with a maximum difference of up to 0.75 ugm=? in
the winter months. Qualitatively, the model predicts the concentrations of the components in roughly two ways in all three
simulations. First, for PNHy, PNOy, and EC, it overestimates them, with exceptions, from November to March, while in the
remaining months, it tends to either underestimate them or determine them relatively accurately. Second, for PSO4 and OC,
it underestimates them throughout the year. The largest mentioned overestimations, reaching up to 2.5 ygm ", are associated
with PNO;. The most largely underestimated is the average monthly PSO4. with values up to approximately 2.5 ugm”?, and
especially the average monthly OC, with values up to 4 ugm~?, depending on the simulation being considered.

Finally, Fig. 4 presents a comparison between the average annual cycles of average monthly air temperatures and wind speeds
during 2018-2019 in Prague, both modeled and measured, as well as the diurnal cycles of average seasonal air temperatures
and wind speeds during the winter and summer seasons of the same period. Regarding the air temperatures, the WRE model
accurately captures their average annual cycle, with values not exceeding 0.8 °C. As can be deduced from the average diurnal
cycle for the winter seasons, the slightly higher average monthly air temperatures in the winter months are mainly caused by the
overestimations of the air temperature at noon and in afternoon hours, whose seasonal average values reach up t0 0.8 °C. Based
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induced mainly by the underestimations of the air temperature in night hours, whose seasonal average values reachup t02.3 °C..
As for the wind speeds, the WRE model overestimates their average monthly values except for the summer months, whereby
these overestimations reach up to about 0.9 ms~" in the winter months. The model overestimates their average diurnal cycle
during the whole day in the winter seasons by 0.2-0.9 ms~". In the summer seasons, the model overestimates the averaged
average seasonal wind speeds wind speeds by 0.1-0.2 ms" in the evening and night hours, while in the rest of the day, it

underestimates them by 0.1-0.8 ms~".

3.2 Spatial distributions of seasonal PM5 5

Before describing the impacts and contributions during the winter and summer seasons, we consider it appropriate to describe
the spatial distributions of the modeled seasonal concentrations of PMs 5 in the base simulations of the SOAP and VBS exper-
iment during the respective seasons. Because the corresponding distributions in the base simulation of the PSAT experiment
are almost identical to those in the base simulation of the SOAP experiment, it is not necessary to describe them explicitly.

Figure 5 depicts the above distributions in both base simulations and the difference (VBS - SOAP) between them. In both

simulations, the average seasonal PMs 5 concentrations in the winter seasons are ;-exeept-forseveral-areasin-the-Alps;con-

sistently higher than those in the summer :-the-domain-average-(maximum)-seasons, except for several areas in the Alps. The
domain average of their ratio (winter to summer) is 4.2 {9-6)-when using the SOAP scheme and 3.7 ¢9-6)-when using the VBS

scheme.
In the base simulation of the SOAP experiment, the average concentrations during the winter seasons range from 1 to 35

pem—3ug m 3 (Fig. 5a);-with-the-lowest-vatuest, The lowest values, reaching up to 3 pem—3 }eec—uﬁmgwm the
hlghest areas of the Alps. On the

other hand, the Po Valle
in Italy, most of Czechia (especially lowland and highly urbanized areas)exceptfor-the-border-mountain-areas, some areas in

southern and central Poland, some areas in the northern, southern, and central parts of the Pannonian Basin, and the area-of

eentral-Sloventa—central Slovenia area are the regions with the most pronounced PM ollution. On most of the territory of
3

the Po Valley, the average concentrations exceed 20 ug m >, and they exceed 14 ug m—2 in other regions mentioned above.

The distribution of the average seasonal PMs 5 concentrations during the winter seasons in the base simulation of the VBS

experiment (Fig. 5c), which range from 1 to 45 pem=2 ugm 3, is similar in its main features to that in the base simulation

of the SOAP experiment. However, they-these two distributions differ quantitatively in that the seasonal concentrations in the
base simulation of the VBS experiment are higher in all afeas—ef—fheflemaiﬁm (Fig. 56). Mereover-the-differenees

pgm—ﬁﬂwe%ﬂwFurthermore these differences generally increase when approaching the regions correspondlng to the
most polluted regions in the base simulation of the SOAP experiment, which-we-mentioned-abovereaching up to 14 ygm 2 in

the Po Valley.
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The-During the summer seasons, the average seasonal PM5 5 concentrations in the base simulation of the SOAP experiment
duringthe summerseasensreach up to 8 pem—=2 ugm~>but mostly do not exceed 3 pem== ug m—>(Fig. 5b). The lowest
values¢, reaching up to 1 pem—>)-arereached-ug m >, occur in the Alps and the central region of Slovakia. On-the-eontraryln
contrast, higher values(in-the-range-of 4—8-pgm—3)-are-achieved-, ranging from 4 to 8 ygm 3, are observed mainly in the

Po Valley, in-the southern area of the Pannonian Basin, in-Silesta-in-Silesia, Prague, and in-the southern and western regions
of Germany. The corresponding average seasonal concentrations in the base simulation of the VBS experiment reach up to
10 pgm—2 pg m ™ >but mostly do not exceed 4 pem—> ug m—>(Fig. 5d). Compared to the average seasonal concentrations in
the base simulation of the SOAP experiment, they aref, analogously to the winter seasons)-, higher in all areas-of-the-domain
domain areas (Fig. 5f);-with-the-. The most pronounced differences tbetween them, exceeding 1 pem—=)-oceurringugm 3,

occur in the regions of the Po Valley, Silesia, and southern, central, and western Germany.

3.3 Spatial distributions of impacts and contributions

Here—we-present-The following section highlights the most important results related-pertaining to the spatial distributions
of the average seasonal impacts of emissions on PMj 5 concentration {and-subsequently-also-on-its—secondarycomponents:
ammentam—(PNH ) nitrate (PNO);—sulfate (PSOand-SOA)-in both sensitivity experiments;-as-weH-as-those—conneeted

with—, It also includes information on the spatial distributions of the average seasonal contributions of emissions to PMs 5

concentration and-its-seeondary-components)-in the PSAT experiment —The-main-differenees-arising-and presents the main
differences that arise from using both studied conceptsare-also-presented—. Additionally, it provides a similar analysis for

PNH,, PNO3, PSOy4, and SOA.

331 PMy s

Figure 22-6 depicts the spatial distributions of the average seasonal absolute impacts of emissions from individual GNFR

sectors on PMy 5 concentration during the winter and summer seasons in the SOAP experiment. The corresponding spatial

distributions of the-their average seasonal relative impacts are captured in Fig. St—The-sectors—with-the-highest-abselute

mpacts-over-the-domain-(in-terms-of-their-averages-across-the-domain)include-se S3. During the winter seasons (Figs.
6a and S3a), emissions from other stationary combustion); I, agriculture-livestock); F-(road-transport); 1=, road transport,
agriculture—other); i sl 5 i average-impaets-, and industrial sources have the highest domain-wide

absolute seasonal impacts on PMs 5 concentration, reaching values of 3.4, 2.9, 1.4, 1.1, and 0.6 pem—3 pg m ™3, respectively.
Emissions from other stationary combustion have the most significant average seasonal absolute impaet-impacts in the areas
with the most pronounced PM 5 pollutionsa-whieh-it-mestly-exeeeds-, In such areas, these impacts mostly exceed 6 frgm—2
fugm 3 and reach up to 18 ug m~?in some localities of the Po Valley, itreachesup-to—+8-pem—=) representing 40-60 %
of the average seasonal PM, 5 concentrations i $easons. 5 s, theiri i

. In other areas, they range between 1-6 gem—=-+ugm ", except for the highest areas of the Alps, where they are generally

below 1 -pem—2)-while the-areas-with-the ug m 2. The areas with these impacts between 4—6 pgm—>-are-concentrated-mainly
ugm > are mainly located in the peripheral areas of the Pannonian Basin and en-most of the territory of Poland. Emissions
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from agriculture-livestock eause-give rise to the average seasonal absolute impacts of 2—4 ptgm—eﬂmest—eﬁwgsm
parts of the domain, except for the teri o-Po Valley.
and central Poland area, where these impacts can go up to 8
€up-to-and 6 w%%wmwmwm
relatively lower in the Alps and central Slovakia }-Fhereforeregion, with a maximum of 2 ug m 3, Overall, the average seasonal
absolute impacts of emissions from this sector dominate most of the territory of Germany, Switzerland, and the mountain areas
of Austria, representing 25-50 % of the seasonal PM; 5 concentration in these areasduring-the-winterseasons—The-. Except
for higher-lying areas of the domain, the average seasonal absolute impacts caused by read-transpert-emissions;-exeeptfor

higher-lyingareas-of the- domain-emissions from road transport range between 1-6 prem—2and-pug m >, with values between
4-6 pem—>-are-ugm 3 being reached only in the Po Valley’s central area and Prague. The corresponding average seasonal

relative impacts lie mostly between 10-25 %, with higher values occurring especially in the western half of the domain. The
last two sectors whose emissions cause the average seasonal absolute impacts higher than lpgm—=2 ug m 3, at least in specific

domain locations, are s

sources and shipping. The average seasonal absolute impacts caused by emissions from other sectors(ineluding-seetor-G-,
including shipping for most of the domain}-, are either small (mostly up to 0.5gem—= ug m~?) or negligible over most of the

domain(sectors D-and-H).
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During the summer seasons (Figs. 6b and S3b) emissions from agriculture—livestock, road transport,industrial sourcesthe
565 values of 0.46, 0.45, 0.34, 0.29, and

m 3, respectively. Moreover, these
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are the only anthropogenic emissions whose average seasonal impacts exceeding-in the summer seasons exceed 0.5pem—2
ugm_*in larger areas of the domain (and-and are even higher than 1.5 pem=2 ug m3in its specific smaller locations)—. The

location of these areas is strongly dependent on the emission sector. In the case of seetor¥agriculture—livestock, these areas

occur in most of the territory of Germany(in-its-northwestern-part-the-average-seasonal-abselute-impa At

ptgrﬁi),—'ﬂr, _some alpine localities of Switzerland and Austria, furtherin-the areas of the Po Valley(in-its-eentral-area;, and in
the areas of central and eastern Poland, but the average seasonal absolute impacts alse-range between 1-2 perm—3)-and-in-the

areas-ofcentral-and-eastern Polandug m 3 only in northwestern Germany and the central area of the Po Valley. In connection

with seetor-Froad transport, they are located in the Po Valley (in-its-central-area-the-average-seasonal-absolute-impactsrange

from——2-pem—)-and on a vast area covering almost all of Germany(exeept-its—northeastern—territory), northern areas of
Switzerland and Austria, western Slovakia, the €zech-Republie-Czechia, and the southern and central regions of Poland¢in-the

but the average seasonal absolute impacts range between 1-2 ue m—2 only in the central area of the Po Valley, the regions of
southern Germanyas-welt-as-in-, the regions of the-Czech-Republie-Czechia with high road traffic, the-average-seasonal-absolute
impactsreach+—1-5pem—"whilein-expect Prague and its surroundings

‘where they reach 1.5-2.5 gem=2)ug m 3. In the case
of 6

industrial sources, these areas occur
mainly in western, southern, and eastern Germany, in-the Po Valley, in-central and southern Poland, in-eastern Bohemia, and
Serbia. FurthermereMoreover, in some regions of southern Poland and Serbia, these-their average seasonal absolute impacts
reach 2-3 pem—= ug m 3, representing the highest average seasonal absolute impacts during the summer seasons in the SOAP
experiment. Concerning seetor-Cother stationary combustion, these areas are located in the Pannonian Basin and the Po Valley,
but only in the central areas of the Po Valley, the average seasonal absolute impacts range between 1-2 ggm—jug m >, With
regard to seetor-Gshipping, they are located in the Gulf of Venice and the southern and northwestern regions of Germany¢, but
only in the coastal areas of northwestern Germany, the average seasonal absolute impacts range between 1-2 pem—>)jug m 3.
Finally, the average seasonal absolute impacts caused by emissions from other sectors are either negligible over most of the
territory-of Central-Burope(seetors-D-and-H)-Central Europe or range over it mostly between 0.05-0.5 pgm—= gg}vnv:f

The spatial distributions of the average seasonal absolute {(relative)-impacts of emissions from individual GNFR sectors on

PM; 5 concentration during the winter and summer seasons in the VBS experiment are #ustrated-shown in Fig. S8+(59)S4,

while the corresponding spatial distributions of their average seasonal relative impacts are depicted in Fig. S5. As in the

SOAP experiment, the sectors with the highest domain-wide average of the average seasonal absolute impacts during the
-3

—3), agriculture-livestock (2.9 road

transport (1.7 pgm™?), agriculture—other (1.1 ugm~?), and industrial sources (0.6 ugm 7). Here, specificatty-in Fig. 227,
we present the spatial distributions of the differences between the average seasonal absolute impacts on the-conecentration-of
PM; 5 concentration in the VBS and SOAP experiments during the summer-seasons—Theyshow-that-using-the-winter and
summer seasons to demonstrate the impact of the mutual use of the 1.5-D VBS scheme (together-with-and the chosen S/IVOCs
parametrizations )-euring-on the average seasonal absolute impacts. Regarding the winter seasons, Fig. 7a shows that it is
mainly manifested by an increase in the average seasonal impacts of emissions from other stationary combustion in the areas
with the most significant PMy 5 pollution mentioned above, ranging between 1-12 pgm™? in the Po Valley and mostly between

winter seasons in this experiment are other stationary combustion (4.2
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1-4 ygm—? in the rest of these areas. Also, this figure reveals that road transport is the only one of the other sectors whose

emissions increase the average seasonal impact on PMs = concentration in the VBS experiment by at least 0.5 ug m~? in some

larger areas. These areas include mainly the Po Valley, where the increase reaches up to 4 ugm >, as well as parts of southern

605 and western Germany, parts of central Hungary, and parts of southern and central Poland, At the same time, it can be seen that
the differences between the average seasonal impacts for the remaining sectors are either small (up to 0.5 pgm_? in absolute
value) or negligible.

Regarding the summer seasons, Fig. 7b indicates that such mutual usage of the 1.5-D VBS scheme and the chosen S/IVOCs

parametrizations is mainly associated with an increase in the average seasonal absolute impacts of emissions from road trans-
610 port {seetorF)-in the range of 0.1-2.25 pem—2 pem 3over the entire domainf, while the increases exceeding 0.75 pem—=
ugm_>occur in southern Poland, roughly in the southern half of Germany, in the north Switzerland and the Po Valley). In
addition, it reveals that the average seasonal absolute impacts increase by at least 0.25 pgm—> pg m ™~ “only for emissions from
seetor-Cother stationary combustion, specifically in the central areas of the Po Valley, where they range-between0:25-6-75
@memwmm
615 emissions from the remaining sectors are either smaller than 0.25 =
Hrugm”?, especially for those from other stationary combustion, solvents, shipping, and waste, or negligible.

The spatial distributions of the average seasonal absolute (relative)-contributions of emissions from individual categories

all GNFR sectors, biogenic emissions, initial and boundary conditions) to PMs 5 concentration durmg the winter and summer

seasons in the PSAT experiment are illustrated in Fig. 22

620

-8, while the corresponding spatial distributions of their average
seasonal relative contributions are depicted in Fig. S6. During the winter seasons (Figs. 8a and S6a), emissions from other
stationary combustion, boundary _conditions, road transport, agriculturelivestock, industrial sources, and agriculture—other
produce the highest domain-wide absolute seasonal contributions to PM 5 concentration, reaching values of 3.2, 2.1, 1.4, 0.9,
0.6, and 0.5 ugm ", respectively. The average seasonal contributions of emissions from boundary conditions range between

625 2-3 pgm_? in the lower-lying areas of the domain, representing 7.5-30 % of the average seasonal concentration of PMy 5. At
the same time, these contributions range between 0.5-2 pg m~* in the higher-lying areas of the domain, representing 25-50 %
of the average seasonal concentration of PM 5. Comparison of the above-mentioned averages for other stationary combustion,
road transport, and industrial sources with their corresponding domain-wide averages of the average seasonal impacts in the

SOAP experiment, indicating their similarity for other stationary combustion and equality for road transport and industrial

630 sources, is consistent with the striking similarity between the distributions of the average seasonal absolute contributions (Fig.

8a) and the distributions of the average seasonal absolute impacts in the SOAP experiment (Fig. 6a) for these sectors. The

same comparison for agriculture_livestock and agriculturelivestock, indicating notable differences in their averages, reflects
the difference in their corresponding distributions in the PSAT and SOAP experiments, as described in more detail below.
During the summer seasons (Figs. 8b and S6b), emissions from biogenic sources, road transport, industrial sources, boundary
635 conditions, and other stationary combustion produce the highest domain-wide absolute seasonal contributions to PMy 5 concentration,
reaching values of 0.57 pem=3)seetorF<, 0.31 pem—3)seetor B, 0.28 pem=3)boundaryconditions<, 0.27pem=>)and
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5 , and 0.25 pem—3ue m 3, respectively. Except for the northern, marine, and highest parts of the domain, the av-
erage seasonal contributions of biogenic emissions lie most often between 0.5-1.5 gem=3+ug m 3, with the highest values
being reached in the northwestern region of the Balkan Peninsula),representing-. These contributions represent 10-55 % of
640 the seasonal concentration of PMs 5. The average seasonal contributions of emissions from boundary conditions reach 0.05-1

pem—3uem 3, with a certain gradient in the northwest direction);-whieh-makes-. Thus, these contributions make up 2.5-30

% of the seasonal concentration of PMs 5¢, with the highest values reached in the Alpine regions)-The-.
To quantify the mentioned similarities/differences between the SOAP and PSAT experiments more closely, we plotted the

distributions of the average seasonal-contributions-of emissions fromsectors D, E. H.and Jto PMs 5 concentration practica
645 donetdifferfromtheircorresponding-distribution-oef-difference between the average seasonal impacts in the SOAP experiment

and the average seasonal impactsii-the-SOAP-experiment-contributions in the PSAT experiment for the individual sectors
during the winter and summer seasons in Fig. S7. During the winter seasons (Fig. Sth):-in-the-ease-of sectors A B €%
and-b;-the-S7a), the investigated differences are the most pronounced for agriculture-livestock, especially in the lower-lying.
areas of the domain, where they range between 1.5-4.5 ugm~?. Agriculture—other is the only remaining sector for which these
650 differences exceed | pgm™~?, at least on parts of the domain. In the case of other stationary combustion and road transport, they.
are either negative or positive, depending on the location. The differences for solvents are positive and usually reach up to 0.5
ugm_?, butlocally up to I ugm_?. For the remaining sectors, the differences are either negligible or slightly negative. During
the summer seasons (Fig. S7b), these differences |

655 K -the-differences-between-these-distributions-are more pronounced (for shipping, road transport, and agriculture-livestock
reaching up to 0.5, 0.75, and 1.25 pem—3 respeetivelyyug m >, respectively, especially in the above-mentioned locations,
where-in_which the average seasonal impacts in the SOAP experiment exceed 0.5 pem—3Finatly—the-comparison—of-the
ugm =, For power plants, industrial sources, other stationary combustion, off-road, and agricultureother, these differences

are usually small, the most common to 0.1-0.2 —3_ For the remaining sectors (fugitives, solvents, aviation, and waste)

660 they are negligible. Moreover, when comparing the distributions of the differences between the average seasonal impacts and
contributions during the winter and summer seasons for PM, 5 (Fig. SHS7) with their counterparts constructed for secondary
evident that all the above-described differences for PM, 5 are essentialty-given-by-the-almost exclusively the result of the sum
of the contributions formed by the analogous differences for the individual secondary-aeresel-components—SA components,

665 e.i., for PNHy, PNO3, PSOq. and SOA. For all the sectors, the differences between these distributions for PMs 5 and those
for SA do not exceed 0.05 pgm~? in absolute value, with a few exceptions (not shown). In other words, this means that the
impacts and contributions are the same for the primary non-reactive components, as expected.

3.3.2 Secondary aerosol species

This subsection first deals with the average seasonal contributions of emissions to the individual eempenents-of-the-secondary
670 aeresetSA components and then their comparison with their corresponding average seasonal impacts-of emissions-on-thememission
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impacts. We choose this reverse order here to show, in addition to the seasonal contributions themselves, which of the analyzed
emission categories emit the precursor(s) of the given secondary aerosol components, which is directly visible from the sea-
sonal contributions since the PSAT tool is constructed in such a way that each secondary aerosol species is linked only to its
direct primary precursor(s), i.e., PNHy is linked only to NH3, PNO3 to NOy, PSO4 to SO2, and SOA to (hVOE€s-VYOCs and
IVOC:s (Koo et al., 2009; Burr and Zhang, 2011a). At the same time, because the average seasonal impacts on all the inorganic
secondary components in the SOAP experiment are almost identical to their counterparts in the VBS experiment (not shown),
only those from the SOAP experiment are presented below.

Figure 9 shows that ammonia emissions from seetors-K-and--agriculture—livestock and agriculture—other contribute the most
to the average seasonal concentration of PNH, in both seasons:-, During the winter seasons, the average seasonal absolute con-
tributions of emissions from %%KWW in the Po Valley reach up to 3 qugm—)ggvvw while in the rest
of the domain up to 0.75-1.25 pem=

ugm 3. The average seasonal absolute contributions of emissions from seetert-agriculture—other usually reach 0.5-1 pem—2;

&)-ug m 2. During the summer seasons, the
average seasonal absolute contributions of emissions from seeterK-agriculture—livestock most often range between 0.05-0.7
pem—-ug m_°, with values exceeding 0.3 gm—>jug m~>in southern Germany, in the Po Valley, and especially in the north-
western part of Germany);-thus-tepresenting 2—16-%-of the-seasonal PMyconecentration(Fig—512b):-the-, The average seasonal
absolute contributions of emissions from seetert-agriculture—other reach values between 0.05-0. ungm—)E&MN roughly in

the northern half of the domain

. The average
seasonal absolute contributions from the other sectors emitting ammonia are usually smaller(espeetally-forsectors B-C D
and-J-, especially for industrial sources, other stationary combustion, fugitives, road transport, and waste in winter seasons)-,
or negligible.

As for PNOs, Fig. 10 indicates that during both seasons, NOx emissions from boundary conditions contribute the most to
its average seasonal concentration over the entire domain, except for the areas in the Po Valley (in the summer seasons also
excluding the area of southern Germany):their-, Their average seasonal absolute contributions during the winter seasons reach

in the lower-lying émgher-lrymg%areas of the domain 2-3 pgm—2(ug m 3, while in the higher-lying areas, they range between
0.5-2 pe

During the summer seasons, these contributions mostly range between 0.05-1 ptgm—ﬂigvglwwwnh values exceeding 0.4
perm—3ug m~>mainly in the northwestern half of Germany?; i i

$13b)—._When comparing these results with their counterparts for PMs 5, which we mentioned above, it is evident that those
specific contributions to PMj 5 are formed almost exclusively by PNO3 during both seasons. Further, NOy emissions from road
transport{seeterF), the second largest contributor to the average seasonal PNOj3 concentration over most of the domain in both
seasons, are its largest contributor in the central area of the Po Valley during both seasons and in southern Germany during the
summer seasons. While their average seasonal contributions range between 3-4 pgm="4ugm "> and 0.4-0.8 pgm="yugm >

in the central area of the Po Valley during the winter {summer-)-seasons)-and-and summer seasons, respectively, they reach up to
0.6 ug m—? in the area of southern Germany during the summer seasonsfap-te-0-6-pem—2)-The-. Other stationary combustion
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is_the last sector whose NOy emissions contribute to the average seasonal PNO3 concentration during the winter {sumsaer)

seasons of more than 1.5 ﬁgmi@%ﬂgm_—s)ﬂﬁeete%%}m, namely in the central area of the Po Valley{. At the
same time, shipping is the last sector whose NO, emissions contribute to the average seasonal PNO3 concentration durin,
the summer seasons of more than 0.2 pg m >, namely in northwestern Germany?). The remaining sectors emitting NO,f, i.e.,

seetorsABJFand-I)power plants, industrial sources, off-road, waste, and agriculture—other, as well as sectorsC-and-G

other stationary combustion and shipping in cases different from those previously mentioned, contribute to the seasonal PNOg

—3 —3\ .

concentration less r negligible.
Figure 11a reveals that SO, emissions from seeter-C-other stationary combustion usually contribute the most to the average

seasonal concentration of PSOy in the winter seasons, especially in the eastern half of the domain, where their average seasonal

absolute contributions reach 0.4—1.5 pe —Fepresenting4 Jo-of-the-seasonal PMo—econcentrationFre-SHa)yIndustria

s s m 3, Industrial sources, power plants{seetor4), and shipping {seetor-G)-are the remaining sectors whose

SO, emissions in selected domain locations contribute to the average seasonal PSO4 concentration in the winter seasons

between 0.1-0.2 pem—3ug m . At the same time, as can be seen in Fig. 11b, these are the only three sectors whose SOs
emissions in the selected locations of the domain ferseetorsB-and-As-they-areloecated-contribute to the average seasonal

concentration of PSO,4 up to 0.3-0.6 m > in the summer seasons. In the case of industrial sources and power plants

these locations are mainly in Poland and Germany;-while-forseetor-G-. Concerning shipping, they are in the Gulf of Venice
. : : =3

and Genoa, Italy) contribute to-the average seasonal-concentration of PSOin-the summer seasonsup-1o-0.3-0.6 ¢

5

Regarding SOA, Fig. 12a shows that thVOE-emissionsfrom—seetor€-VOCs and IVOCs emissions from other stationary
combustion contribute on average the most to the average seasonal concentration of SOA in the winter seasons, with their
average seasonal absolute contributions reaching up to 0.4 —erm—3ug m >in the southeastern quarter of the domain and up
to 0.8-pem=3pug m3in the Po Valley;representing+—3-%of the-seasonal PM,coneentration(Fig—S+5a)—, It is also seen
that the average seasonal absolute contributions to SOA concentration from the remaining contributing categoriest, i.e., from
seetorsE;F-Lsolvents, road transport, agriculture—other, biogenic emissions, and boundary conditions)-, reach up to 0.1-0.2
pem—3ug mor are negligible. Further, Fig. 12b reveals that biogenic VOC emissions contribute the most to the average
seasonal SOA concentration in the summer seasons:-their-, Their average seasonal absolute contributions range between 0.2—
1.75 —pem=3~ugm >, with the highest values reached in the northwestern region of the Balkan Peninsula);representing
10-55-%ofthe-seasonal-PMys—concentration(Fig—S15b)—. Again, when comparing these results with their counterparts
for PM5 5 mentioned above, it is apparent that those specific contributions to PMs 5 during the summer seasons are formed
almost exclusively by SOA. Finally, it is also seen that the average seasonal absolute contributions to SOA concentration

from the remaining contributing categoriest, i.e., from seetors-C;-E;F-1-FI5Tother stationary combustion, solvents, road

transport, off-road, waste, agriculture—livestock, agriculture—other, and boundary conditions)-, either reach up to 0.1-0.4
pem—3ug m—>or are negligible.
In order to compare the given average seasonal absolute contributions to the individual secondary aerosol components (Figs.

9-12) with the corresponding average seasonal absolute impacts of emissions on them in the SOAP experiment, we depict
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these impacts on PNH4, PNO3, PSOy4, and SOA during both seasons in Figs. 2213—2?16. Overall, their mutual comparisons
indicate that: (1) for sectors that directly emit the precursor(s) of the given secondary component, the distributions of the
average seasonal absolute contributions and impacts differ more or less from case to case; (2) the average seasonal absolute
impacts of emissions on the given secondary component acquire non-zero valaes—and in some cases relatively high or even
745  the highest »-values even for sectors that do not directly emit its precursor(s) but do emit other precursors that can influence its
concentration through the so-called indirect effects, which we deal with in more detail in the discussion. To be precise here,
these effects also apply in case (1) if the respective sectors also emit other precursors that can affect the concentration of the
respective secondary component.
More specifically, in the case of this comparison for PNH, (Fig. 9 against Fig. 2213), it can be seen that for seetorsK-and
750 Eagriculture—livestock and agriculture—other, the average seasonal absolute impacts over the entire domain are always smaller
than the average seasonal absolute contributions in both seasonst. Concretely, in the lower areas of the domainfer-seetor i,

they are smaller up to 0.5-1.5 pem—3-(ug m 2 and 0.1-0.5 pem—3)pug m 3 for agriculture-livestock in the winter {summer)
seasons; forseetor L-usualty-and summer seasons, respectively. At the same time, they are usually smaller up to 0.5 pem=3+and

0.1 pem=3) ~3) for agriculture—other in the winter (summer)-seasonsyand summer seasons, respectively. On the other
755 hand, duri -mainly for

road transport and other stationary combustion, the average seasonal absolute impacts are more or less higher than the average

seasonal absolute contributions --while-during the winter seasons, with the highest differences eceurfor-both-seetors-occurring
in the central area of the Po Valley, where they reach up to 1 and 0.7 pem—=2ug m >, respectively. The same is true ;espeeiaty
forseetorsA; B F-and-G-mainly for power plants, industrial sources, road transport, and shipping during the summer seasons

760 when these differences reach up to 0.2 pgm—2pg m>for the first two sectors and up to 0.3 -pem—>pg m_>for the second
two sectors.

The analogous comparison for PNO3 (Fig. 10 against Fig. 2?14) reveals that the overall highest differences between
the average seasonal absolute impacts and contributions during both seasons are associated with emissions from seetorJ
fagriculture-livestock, whose average seasonal absolute contributions to PNOj are 0 pem—=-as-seetor K-ug m > as agriculture-livestock

765 does not emit NO %%%ﬁ&mew%%he winter seasonsup%e%éﬂtgm—émfh—lewe%v&}ues—ﬁp%e%
» the range of these differences is
MW%\W%OW 3 ﬁwﬁl—feaehedﬁwﬁwﬂfea&eﬁﬂﬂe%ey%mm
in_the Po Valley and lower values (up to 2 pgm~*) observed in higher-lying locations. In the summer seasonsup-te-, the

differences are less pronounced, ranging from 0.1 —-25-pem—>(with-the-highest-valuesreached-to 1,25 ygm 3 The highest
770 values are observed in the Po Valley and the northwestern region of Germanyy. Furthermore, éufmgbeﬂfseaseﬂs,‘there are

also more pronounced differences between them-for-sectort-the average seasonal absolute for agriculture—other, reaching up

to 1-1.5 =3¢ugm 3 in the winter seasons and up to 0.1-0.25 pem—3)-inthe-winter(summer)-ug m > in the summer
seasons. At the same time, itis-seen-thatthese differences for the-sectors-A;B-C,FE-Gandtpower plants, industrial sources

other stationary combustion, road transport, shipping, and off-road are usually small in-therange-between—0-1—0:5-pgm—2
775 {0:05-025-pem—3)-during the-winter(summer)-seasons)-and mostly negative in the winter seasons(exeept-for-the-mostpart-in

23



780

785

790

795

800

805

, whereas they are mostly positive in the summer

seasons.

Further, the same type of comparison for PSO4 (Fig. 11 against Fig. 2215) shows that during both seasons, the highest
differences between the average seasonal absolute impacts and contributions are again related to emissions from seetorsK-and
E-agriculture-livestock and agriculture—other, whose average seasonal absolute contributions to PSOy are 0 pem—2pugm 3
in both cases since none of them emits SO9):these-. These differences are most pronounced in the eastern half of the domain
(in the case of seeterK-agriculture-livestock also in some areas of Germany), where they locally reach up to 0.3-0.8 pem—=
{WIWMWWWMQWO.Z—O.S pgm%ﬁr&wmmmer—}mmlwswm seasons. In addition,
it can be seen that for seetors-A;B;-and-C-power plants, industrial sources, and other stationary combustion (i.e., for sectors

that directly emit SO-), the average seasonal absolute impacts are smaller than the average seasonal absolute contributions;

espectally-in-the regions-in-the-eastern-half-of the-domain-. This is especially noticeable in the eastern regions (up to 0.25-0.5

pem—3ug m~? ) during the winter seasons. Concerning the average seasonal absolute impacts-of emissions-emission impacts
on PSO4 concentration themselves, it is worth mentioning an interesting case in which the reduction of emissions from road

transport during the winter seasons {seetorF-in—Fig—2??a)-causes an increase in the average seasonal PSO, concentration,
especially over the territory of Poland, by values that exceed its concentration in the base simulation by up to 0.5 pem—2-
Next, the analogous comparison for SOA (Fig. 12 against Fig. 2216) demonstrates that during-both-seasons;-the differences
between the average seasonal absolute impacts and contributions during both seasons are usually small (maximally up to £ 0.1
pem—pgm 2 ), except for ig
seas ‘ ibutions_those produced by VOCs and IVOCs emissions from road transport. For them, these
differences reach up to & 0.5 pgm %, with negative values in the areas of the Po Valley ¢during the winter seasons and positive
values in scattered areas around the Alps )-during-winter(summer)-seasonsup—to-0-5-pem—during the summer seasons.

Similarly, it is worth mentioning here another interesting case in which the reduction of emissions from road transport during

the winter seasons {sectorFinFig—2?)-causes an increase in the average seasonal SOA concentration in the Po Valley by values
that exceed its concentration in the base simulation by up to 0.5 == pem 3 (Fig. 16a).

Finally, the comparison of the average seasonal absolute impacts of emissions on SOA in the VBS and SOAP experiments
(Fig. 22-17 against Fig. 2216) points that the most substantial differences between them eeeur-are induced by emissions from
other stationary combustion and road transport in the winter seasonsfer-emissions-from-seetors-C-and-F, while in the summer
seasonsmaity -+ issions s %, they are caused mainly by emissions from road transport. Specifically, in-the
ease-of seetor-Cfor other stationary combustion in the winter seasons, these differences in-the-winterseasons-are particularly
pronounced in most of the territory of the-Czeeh-RepublieCzechia, in the Pannonian Basin and its surroundingst, where they
reach up to 0.8-1.5 pem—2) pem3; however, the highest valuest, up to 3.5 pem—2)ugm >, they reach in the Po Valley.
In-the-case-of sector F-these-differeneesTor road transport during the winter seasons, these differences are most pronounced
in the Po Valley, where the negative impact on SOA (described above) deepens to values up to -2 em—>ugm > . On the
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other hand, during the summer seasons, these differences for emissions from seetorF-road transport reach values up to 1.25
pem—3ug m~? in the Po Valley, while in the rest of the domain, they reach values mostly up to 0.5-0.75 pem—=2ugm =3 .

3.4 Impacts and contributions in the selected cities

Finally, in this subsection, we present the results connected with assessing the average daily eontributions-of-emissions-emission
contributions to PMj 5 concentration in the studied cities and those associated with evaluating the average daily impaets
of-emissions-emission impacts on PMj 5 concentration in them-within—theframewerk—ef-the cities within both sensitivity

experiments. Specifically, we focus on describing (1) the sectors whose emissions cause the highest average daily contribu-

tionstimpaets)-and-/impacts, which can be seen from Fig. 18-20, and (2) the highest averages of these contributionsimpaets—

/impacts in the winter and summer seasons, which are provided in Tables S5-S10.
Figure 18 captures the temporal evolution of the average daily absolute contributions of emissions from all the investigated

categories to the concentration of PMs 5 in the studied cities within the PSAT experiment. It can be seen that the sums of the
average daily absolute contributions from all eategories<the categories, representing average daily PM; 5 concentrationsy)-, are
on average higher or even the highest in the late autumn, winter, and early spring months and, conversely, the lowest in the
summer months, which is consistent with the annual cycles of average monthly PMs 5 concentrations in the cities described
during the validation. The highest average daily PM 5 concentrations were reached in Munich (36.4 pgm—>2ugm? ), Berlin
(41.9 pem=3ugm "3 ), Vienna (42.2 -pem—3ug m > ), and Prague (59.1 em—=pgm > ) during episodes of elevated PM3 5
levels in February 2018, while in Budapest (55.5 -pem—=pgm 3 ) and Warsaw (59.7 -pem—=pg m 3 ) during such episodes
in December 2018. In contrast, during-the-summer-months;—the-the average daily PMs 5 concentrations during the summer
months rarely exceed 5 ugm—? in Berlin, Budapest, and Vienna ¢and 7.5 pgm * in Munich, Warsaw, and Prague)-rarely
exeeed-the-value-of 5pem—>(75pgm—>). As for the highest contributions to the average daily PMs 5 concentration, it is

seen that they generally occur during the episodes of elevated PMs 5 levels in all the studied cities, especially in the winter

months. Moreover, except for Munich, the maximum-highest average daily contributions are caused by emissions from seeter

Cwhile-in-Berlin, Vienna-Warsaw; Prague;-and-Budapestother stationary combustion. These contributions reach up to 11, 15,
26, 27.5, and 30 pgmi m~—? in Berlin, Vienna, Warsaw, Prague, and Budapest, respectively. In Munich, where-emissions

6110 —3 ~'£L19V

highest average daily contributions, which reach up to 8.9 pgm™?, are caused by emissions from seetorF-(reaching-up-to
8-9-pgm—"which-in-othereities-can-eause-road transport, while emissions from other stationary combustion can produce
the second highest contributions ¢inPraguereaching—up-to-there. These contributions reach up to 8.6 ugm 3. Emissions
from road transport are the second largest contributor in all the other cities studied except Munich. Their contributions reach
up 1o 16 pem="-while-in-other-cities-up-to-ugm " in Prague and up to 8-10.5 pm=")—TFhe-third-highestugm " in the
other cities. The third highest contributions, which exeeeds-exceed 5 em—=pgm 3 , are produced by emissions from seetor
E-agriculture—other in Berlin, Munich, Vienna, and Prague, while in-Budapest(Warsaw);-they are caused by seetorK~AB)

emissions-emissions from agriculture-livestock in Budapest and by emissions from industrial sources in Warsaw. Regarding

the seasonal averages of the average daily absolutetretative—-/relative contributions to PMj 5 concentration for the winter
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seasons, Tables S1—56-S5-S10 show that: (1) in all the cities, the three highest ones are caused by emissions from seeters

C-and-F-and-boundary-conditionsBE&)other stationary combustion, road transport, and boundary conditions; (2) the hlghest
ones are caused by emissions from BE-boundary conditions in Berlin and Munich s = :
%&ﬁgm—(%é—f'}%}% while in other cities, they are generated by emissions from seete%%%eﬂﬂaﬁyi)%ﬂwm—(%@%%

other stationary combustion.
Concerning the similar seasonal averages for the summer seasons, the mentioned tables show that among the three highest

are those caused by emissions from seetors B+ -and-C-industrial sources, road transport, other stationary combustion, or
biogenic emissions, depending on the specific city. At the same time, it can be seen that, except for the seasonal average caused
by emissions from seetorF-inPrague(+-58pem—3(407%)road transport in Prague, they do not exceed the-vatue-of-1
pem=>(ugm "> and 30 %), respectively.

The temporal evolution of the average daily absolute impacts of emissions from individual GNFR sectors on the concen-
tration of PMjy 5 in the studied cities within the SOAP experiment is shown in Fig. 19. When comparing it with Fig. 18, it
can be seen that the sums of the average daily impacts in each of the cities almost copy the temporal evolution of the sums
of the average daily contributions(the-. The Pearson correlation coefficient between them reaches a minimum value of 0.97
in all the cities). The total differences between the average daily impacts from the SOAP experiment and the average daily
contributions from the PSAT experiment caused by emissions from all the anthropogenic sources (i.e., in the sense of the
sum of these differences from all the anthropogenic sources) which;-with-afew-exceptions;-are-are almost always positive
throughout both years in all the studied cities (Fig. $+6);-59). Moreover, these differences acquire the highest values during
the autumn and winter months -when they reach MMWH Vienna, Berlin, Budapest,

Warsaw, Prague and Mumchup%e%—}kék

ig-respectively. At the same
time, Fig. 89 demonstrates that these differences are mainly caused by emissions from agriculture_livestock. Figure 19 further
reveals that Wmm three sectors whose emissions cause
the highest daily impacts in Berlin, Munich, and Prague

£, while other stationary combustion, agriculturelivestock and agriculture—other are such sectors in Budapest, Vienna, and
Warsaw. At the same time, the maximumr-highest average daily impacts are caused by emissions from seetor K-in-Bertin(where
ther-com agtculure Jivssiock in Berlin and Monish, whish ey each p o 17.3 g2y and-Munieh-(and 19.7 gm=2),

W 1) Prague(20-7 pem—"ug m %, respectively. On the other hand, the highest
average daily impacts are produced by emissions from other stationary combustion in Vienna, Warsaw, Prague, and Budapestf,

In connection with the seasonal averages of the average daily absolutetretative-)-/relative impacts on PM» 5 concentration for

the winter seasons, Tables S1—-56-S5-S10 reveal that: (1) in all the cities, the three highest ones are caused by emissions from

seetors-CK5-and-Fother stationary combustion, agriculture—livestock and road transport; (2) the hlghest ones are caused by
emissions from K-agriculture-livestock in Berlin and Munich: i :

while-in-, while in the other cities, they are produced by emissions from
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-pother stationary combustion. As regards
the seasonal averages of the average daily absolute(relative-)-/relative impacts for the summer seasons, Tables S1—-56-55-S10

show that among the three highest are those caused by emissions from sectors B;--F-K;-and-Cindustrial sources, road transport
agriculture—livestock, and other stationary combustion, depending on the specific city. At the same time, it can be seen that,

except for the seasonal average caused by emissions from seetorF-inPrague(}-8+pem—>+46.8-%))road transport in Prague,

they do not exceed the-vatue-of-1.1 pem—>+ug m > and 33 %)-, respectively.
Finalty, Hig-Figure 20 depict the temporal evolution of the average daily absolute impacts of emissions from individual

GNFR sectors on the concentration of PMs 5 in the studied cities within the VBS experiment. When comparing it with Fig. 19,
it can be seen that the sums of the average daily impacts from both sensitivity experiments follow nearly the same temporal
pattern in each of the cities¢the-, The Pearson correlation coefficient between them exceeds a value of 0.99 in all the cities).
The total differences between the average daily impacts from the VBS and SOAP experiments produced by emissions from

all the anthropogenic sources (again, in the sense of the sum of these differences from all the anthropogenic sources) s-which

are positive throughout both years in all WMQMIWWWWWaChwW the highest values
during-in the winter monthsw , during which they
reachupto5.2,6.2,7.1,11.5, 15.8, and 17.7 pgr iy
of emissions—from-seetor- €-(ugm_° in Munich, Berlin, Vienna, Warsaw, Prague, and Budapest, respectively. At the same
time, Fig. S10 shows that emissions from other stationary combustion predominantly produce these differences; however,
emissions from road transport also strongly influence them in Berlin and Munichas-wel-as-from-seetorH)-predominantly-cause

fhefrreng—Slq—)—l-Eeafrb&fuﬁheﬁeeﬁﬁng—%& Figure 20 further reveals that the three sectors whose emissions cause the
highest daily impacts in i j 3 o . . .

the-same-time;-the individual cities are the maximum-same as those in the abovementioned SOAP experiment. Furthermore

it shows that emissions from agriculture—livestock produce the highest average daily impacts are-caused-by-emissions—from
seeteﬁiéﬂBefherhef&fheye&wm Berlin and Munich, in which they reach up to 17.4 pem—>)-and-Munich<and 19.8

m %, respectively. Also, it can be
seen that emissions from other stationary combustion caused the highest average daily impacts in Vienna, Warsaw, Prague,

and Budapest(, in which they reach up to 22.4, 29.4, 41,5, and 45.1 pem—>)they-are-produced-by-emissions—from-seector
€ugm 3, respectively. Regarding the seasonal averages of the average daily absolute(relative-)-/relative impacts on PMs 5

concentration for the winter seasons, Tables S1—S6-reveals-S5-S10 reveal that: (1) in all the studied cities, the three highest
ones are caused by emissions from seeters-C;IG-and-Fother stationary combustion, agriculture-livestock, and road transport;

(2) the hlghest ones are e&u%eekgrgglyggglﬁy emissions from K-agriculture-livestock in Berlin and Munich(Bet:3:06-pgm—>
i, while in the other cities, they are produced-caused by emissions from

pem—(54+%other stationary combustion. As regards the seasonal averages of the average daily absolutefrelative-}/relative
impacts for the summer seasons, Tables S+=56-S5-S10 show that among the three highest are, depending on the specific cit

those caused by emissions from sectors B;- E K and-C{depending-on-the-speeificeity)and-the-industrial sources, road transport
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agriculture—livestock, and other stationary combustion, while the highest ones are produced in all the cities by emissions from
) : =3 -\ Warsaw:1 gy —3 Lienna: L =3

~road transport.

In order to provide a complete picture of which PMy 5 components are responsible for the differences between the average
seasonal impacts in the SOAP experiment and the average seasonal contributions in the PSAT experiment, as well as between
the average seasonal impacts in the VBS and SOAP experiments, at the level of the studied cities presented in Tables S5-S10,
we show the corresponding average seasonal impacts and contributions for individual modeled PMs 5 components in Tables
S11-S17. Specifically, Tables S11-S13 show them for three primary components, i.e.. primary elemental carbon (PEC), fine
primary another inorganic aerosol (FPRM), and POA, respectively. Tables S14-S17 show them for the secondary components,
ie., for PNHy, PNO3, PSO4, and SOA, respectively. Overall, the results of this extended analysis are in complete agreement
with those arising from the spatial distributions over the areas of the individual cities. Tables S11-S13 confirm that the impacts
are equal to the contributions for primary chemically non-reactive components. The differences between the average seasonal
impacts in the VBS and SOAP experiments are mainly attributed to POA during the winter seasons (Table S13). At the same
time, they are attributed to both SOA and POA during the summer seasons (Table S13 and S17). Finally, Table S15 shows
that even in all the cities studied, the most prominent difference between the average seasonal contributions and impacts is
associated with the indirect effect of emissions from agriculture—livestock on PNO3 during the winter seasons.

4 Discussion and conclusions

In this work, we focused on analyzing activity sources of fine PM and its secondary components (with an emphasis on sources
from anthropogenic activity) in the region of Central Europe using two different approaches applied within the framework
of chemical transport modeling. In the first case, we used an extreme case of the brute-force methodg, the so-called zero-out
method)-, to determine the impacts of a complete reduction of emissions from individual anthropogenic activities on fine PM
and its secondary components. In addition, we tested the impact of the implementation of the organic aerosol chemistry/parti-
tioning, together with the inclusion of I/SVOCs emissions estimates, on the changes in the mentioned impacts. In the second
case, we used the PSAT PM-seurce-appertionment-tool to determine the contributions of emissions from individual anthro-
pogenic activities to fine PM and its secondary components. At the same time, we compared the outcomes, i.e., the impacts

and contributions)-, resulting from both of these approaches.

We-Before discussing the chemical part of the validation, we consider it appropriate to briefly discuss the part devoted to
the meteorological elements. The comparison of the average modeled annual and diurnal air temperature cycles with those

measured over Prague showed that the WRF model can capture them quite accurately. Moreover, the biases between these

diurnal cycles in both seasons are very similar to those determined by Liaskoni et al. (2023) when comparing the simulation

erformed by the WRF model on a similar domain with the same horizontal resolution, albeit with the different settings of
arametrizations settings, at 10 Czech stations for the period 2007-2016. As for the wind speed, we showed that WRF in
our setting overestimates the average annual cycle over Prague except for the summer months throughout the year, with the
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most substantial overestimation occurring during the winter months. This result is consistent with the results of the validation
performed by Karlicky et al. (2020), who showed a positive bias of the modeled average seasonal wind speeds predicted by the
WRF model on the Central European domain with a similar horizontal resolution (10 km) in its multiple different settings both
950  during winter and summer, with more pronounced modeled overestimation during winter. The overestimation of wind speed by
the WRF model was shown or mentioned in several other studies (e.g., Terrenoire et al., 2015; Huszar et al., 2020a; Liaskoni et al., 2023)
: Such an overestimation can represent a potential source of the underestimation of PMy 5 concentrations in our simulations.

For example, Aksoyoglu et al. (2011) achieved an increase in PM concentrations by a factor of 2—3 when they reduced modeled

wind speeds during observed periods of low wind.
955 Regarding the chemical part of the validation, we first presented the evaluation-comparison between the modeled and mea-

sured PMs 5 concentrations in the selected targe-cities of the studied region (Berlin, Munich, Vienna, Budapest, Warsaw, and
Prague), which, among other things, confirmed the high consistency of the CAMx model in predicting PMs 5 concentrations

with and without using the PSAT tool. At the-same-time—it-this point, it is worth noting that the subtle difference between

the base simulation of the SOAP experiment and the simulation of the PSAT experiment stems from the different precision
960 of emission fluxes in FUME and CAMX that is next transferred as a result of numerical rounding to the subtle differences
in the total emissions used in the SOAP and PSAT experiments; however, these differences are small or negligible, and have

no substantial effect on the results related to emission contributions/impacts on PMs 5 and its components. In addition to this
consistency, the comparison showed that the use of the 1.5-D VBS scheme together with the estimates of I/SVOCs emissions

leads to a slight improvement of the overall model prediction of PM3 5 in the studied cities, i.e., when taking into account all
965 seasonstmonthsH-/months of the year, even if in-some-eases-theycan-makettatittle-worsejthey can slightly deteriorate it in
some cases. This improvement results from the fact that when using the 1.5-D VBS scheme together with I/SVOCs emissions,
there is an increase in average PM, 5 concentrations compared to those modeled by the SOAP scheme (Figs. 22-and-5:-and

this-2 and 5), which in both cases are mostly underestimated compared to the measurements, The increase in average PMs
concentrations is almost exclusively due to the rise in POA and SOA eeneentration-concentrations (Fig. S+&);-which-in-both

970 eases-are-mostly-underestimated-compared-to-the-measurementsS11 and Tables S11-S17). Such an improvement in the model
prediction of PMs 5 when using the 1.5-D VBS scheme for its modifications )-together with additional I/SVOCs emissions
is expected since their implementation typically leads to an improvement in the prediction of organic aerosol (Ciarelli et al.,

2017; Giani et al., 2019; Jiang et al., 2019b, 2021). At the same time, however, it is necessary to add that the current imple-

mentation of this concept is burdened by several uncertainties
975 and therefore requires additional revisions that can further improve the model prediction of organic aerosol fand thus the total

fine PM)--. We refer to the articles above for a more detailed description of some of the uncertainties mentioned.
In connection with our evalaatienvalidation of PMs 5 concentrations in the selected cities, Liaskoni et al. (2023) performed

a similar comparison ef-medeled-and-measured PMy-coneentrations-in the same cities that-we-stadied-here-but for the period

2007-2016. To model PMs 5, they used the same version of the CAMx model on a similar domain with the same horizontal

980 resolution but with slightly different settings¢, driving meteorological fields obtained by the WRF model, and older emission
inputs. We note that their settings in the simulation without wind-blown dust emissions and realized using the ISORROPIA
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model-module mainly correspond to those we used in the base simulation of the SOAP experiment);-driving-meteorologieat
ds-obtained-by-the-WRF-medel;-and-olderemission-inputs. In general, the seasonal correlations and NMBs determined by
us are in reasonable qualitative agreement with those presented by them: (1) the seasonal correlations are mostly the highest
during winter and the lowest during summer; (2) the modeled concentrations are on average underestimated the most during
summer, while the greatest match between the modeled and measured concentrations occurs in the cold half-year (October—
March). Further, Huszar et al. (2021) also compared modeled and measured average monthly concentrations of PMs 5 in
these cities, however, for an earlier period (2015-2016). To model PMs, 5, they also used the CAMx model (albeit in an older
version) on a similar domain in the same horizontal resolution but with a slightly different setting (corresponding again mainly
to those we used in the base simulation of the SOAP experiment), different meteorological fields obtained by the WRF model,
and older emissions. Despite this, the mutual relations of the average annual cycles of the monthly PMs 5 concentrations
determined by them in most of the studied cities show qualitatively similar patterns as in our case. The same applies when

comparing analogous cycles in these cities, which were reported by Liaskoni et al. (2023). Based-on-these-mutual-similarities;

erved-PM onecentrationeIn—0 hace—erm at1oRnQ h oy o ad

The comparison of the average annual cycles of monthly PM, = concentrations over the rural and (sub)urban stations
revealed that the CAMx model underestimates both during the year. Qualitatively, the same results were also found b

Huszar et al. (2024), who modeled PMs = for the period 2015-2016 using the CAMx model in a very similar experimental

setup to the one we used in the base simulation of the SOAP experiment, but with the difference that CAMx was driven
by the regional climate model RegCM version 4.7 (Giorgi et al., 2012). Further, we found that all the average modeled annual
cycles of monthly NO, concentrations are systematically underestimated Huszar et al. (2016, 2020a, 2021) found qualitatively.
the same results as well. Huszar et al. (2020a) suggested underestimation of NO, emissions or at least a problem with the
speciation of NOy emissions into NO and NO as possible causes of these underestimations. Due to the remarkable similarity
of experimental setups and emission preprocessing in their and our experiments, the reasons given are also relevant to the
underestimations found in our simulations. Concerning SO», we found that the model often fails to capture the average annual
cycles of its monthly concentrations in the studied cities. The same fact was also pointed out by Huszar et al, (2022), who
mentioned deficiencies in the annual profile used to time-disaggregate annual emissions to monthly ones and wrong vertical
turbulent mixing as possible reasons for that. Because we used the same methods for time disaggregation and calculating the
vertical eddy-diffusion turbulent coefficients, these factors may also play an important role in our simulations.

The comparison of the modeled and measured average annual cycles of PMy 5 components showed that the main components
responsible for the model underestimation of PMy 5 throughout the year are mainly OC, followed by PSOy. Interestingly, the
relationships between the average modeled and measured annual cycles of monthly PNHy, PNO3, and PSO4 concentrations that
we found are qualitatively the same as those found by Huszar et al. (2024) but differ quantitatively. The quantitative differences

might be associated with the different meteorological drivers used (WRF vs. ReeCM), while the qualitative similarities might

indicate problems with emissions. Based on the mentioned similarity, the great underestimation of PSO, in our simulations
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during the cold half-year may be related to the overestimation of PNOs, which consumes available NHs and suppresses the
formation of PSQy, similarly as suggested by Huszar et al. (2024). The underestimation of PSO4 during the warm half-year

could be related to the factors affecting the annual cycle of SO5, which we mentioned above. Among the potential sources of

uncertainty causing the underestimation of organic aerosol are (1) uncertainties in its emission inventories, which is partially

consistent with the missing I/SVOCs emissions discussed above

verttcal-turbulenee, and (2) estimates of emissions of biogenic volatile organic compounds, especially in the warm half-year

as they can significantly affect SOA concentrations (Jiang et al., 2019a). Other important sources of uncertainty in modeled

PM, 5 concentrations in some regions of Central Europe could be (H-wind-blown dust emissions, especially in the cold half-

year (Liaskoni et al., 2023);

The crucial conclusion of the model evaluation, i.e., more or less significant underestimation of modeled PMj 5 concentra-
tions {with a few exceptions), must be considered when interpreting all the results concerning the contributions and impacts

of emission sources. OverallSpecifically, it can be assumed that the average absolute contributions and impacts determined by

us-are—in-mosteases;for PNO3; and PNH, during the winter seasons are on average slightly overestimated, while those for
PSO, and especially those for organic aerosol are on average slightly underestimated both in the winter and summer seasons.

Overall, it can be assumed that the average absolute contributions and impacts determined for PMs 5 are on average slightly
underestimated.

As we already mentioned in the introduction, Piiltz et al. (2023) used the LOTOS-EUROS model on a domain with a
similar horizontal resolution as we used in our experiments to determine the average annual concentration of PMs 5 (10.4
pem—3ug m 3 ) as well as the average annual contributions of emission sectors (eontributionsfrom seetor-C;sectorsA-and-Bin
Berlin during the period 2016-2018. These contributions for other stationary combustion, power plants and industrial sources,
boundary conditions, seetorsK-and-I;sectorFagriculture—livestock and agriculture—other, road transport, biogenic emissions,
and other sectors are 3.2, 2.0, 1.4, 1.3, 1.3, 0.5, and 0.7 M&W@Meﬂmdt&mg«ﬂ%e—pem&%@%—%@h@%
respectively. Considering the relatively small time difference between their and PSAT experiments, we can assume a mutual
similarity of their results with the counterparts determined from the PSAT experiment. In order to compare them, we determined
these counterparts: the average annual concentration of PMy 5 is 6.8 +tgm—>ug m > and the average annual contributions of
the emission sectors {listed-in-the-same-orderas-abeve)are 1.0, 1.1, 1.3, 0.9, 1.1, 0.3, and 1.1 ﬁgl—ﬂ;dkl/g/g\l:/i respectively.
Contrary to our assumption, the average annual PMs 5 concentration in the PSAT experiment is underestimated by a factor
of ~+-53around 1.53. Moreover, it is evident that this underestimation is mainly caused by underestimating the contribution
of emissions from seeter-E-tother stationary combustion by a factor of 3.2}, followed by underestimating the contribution of
emissions from seetors-A-and-B-(power plants and industrial sources by a factor of ~+82jaround 1.82. These observed differ-
ences could be partially explained by the use of different emission databases for the territory of Germany in both experiments:
. While we used emissions from the CAMS database, Piiltz et al. (2023) applied gridded emissions obtained from the GRETA
(Gridding Emission Tool for ArcGIS v1.1; Schneider et al., 2016) system with the exception of emissions for residential wood

combustion (RWC), which they replaced with a scientific bottom-up inventory accounting for the semivolatile components of
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these emissions (Denier van der Gon et al., 2015). Thus, they used the RWC emissions increased compared to those officially
reported in the GRETA system by a factor of 2-3, which is naturally reflected in the average annual contribution of emissions
from seetor-E—other stationary combustion since the RWC emissions contribute to this sector)—Ceonsidering-. The fact that
the emissions for RWC reported in the CAMS database also do not consider the presence of semivolatile compounds could
partially explain the observed largest underestimation of the annual contribution of emissions from seeter-C-other stationary
combustion in the PSAT experiment.

When comparing the total monthly contributions of emissions to PMs 5 in Berlin, Budapest, and Warsaw determined for
February and August 2010 by Karamchandani et al. (2017), we found that compared to our determined total seasonal contribu-
tions to PMs 5 in the winter and summer seasons, they are higher by factors of 1.7-3.0 and 3.0-3.9, respectively. The decrease

in the total contributions determined by us could be partly explained (apartfrom-the-inconsisteney-of-the-comparison-of-the

by the reduction in anthropogenic emissions over the

course of 9 years (Karamchandani et al. (2017) used the TNO-MACC_II emission inventory (Kuenen et al., 2014) for the year
2009). However, differences in other factors, such as the spatial resolution of model experiments, driving meteorological fields,
or other emission inputs, should also participate in it. Also, the inconsistency of comparing the total monthly and seasonal
contributions can play a role. A deeper qualitative comparison between the compositions of the contributions from the indi-
vidual sectors determined by them and us shows the persistenee-of-the-persistent dominance of the contributions from other
stationary combustion{seeter-C), followed by the contributions from road transport(seetorF), public power and industry{seetors

A-and-B:sinee-they-, and agriculture in all three cities during winter. It is appropriate to mention here that we considered the

mutual influence of emissions from power plants and industrial sources as we used different nomenclature of anthropogenic
sectors, these-two-seetors-are-which made it difficult to distinguish between each-otherin-their-work-and-therefore-we-consider

here-these two sectors in our and their work. For the same reason, we considered the mutual influence of their-emissions—;
contrast to our findings, in their case, the-contributions-ef-emissions from boundary conditions do not appear among the most
significant contributions during winter, while this is the case during summer. The observed discrepancy during winter could
partly be explained by the fact that they used a model domain extending over Europe. Thus, the contributions of anthropogenic
emissions released from European regions outside our domain are included directly in their determined contributions from
individual anthropogenic sectors. The fact that we did not include dust emissions in the PSAT experiment, which Karamchan-
dani et al. (2017), on the other hand, considered in the domain and boundary conditions framework, could somewhat clarify
the observed discrepancy between the contributions during summer. Overall, the contributions found by us and them during
the summer are less consistent than those during the winter.

Regarding the differences between the contributions and impacts determined for PMs 5 during both studied seasons, we have
shown that they were generated almost exclusively by secondary aerosol components. This conclusion fully agrees with the
results of Koo et al. (2009), who showed excellent agreement between the contributions and impacts determined for primary
PMs 5. As they argue, this is to be expected because the source—receptor relationships for primary PM are essentially linear

and not affected by any indirect effects. The same argumentation can be used in our case as well. Moreover, Koo et al. (2009),
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as well as Burr and Zhang (2011a, b) twho applied the same methods as we did to determine the contributions and impacts of
emissions above the eastern United States for January and July 2002), shed light on the general principles (along with specific
examples) explaining the essence of the differences between the two approaches. These differences are caused by the acting
of (1) oxidation—limiting effects in the perturbed and base simulation of sensitivity experiments as well as in a simulation

with the applied PSAT mechanism and/or (2) indirect effects, which are not considered when using the PSAT mechanism,

in the perturbed simulation. An indirect effect is generally an effect in which a change in the concentration of a specific
secondary aerosol component is conditioned by a modification in the emissions of its indirect gaseous precursor(s). The PSAT

mechanism, as we have already mentioned and also shown when evaluating the seasonal contributions of secondary aerosol
components, assigns contributions to a specific secondary aerosol component (e.g., PNHy) only to sectors (sources) that emit

its direct precursor(s) (i.e., NHs), and thus considers only direct effects. As an example of an-indirecteffectin-generalitisan

a ang O ftrattonotra—Sp aary-acroSo Ompo oG O aoOY-a Ot atio

emissions-of its-indirect-gaseousprecursor(s));-the indirect effect, we mention a decrease in the concentration of PNO3 caused
by a significant reduction in the emissions of NH3 from agriculture—livestock (seetorX;-its dominant source), which limits
the production of ammonium nitrate (NH4NO3), leaving more HNOg in the gas phase. This decrease in the concentration of
PNOs in the perturbed simulation is naturally reflected in the values of the determined seasenal-(daity)-average-daily/seasonal
average emission impacts of emissions from seetorK-this sector on PNOs, which in turn are mainly responsible for the overall
highest differences between the seasenal-(daily)-daily/seasonal contributions to PMs 5 and their corresponding impacts found
among all the anthropogenic sectors just for seetor-K-agriculture—livestock (Figs. $5;-SH5-and-516S7 and S9, Tables S5-S10
and S15). For a more detailed description of other indirect and oxidation—limiting effects, with the help of which it is possible
in principle to clarify other observed differences between the contributions and impacts in our work, we refer to the articles
mentioned above.

The main conclusions about the contributions(impacts-)-/impacts of emissions toter-)-/on the concentrations of fine PM and
its secondary components, established in this paper for the region of Central Europe and the selected large cities, can be briefly

summarized as follows:

— In general, the average seasonal/daily absolute/relative contributions {impaets)-of emissions to fen)-the concentration

of PMs 5 and its secondary components are strongly spatially and temporally conditioned. The same goes for their
corresponding impacts.

— In the winter seasons, the average seasonal absolute contribution from other stationary combustion dominates most of

the region’s territory except for its western areas, followed by the-averageseasenal-abselute-contributions-ef-emissions

from boundary conditions, road transport, agriculture-livestock, industrial sources, and agriculture—other(their-. Their

domain-wide averages are 3.2, 2.1, 1.4, 0.9, 0.6, and 0.5 pem—>—+respeetively)ugm >, respectively. In the summer

seasons, the average seasonal absolute contribution from biogenic emissions dominates most of the region’s territory,

followed by the-averageseasenal-abselute-contributions-ef-emissions from road transport, industrial sources, boundary

conditions, and other stationary combustion¢their—. Their domain-wide averages are-of 0.57, 0.31, 0.28, 0.27, and 0.25
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pem—3 respeetivelyyug m 3, respectively. The highest daily contributions to the average daily PMs 5 concentration,
occurring during episodes of elevated PM, 5 levels in all the cities, especially in the winter months, are predominantly

produced by emissions from other stationary combustion, followed by emissions from road transport. The three highest
seasonal averages of the average daily absolute contributions to PMs 5 concentration during the winter seasons in all
the cities are caused by emissions from other stationary combustion, road transport, and boundary conditions(their-order
depends-, with the order depending on the specific city);-while-during-. During the summer seasons, they are caused by
emissions from industrial sources, road transport, other stationary combustion, or biogenic emissions, depending on the
specific city. The main contributors to the average seasonal concentration of PNHy in both seasons are NH3 emissions
from agriculture—livestock ;-and agriculture—other. NOy emissions from boundary conditions and road traffic are the
main contributors to the average seasonal concentrations of PNOj in both seasons. The main contributors to the average
seasonal concentration of PSO4 during the winter seasons are SO» emissions from other stationary combustion, power
plants, and industrial sources, while during the summer seasons, they are mainly emissions from power plants, industrial
sources, and shipping. Finally, the-main—eentributor-VOC and IVOCs emissions from other stationary combustion are
the main contributors to the average seasonal concentration of SOA during the-winter-and-summer-seasonsare(HVOCs

stons {rom o stattonary-combustion-and-biogenie-VOCs-emisstons;respeetivelywinter seasons, while BVOCs

emissions are such contributors during the summer seasons.

In contrast, the most enormous average seasonal absolute impacts on PMs 5 concentration caused by anthropogenic
emissions in the SOAP experiment during the winter seasons are those from other stationary combustion, agriculture—
livestock, road transport, agriculture—other, and industrial sourcesttheir-, Their domain-wide averages are 3.4, 2.9, 1.4,

1.1, and 0.6 pem—>respeetively)-while-during m 3, respectively. During the summer seasons, among them-such
impacts are those from agriculture-livestock, road transport, industrial sources, other stationary combustion, and ship-

pingf. Their domain-wide averages are 0.46, 0.45, 0.34, 0.29, and 0.20 pem—3 +respeetivelyjug m >, respectively. Fur-
ther, the sectors whose emissions cause the highest daily impacts on PMs 5 concentration in the cities are primarily other
stationary combustion and agriculture-livestock, followed by road transport or agriculture—other, with their specific order
depending on the specific city. The three highest seasonal averages of the average daily impacts on PM5 5 concentration
during the winter seasons in the cities are rendered by emissions from other stationary combustion, agriculture—livestock,
and road transport, while among the three highest such averages during the summer seasons are those generated by emis-
sions from industrial sources, road transport, agriculture-livestock, and other stationary combustion, depending on the

specific city.

The differences between the contributions of emissions from anthropogenic sectors to PMs 5 concentration in the
PSAT experiment and the impacts of these emissions on PMs 5 concentration in the SOAP experiment are predom-

inantly induced by the acting of oxidation-limiting and/or indirect effects on secondary aerosol components. The

most substantial of these differences —in-are associated with emissions from agriculture—livestock, mainly due to the
differences in particulate nitrate concentrations. The highest differences in these concentrations reach in terms of daily
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averages H&a&e&&e&ehﬂ%gﬂp%e—%—bﬁem—mwmm some of themduring-wintertime)-and

the studied cities during wintertime and in terms of seasonal averages up
to 4.5 and 1.25 Wplg/m in the winter and summer seasons, respectlvely}ﬂfeﬂ%aa{edawﬂ%emﬁ%ﬂ%ffem

— Finally, modeling of gas-aerosol partitioning and chemical aging of organic aerosol using the 1.5-D VBS scheme and
including the estimations of I/SVOCs emissions within the VBS experiment, compared to the use of the SOAP scheme,

is mainly manifested by an increase in the average seasonal impacts on the concentration of PMs 5 caused by emissions

from other stationary combustion and road transport during the winter seasons {reaching-and by emissions from road
transport during the summer seasons. These increases reach up to 12 and 4 ptgm—fespeeﬁvelry)ﬂﬁdmafm%

summe%seaseﬂ&&eaehiﬂg m 3, respectively, during the winter seasons and up to 2.25 pem—)ug m > during the

summer seasons. Qualitatively, the same conclusions also apply to increases in the daily averages in the cities.

The results presented in this paper provide detailed and valuable information about the contributions of emissions from a
broad spectrum of anthropogenic activities to the current composition of fine PM in Central Europe and its selected metropolises,
as well as about the impacts of potential overall emission reductions within individual activity sectors on its composition. These
can be used, at least as framework estimates, in designing appropriate strategies to reduce this kind of air pollution.

The above-discussed possible reasons leading to the shortcomings of the used-model-systemr-model system used in capturing
the concentration of fine PM indicate our future activities {e-g-to eliminate them potentially, such as the inclusion of dust
emissions within the scope of the domain and boundary conditions)-te-eliminate-them—potentially. In addition, an inherent
aspect in the effort to improve the overall quality of model experiments will be a significant increase in their resolution, at least

as additional nested domains covering selected areas of interestf, e.g., selected urban areas)-—._

Appendix A: Definitions of average temporal impacts and contributions

Based on the principle of the zero-out method, we define the average temporal absolute impact of emissions from the sector of

anthropogenic activity = on the concentration c(¢) of chemical species (or their aggregate) 7 as:
7@]“ ~ Z BASE c]”?(i)) ’ (A1)

where cBASE( ) and o (1) are the average hourly concentrations of chemical species (or their aggregate) 7 in the base simulation
and the perturbed simulation with zero emissions from sector z, respectively, falling within the appropriate time interval, and
N is their total number. The average temporal relative impact of emissions from the sector of anthropogenic activity = on the

concentration e{4

-of PM, 5 is considered as:

e 0] T (PM,
IF/(PMz5) = 100 (BASE 1 \~N  BASE
N X501 & (PMa.s) M

(A2)
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where 722 {e(i))-is-defined 1% (PMy 5 ) is calculated by Eq. (A1), c3*5F(PMy 5) are the average hourly concentrations of PMy 5

in the base simulation falling within the appropriate time interval, and NV is their total number. Thus, Eq. (A2) shows that

Telfeti-11° (PM, 5) defined by us represents the ratio between 722(e{i))-I2% (PMs 5) and the corresponding time-averaged

concentration of PMs 5 in the base simulation, expressed as a percentage.

In connection with the source apportionment given by the PSAT tool, we define the average temporal absolute contribution

of emissions from the given category x to the concentration ¢(¢) of chemical species (or their aggregate)  as:
1N
b il §
Ca S N 4 (A3)

where ¢ (7) are the average hourly concentrations of chemical species (or their aggregate) ¢ allocated to the given category x
by the PSAT tool that fall within the appropriate time interval, and [V is their total number. It is worth mentioning here that the
allocation in the PSAT experiment is reakized-split into 15 categories, represented by individual GNFR sectors A-L, biogenic

emissions, initial condition, and boundary conditions). Finally, the average temporal relative contribution of emissions from

the given category x to the concentration e{¢)-of chemical-speeies-i-(or-theiraggregate)-of PMj 5 is considered as:

Cibs(c(i)  C(PMy.s)
O (c(PMa.5)) C&(c(PMa5))

C™(PMy.5) = 100

(A4)

where Cbs(ef7)}-is-defined- O (PMy 5 ) is calculated by Eq. (A3), and C2%(c¢(PMy 5)) represents the sum of €40 {e(PMy+})
Cabs(PM 5) over all 15 above mentioned categories. Thus, Eq. (A4) illustrates that G2{e{i))-C™(PM; 5) defined by us
represents the ratio between G2{e(4H-C'2% (PM, 5) and the corresponding time-averaged concentration of PMy 5 in the PSAT

experiment, expressed as a percentage.

Code and data availability. CAMX version 7.10 is available at http://camx-wp.azurewebsites.net/download/source (Ramboll, 2022). The
WREF version 4.2 used in the study is available at https://github.com/wrf-model/WRF/releases (WRF, 2023). The observational data from the
AirBase database can be obtained from https://discomap.eea.europa.eu/map/fme/AirQualityExport.htm. (EEA, 2023). The CAMS emission
data can be obtained from https://permalink.aeris-data.fr/CAMS-REG-ANT (Kuenen et al., 2021). The Czech REZZO and ATEM emission
data can be obtained upon request from their publishers, the Czech Hydrometeorological Institue (https://www.chmi.cz) and the Studio of
Ecological Models (https://www.atem.cz). The complete model configuration and all the simulated data (3-dimensional hourly data) used
for the analysis are stored at the Dept. of Atmospheric Physics of the Charles University data storage facilities (about 3TB) and are available

upon request from the main author.
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Altitude (meter above sea level

Figure 1. The resolved model terrain altitude (in meters above sea level) and the locations of the cities analyzed in the study (Prague, Berlin,

Munich, Vienna, Budapest, Warsaw).
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Annual cycles of average monthly PM, 5 concentrations averaged over all suburban and urban background stations in individual cities during 2018-2019
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Figure 2. Comparison of modeled (the base simulation of the SOAP/VBS experiment — blue/red lines, the simulation of the PSAT experiment
— orange lines) and measured (AirBase data — green lines) annual cycles of average monthly eencentrations-of PMa 5 concentrations (in
ug m™3) #-2648-26+9-at-averaged over all suburban and urban background stations in Berlin (a), Vienna (b), Budapest (¢), Munich (d), and
Prague (e), and Warsaw (f) during 2018-2019. The colored areas indicate the standard deviations of the averages, calculated using Eq. (S4)

provided in the Supplement. Their color scale corresponds to the scale used for the averages.
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Annual cycles of average monthly concentrations of individual aerosol species averaged over all rural background stations in 2018-2019
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Figure 3. Comparison of modeled (the base simulation of the SOAP/VBS experiment — blue/red lines, the simulation of the PSAT experiment
— orange lines) and measured (EMEP and AirBase data — green lines) annual cycles of average monthly concentrations of PNHy4 (a), PNO

(b), PSO4 (¢), EC (d), and OC (e) averaged over all rural background stations during 2018-2019. All concentrations are expressed in L. m S

The colored areas indicate the standard deviations of the averages, calculated using Eq. (S4) provided in the Supplement. Their color scale
corresponds to the scale used for the averages.
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Annual cycles of average monthly temperatures and wind speeds averaged over all synoptic stations in Prague and
diurnal cycles of average seasonal temperatures and wind speeds averaged over all synoptic stations in Prague
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Figure 4. Comparison of average modeled (the WRF model — red lines) and measured (CHMI data — green lines) annual cycles of average

monthly air temperatures (a) and wind speeds (d) during 20182019, as well as average modeled and measured diurnal cycles of average

seasonal air temperatures (b, ¢) and wind speeds (e, f) during the winter (b, €) and summer (¢, f) seasons of 2018-2019, where averaging was

erformed over all Prague synoptic stations. While air temperature is expressed in °C, wind speed is depicted in m s~ !, The colored areas

indicate the standard deviations of the averages, calculated using Eq. (S4) provided in the Supplement. Their color scale corresponds to the

scale used for the averages.
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Average seasonal concentration of PMz 5 (g m_s)
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Figure 5. Comparison of the average seasonal concentrations of PM 5 (in uygm >

)in the base simulations of the SOAP (a, b) and VBS (¢
d) experiments during the winter (a, ¢) and summer (b, d) seasons of 2018-2019. Panels (e) and (f) show the differences between the seasonal

PM, 5 concentrations in the base simulation of the VBS and SOAP experiments during the winter and summer seasons, respectively.
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Average seasonal absolute impact on PM, 5 concentration in the SOAP experiment
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Figure 6. Spatial distributions of the average seasonal absolute impact of emissions from individual GNFR sectors A-L (indicated by the

sector names in the upperright-corner-titles of the panetssubpanels) on the concentration of PMs 5 (in pg m~?) during the winter BHH-(a)
and summer (b) seasons of 2018-2019 in the SOAP experiment.
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Difference between the average seasonal absolute impacts on PM, 5 concentration in the VBS and SOAP experiments
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Figure 7. Spatial distributions of the differences between the average seasonal absolute impacts of emissions from individual GNFR sectors

A-L (indicated by the sector names in the upperrighteornertitles of the panetssubpanels) on the concentration of PMz 5 (in ug m~3) in the
VBS and SOAP experiments during the winter tB3F)-(a) and summer (b) seasons of 2018-2019.
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Average seasonal absolute contribution to PM, 5 concentration in the PSAT experiment
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Figure 8. Spatial distributions of the average seasonal absolute contribution of emissions from individual categories (indicated in the upper

right-eorner-titles of the panelssubpanels) to the concentration of PM2 5 (in pg m~3) during the winter tBH)-(a) and summer (b) seasons of
2018-2019 in the PSAT experiment. Categories used: GNFR sectors A-L (labeled by the sector names), BIO—biogenic emissions, BE—

boundary conditions, #c—and initial condition.
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Average seasonal absolute contribution to PNH, concentration in the PSAT experiment
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Figure 9. Same as Fig. 8 but for PNH4.
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Average seasonal absolute contribution to PNO3 concentration in the PSAT experiment
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Figure 10. Same as Fig. 8 but for PNOs.
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Average seasonal absolute contribution to PSO,4 concentration in the PSAT experiment
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Figure 11. Same as Fig. 8 but for PSO4.
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Figure 12. Same as Fig. 8 but for SOA.
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Average seasonal abs. impact on PNH, conc. (Ug m's); DJF/JJA 2018-2019; SOAP experiment
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Figure 13. Spatial distributions of the average seasonal absolute impact of emissions from individual GNFR sectors A-L (indicated by the
sector names in the upper-right-eorner-titles of the subpanels) on the-coneentration-of- PNHy concentration (in ug m~?) during the winter
BIE-(a) y-and summer 33A~(b) y-seasons of 2018-2019 in the SOAP experiment.
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Figure 14. Same as Fig. 13 but for PNO3.
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Average seasonal abs. impact on PSO, conc. (ug m's); DJF/JJA 2018-2019; SOAP experiment

(b) JUA 2018-2019
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Figure 15. Same as Fig. 13 but for PSO4.
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Average seasonal abs. impact on SOA conc. (ug m_s); DJF/JJA 2018-2019; SOAP experiment
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Figure 16. Same as Fig. 13 but for SOA.
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Average seasonal abs. impact on SOA conc. (ug m_s); DJF/JJA 2018-2019; VBS experiment
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Figure 17. Same as Fig. 16 but for the VBS experiment.
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Average daily absolute contributions to PM, 5 concentration in the PSAT experiment

Contribution to PM; 5 conc. (g m‘a) valid for the days between 1.9. and 31. 4.
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Figure 18. Temporal evolution of the average daily absolute contributions of emissions from individual categories to the concentration of
PM3 5 (in ug m~?%) above Berlin (a), Munich (b), Budapest (c), Warsaw (d), Vienna (e), and Prague (f) in the PSAT experiment. Categories
used: GNFR sectors A-L (labeled by the sector names), B¥o—biogenic emissions, BE—boundary conditions, #&—and initial condition.

Fhe-While the scale on the left right)-side is valid for the days betweenfrom 1.9. and-to 31.4.¢, the scale on the right side applies to the days
from 1.5. ané-to 31.8.5-
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Average daily absolute impacts on PM, s concentration in the SOAP experiment
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Figure 19. Temporal evolution of the average daily absolute impacts of emissions from individual GNFR sectors A-L (labeled by the sector
names) on the concentration of PMz 5 (in pg m %) above Berlin (a), Munich (b), Budapest (¢), Warsaw (d), Vienna (e), and Prague (f) in the

SOAP experiment. Fhe-While the scale on the left (right)-side is valid for the days between-from 1.9. and-to 31.4.¢, the scale on the right side
applies to the days from 1.5. and-to 31.8.)
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Average daily absolute impacts on PM; 5 concentration in the VBS experiment
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Figure 20. Same as Fig. 19 but for the VBS experiment.
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Table 1. Overview of GNFR sectors used in the study.

Table 2. List of model experiments performed.

Sector

Sector name

>

0RO QWm0 aw

Power plants
Industrial sources
Other stationary combustion
Fugitives

Solvents

Road transport
Shipping

Aviation

Off-road

Waste
Agriculture-livestock

Agriculture—other

Experi Number — ©AGas phase  PSATInorganic acrosol ~ Organic aerosol ~ PSAT  IVOCs emissions  SVOCs emissions

Xperiment

P of simulations mechanism module ‘module applied applied applied
SOAP 13° CBOrS. ISORROPIA SOAP No Yes No
VBS 13° CBOrS. ISORROPIA 15DVBS  No Yes Yes
PSAT 1 CBOrS. ISORROPIA SOAP Yes Yes No

* One base and 12 perturbed simulations.
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Table 3. Comparison of modeled (the base simulation of the SOAP/VBS experiment and the simulation of the PSAT experiment) and
measured (AirBase data) daily concentrations of PMs 5 in 2018-2019 at suburban and urban stations in Berlin, Munich, Budapest, Prague,
and-Vienna, and Warsaw: evaluation of the Pearson correlation coefficient (r), normalized mean bias (NMB, in %), and normalized mean
square error (NMSE, in %) averaged over all stations in each city. DJF, MAM, JJA, and SON refer to the winter (cevering-December—January—

February), spring (March—April-May), summer (June—July—August), and autumn (September—October—November) seasons, respectively.

r NMB (%) NMSE (%)
City PMa.5
SOAP VBS PSAT SOAP VBS PSAT SOAP VBS PSAT
Berlin DIJF 0.81 0.82 0.81 -32.3  -26.1  -32.3 45.4 339 45.3
MAM 0.56 0.59 0.56 514 456 -51.1 102.7 79.8 101.6
JJIA 0.55 0.62 0.55 -75.8 -68.0 -75.6 274.3 169.42  270.7
SON 0.70 0.73 0.71 -48.6  -41.0 -484 84.0 59.6 83.2
Munich DIJF 0.79 0.80 0.79 1.5 13.7 1.6 22.6 21.9 22.6
MAM 0.73 0.73 0.73 -33.1 -234 -32.8 66.4 48.6 65.7
JJIA 0.48 0.51 0.48 -48.2  -35.1 -47.6 70.4 39.5 68.4
SON 0.72 0.73 0.72 -14.1 -0.4 -13.7 23.7 19.2 23.4
Budapest DIJF 0.66 0.68 0.66 -19.5 -3.0 -19.5 32.0 23.1 31.9
MAM 0.43 0.45 0.43 -40.8 -30.7 -40.5 68.2 54.3 67.4
JJIA 0.38 0.36 0.39 -72.1 -639 -71.9 2194 139.1 217.1
SON 0.63 0.63 0.63 -50.7 -403 -504 88.4 56.0 87.3
Prague DJF 0.74 0.75 0.74 5.4 19.7 5.4 28.0 28.5 28.0
MAM 0.58 0.59 0.58 -27.5 -19.6 -272 449 37.4 44 .4
JJIA 0.38 0.41 0.38 -64.3 -57.3 -64.0 147.7 102.9 145.1
SON 0.51 0.51 0.51 -26.0 -183 -25.7 59.8 53.0 59.4
Vienna DJF 0.65 0.67 0.65 294 222 204 49.7 38.0 49.6
MAM 0.73 0.74 0.74 -433  -36.1 -429 73.3 53.9 72.7
JJIA 0.33 0.28 0.33 -634  -529 -63.0 138.6 84.0 135.6
SON 0.55 0.56 0.56 -492 -41.6 -489 117.4 88.8 115.9
SON 070 071 070 474 382 472 857 580 849
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