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Abstract. Emissions of land transport and anthropogenic non-traffic emissions (e.g. industry, households, and power gen-
eration) are significant sources of nitrogen oxides, carbon monoxide, and volatile organic compounds. These emissions are
important precursors of tropospheric ozone and affect air quality. The contribution of emission sectors to 0zone cannot be mea-
sured directly, but calculated with sophisticated models of atmospheric chemistry only. For this study we apply the MECO(n)
model system (MESSy-fied ECHAM and COSMO models nested n times) equipped with a source attribution method to in-
vestigate the contribution of various sources to ground-level ozone in Europe. Compared to previous source apportionment
studies for Europe, we apply for the first time a combined NO,-VOC tagging implemented in an on-line nested global/re-
gional chemistry-climate model to achieve a finer resolution over Central Europe (12 km), but concurrently incorporating the
effect of long range transport. We distinguish ten different source sectors and four geographical source regions, focusing es-
pecially on the contribution from the land transport sector. Our analysis focuses on large ozone events during summer in four
different regions, two major polluted regions (Po Valley and Benelux), and two more remote regions (Iberian Peninsula and
Ireland). The analysis focuses on results for summer 2017, during which measurement campaign EMeRGe took place. Mea-
surement data from this campaign are used for model evaluation. Our analysis shows that European land transport emissions
contribute largely (42 % and 44 %, respectively) to ground-level NO,, mixing ratios over Benelux and the Po Valley. Due to the
overall lower ozone production efficiency over Benelux compared to the Po Valley, however, the contributions to ground-level
ozone are larger in the Po Valley (12 %) compared to Benelux (8 %). In line with previous publications using different source
apportionment methods, our results underline the large importance of long-range transport of ozone, especially from North
America (Benelux, Ireland), but also from Africa (Iberian Peninsula). Our analysis shows that the contributions of European
emissions from land transport and anthropogenic non-traffic sectors strongly increase with increasing values of MDAS (daily
maximum 8 h average) ozone over the Po Valley and in the Benelux region. Accordingly, these two sectors drive large MDAS
values in these regions. Our source attribution results are an important first step to understand the drivers of ozone pollution,
especially for large ozone values, and are groundwork to discuss and scientifically investigate potential mitigation options in

follow up studies.
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1 Introduction

Tropospheric ozone contributes to global warming by absorption of radiation (Myhre et al., 2013) and it is harmful for human
health and plants (World Health Organisation, 2003; Jimenez-Montenegro et al., 2021). Extreme ozone events mostly occur
during heat waves in major polluted areas and have detrimental effects on human health. The most important sources of tro-
pospheric ozone are the downward transport from the stratosphere and the in situ production from precursors such as carbon
monoxide (CO), methane (CHy), nitrogen oxides (NOx = NOy + NO), and volatile organic compounds (VOCs, (Haagen-
Smith, 1952; Monks, 2005)). VOCs comprise a wide range of compounds, which contain carbon and hydrogen atoms, where
the non-methane compounds are summarised as non-methane hydrocarbons (NMHCs). The ozone precursors arise from an-
thropogenic sources, such as land transport (railway, inland navigation, and road traffic, Mertens et al., 2020b; Hoor et al.,
2009), industry (Ou et al., 2020), and shipping (e.g. Jonson et al., 2020; Matthias et al., 2016; Aulinger et al., 2016; Eyring
et al., 2010) as well as from natural sources, such as lightning (Hauglustaine et al., 2001; Schumann and Huntrieser, 2007),
wildfires (Di Carlo et al., 2015), and soil bacteria (Yienger and Levy II, 1995; Vinken et al., 2014). In particular the natural
sources are subject to large uncertainties, because emissions can not be directly measured and processes determining the emis-
sion fluxes are not yet fully understood (Tost et al., 2007; Mebust et al., 2011; Yienger and Levy II, 1995; Vinken et al., 2014).
Since the ozone chemistry is nonlinear (Seinfeld and Pandis, 2006), the contribution of different precursors to ozone can only
be estimated with the help of numerical models.

Typically, two different methods are applied to answer two different scientific questions with respect to the effect of emis-
sions from different sectors on tropospheric ozone. The perturbation method investigates the change of ozone due to an emission
reduction (or increase) by comparing the results of a reference simulation with those of a simulation with changed emissions.
This yields the impact of the reduced/increased emission sector on ozone. The source attribution method (called tagging),
in contrast, decomposes ozone and ozone precursors into the shares from various emission sources. This share is the contri-
bution of the emission sector. Due to their different concepts, these methods answer different questions. Table 1 of Mertens
et al. (2020b) clarifies, which scientific questions can be answered by impacts (using a perturbation method) and contributions
(calculated by a source attribution method). Grewe et al. (2010), Clappier et al. (2017), and Wang et al. (2009) compared the
source attribution method with the perturbation method. They found, that the perturbation method is inappropriate for source
attribution, because it quantifies the change of O3 due to an emission change. In contrast, the source attribution method does
not provide information about the sensitivity of O3 to an emission change. For this reason, the perturbation method is more
appropriate to address future emission policies, rather than calculating the sector-wise contributions to tropospheric O3. Thus,
for studies which aim to distinguish between different emission sources and the spatial origin of the emissions, the source
attribution method is indispensable.

Various studies have analysed the effects of specific sources or geographical origins of ozone precursors on European ozone
levels, focusing for example on anthropogenic sources in general (e.g. Tagaris et al., 2015; Karamchandani et al., 2017; Pay
et al., 2019), long-range transport (e.g. Fiore et al., 2009; Derwent et al., 2015; Jonson et al., 2018), biogenic sources (e.g.
Simpson, 1995; Solmon et al., 2004) and shipping (e.g. Matthias et al., 2010; Aulinger et al., 2016; Jonson et al., 2020; Fink
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et al., 2023). Despite the importance of land transport emissions for ground-level ozone over Europe, few studies have focusec
on this sector.

Most available studies analysing the impact of land transport emission changes on ozone using global models and applying
the perturbation method show a signi cant impact of land transport emissions on ground-level ozone over Europe (Granier
and Brasseur, 2003; Matthes et al., 2007; Hoor et al., 2009; Mertens et al., 2018). Fewer studies investigated the contribution
of land transport emissions to ground-level ozone in global models based on a source apportionment globally (e.g. Dahlmann
et al., 2011; Grewe et al., 2017) or with a focus on Europe (Pay et al., 2019; Tagaris et al., 2015; Karamchandani et al.,
2017). However, all of these regional studies have only applied source apportionment in the regional model, but a sectoral
apportionment of ozone from long-distance transport has not been addressed.

Lupascu and Butler (2019) overcame this limitation and performed a source attribution for Europe including various ge-
ographical source regions in Europe and the global source region. For this they applied boundary conditions to the regional
model from a global model simulation including a source attributions method. They found that local emission sources account
for 41 % and 38 % to MDA8 o0zone exceedance days in the Po Valley and in Germany, respectively. Lupascu and Butler (2019),
however, combined anthropogenic emissions from traf ¢, industry, power generation etc. in one sector, and therefore did not
provide source attribution results for traf c emissions separately. In comparison to this, Mertens et al. (2020b) investigated the
contribution of land transport emissions to ground-level ozone, with a focus on the transport sector, accounting for contribu-
tions from land transport emissions in Europe and from other regions of the world. Especially in the Po Valley, they report
large contributions from land transport emissions. Further, they showed that during events with large ozone mixing ratios, the
contribution of land transport peaks at up to 28 %. Mertens et al. (2020b), however, did not perform a geographical source
attribution for land transport emissions, i.e. they could not discriminate between contributions from European land transport
emissions and emissions from other regions of the world.

To overcome this limitation, our study adds to the results of Mertens et al. (2020b) by

— separating anthropogenic non-traf ¢ from land transport emissions, by further separating those between four geographi-
cal source regions (Europe, North America, East Asia and Rest of the World), and

— by applying a more recent emission inventory (EDGAR 5) and considering more recent years (emissions for 2015).

In comparison to Lupascu and Butler (2019), we apply a different approach for ozone source attribution, accounting for
contributions oNO, andVVOC precursors concurrently, instead of tagging precursors fd@y only. In addition, we focus
on the speci c role of land transport emissions, but without subdividing Europe into further different geographical source
regions.

The aim of this work is to better understand the fundamentals of the underlying processes, which determine ground-level
ozone over Europe, in particular the shares of different sectors and regions in ozone for one speci ¢ state (or realisation) of
the atmospheric composition. In that sense, these shares provide some preliminary hints on mitigation potentials, however, due
to the non-linear responses of ozone chemistry, not the effects of mitigation measures. Speci ¢ mitigation measures, requiring

perturbation simulations with changed emissions, are not considered.
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The questions investigated are:

— How do the various emission sectors contributBl@®, andOs in the major polluted regions Benelux and Po Valley and
how does this differ in comparison to more remote regions such as the Iberian Peninsula and Ireland?

— How large are the contributions from European emissions compared to the contributions from long-range transported

emissions to ground-lev€;?

Thereby, we are interested in those emission sectors with the largest ground-level ozone share, because mitigating the
emissions of these sectors has the largest potential in reducing ozone.

To answer the questions, we apply the MECO(n) (MESSy- ed ECHAM and COSMO models nested n times) model.
MECO(n) is an on-line coupled global/regional chemistry-climate model, which allows regionally ner resolutions in or-
der to understand regional processes better. The global model is important, to consistently represent the long-range transpor
across the boundaries of the embedded regional model. Moreover, we use the same chemical mechanism and the same sour
attribution method in the global and all regional model instances, namely the tagging method described by Grewe et al. (2017)
and Rieger et al. (2018), which allows us to quantify the contributions of reactive nitrbiggn 6ee Supplement Sect. 1 for a
de nition), CO and VOC emissions t053.

This manuscript is structured as follows: Section 2 provides an overview of the model system and explains the model setup
applied for the simulations. In Section 3 we present an evaluation of the MECO(n) data with other model data, air quality station
measurements, and measurements from the German research aricraft HALO. The source attribution results are presented i
Section 4. Finally, the results are discussed in detail in Section 5 and Section 6 summarizes the most important results anc
answers the research questions.

2 Model Simulations
2.1 Model Description

For the present study we apply the MECO(n) model system, which couples two model components on-line: the global
chemistry-climate model EMAC (Jockel et al., 2010, 2016) and the regional chemistry-climate model COSMO-CLM/MESSy
(version COSMO 5.0.0_clm16; Kerkweg and Jockel (2012)). The core atmospheric model used in COSMO-CLM/MESSYy is
the COSMO-CLM model (Rockel et al., 2008), a regional atmospheric climate model, which is based on the COSMO (Con-
sortium for Small-scale Modelling) model and jointly further developed by the CLM-Community. We use EMAC (ECHAM5
version 5.3.02) in the T42L90MA resolution, i.e. with a spherical truncation of T42 (corresponding to a quadratic Gaussian grid
of approximately 2.8° x 2.8° in latitude and longitude) with 90 vertical hybrid pressure levels up to 0.01 hPa. EMAC is operated
with a timestep length of 720s. For the simulations we used MESSYy in the version 2.55.2-1913. Comparable with the study by
Mertens et al. (2020a), a MECO(2) set-up with one COSMO/MESSYy instance over Europe with a resolution of 0.44° x 0.44°

(50 km, named CM50), and a further nested instance covering Central Europe with a resolution of 0.11° x Q2 kfr|,
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named CM12) is applied. The timestep length of CM50 is 240 s, and that of CM12 is 120 s. Both COSMO-CLM/MESSy
instances have 40 vertical model levels (terrain following) with geometric height as the vertical coordinate. The height of the
uppermost model level is at 22 km; the damping zone starts at 11 km, the lowest model laye2@ m thick. The boundary
conditions for CM50 are provided by EMAC, the boundary conditions for CM12 are provided by CM50 (Mertens et al., 2020a).
To facilitate a one-to-one comparison with observations, EMAC is “nudged” by a Newtonian relaxation of the temperature, the
divergence, the vorticity, and the logarithm of surface pressure (Jockel et al., 2006) towards ERA5 reanalysis data (Hersbach
et al., 2020). Sea surface temperature and sea ice coverage are prescribed as boundary conditions for the simulation set-t
from ERAS as well. Due to the MESSYy infrastructure, the same diagnostics and chemical process descriptions are applied in
all model instances.

2.2 Methodology

In this study we use the TAGGING submodel developed by Grewe et al. (2017) and Rieger et al. (2018). The tagging method
applies the combinatorical approach described by Grewe (2013). The TAGGING methd&lQagaN, O3z, OH, HO, and

the two families oNO, andNMHC . The family approach foNO, andNMHC is chosen for a reduction of computational
demands. Detailed de nitions of the families are provided by Grewe et al. (2017). The source attribution method allows a
separation of the emissions by their emission sector and geographical origin. For this, we de ne four tagging regions: Europe
(EVU), North America (NA), East Asia (EA) and the Rest of the World (ROW) to distinguish bet@edrom regional sources

(i.e. same continent) and from long-range transport (see Fig. S18 in the Supplement). The notation for tagged ozone in our
study is described in detail in Table 1. The regional attribution of the emission uxes to our tagging regions Europe, North
America, East Asia and the rest of the world is enabled by the Simple CALCulations (SCALC) submodel (see Supplement
Sect. 3).

The MECO(2) simulation was performed in the QCTM (quasi chemistry-transport model) mode which means that the
chemistry does not affect the meteorology in global and regional model instances (Deckert et al., 2011). The method ensures
the same simulated meteorological conditions, if different emission inventories are used, and is described in detail by Mertens
et al. (2016). The usage of the QCTM mode is important for follow up studies with different emission inventories, but not of
concern for the present study.

The chemical mechanism applied with the submodel MECCA (Module Ef ciently Calculating the Chemistry of the At-
mosphere) considers the basic gas-phase chemistry of ozone, methane, odd nitrogen, and other reactants, as described
Sander et al. (2011) and Jéckel et al. (2016). We us€bilI2-base-02-tag.banechanism which is based on Jéckel et al.
(2016). It includes basitlO4-CO-CH4-O3 chemistry including the chemistry of isoprefigHg and non-methane hydro-
carbons (NMHCs) up to 4 carbon atoms. In comparison to Jockel et al. (2016) the mechanism has been slightly extended
including additional halocarbons and reactions of acetonit@ld4CN) with OH, O'D andCl. The halogen chemistry in-
cludes bromine and chlorine species. Chemistry of sulphur is also considered. The chemical mechanisms of MECCA and the
submodel SCAV (scavenging and wet deposition, Tost et al., 2006, 2010), which calculates the scavenging of trace gases by

clouds and precipitation are included in the Supplement.
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Tagging category

Description

Land transport ROW

Land transport EU

Land transport NA

Land transport EA
Anthropogenic non-traf c ROW
Anthropogenic non-traf c EU
Anthropogenic non-traf ¢ NA
Anthropogenic non-traf c EA
Shipping

Aviation

Lightning

Biogenic

Biomass burning

CHy4

N20

Stratosphere

emissions of road traf ¢, inland navigation, railways (IPCC cod®§?
1A3b_c_e) from Rest of the World

emissions of road traf ¢, inland navigation, railways (IPCC code$"
1A3b_c_e) from Europe

emissions of road traf ¢, inland navigation, railways (IPCC code$?
1A3b_c_e) from North America

emissions of road traf ¢, inland navigation, railways (IPCC cod&§?
1A3b_c_e) from East Asia

sectors energy, solvents, waste, industries, residential, agriculture ©§th
Rest of the World

sectors energy, solvents, waste, industries, residential, agriculture mﬁ’h
Europe

sectors energy, solvents, waste, industries, residential, agriculture f@i!;‘ﬁ
North America

sectors energy, solvents, waste, industries, residential, agriculture feam

East Asia

emissions from ships (IPCC code 1A3d) o5
emissions from aircraft 032"
lightningNO emissions (o}

online calculated isoprene and soil-NOx emissions, of ine emissioB§”

from biogenic sources and agricultural waste burning (IPCC code 4F)

biomass burning emissions oje
degradation oEH, osH
degradation oN20 o)

downward transport from the stratosphere o"

Table 1. Description of the different tagging categories applied in this study following Grewe et al. (2017). Please note that some tagging
categories summarize different emission sectors (see description). The last column shows the nomenclature of the tagged ozone tracers ¢

used in this study. The nomenclature of other species is accordingly.

In accordance with Mertens et al. (2016) we calculate emission$@f by lightning only on the global scale, using
the parameterisation by Grewe et al. (2001). In CM50 and CM12 we use the emissions from EMAC (i.e. with the same
geographical, vertical, and temporal distribution), by transforming the emission ux on-line onto the grids of CM50 and CM12,
respectively. This approach allows us to use the same amount and the same spatial/temporal distribution of theNl@htning

emissions in all model instances.

Notation for tagged ozone



165

170

175

For anthropogenic emissions we applied the EDGAR (Emissions Database for Global Atmospheric Research, version 5.0)
inventory for the year 2015 with a monthly time resolution (Crippa et al., 2019b, 2020). The EDGARV5.0 inventory is based
on international energy balances, agricultural statistics of the FAO (Food and Agriculture Organization of the United Nations),
and on regional or national assumptions on technology use and emission control standards (Crippa et al., 2019b; Schindlbache
et al., 2021). The dataset is calculated by using a consistent bottom-up approach. In our own pre-processing the EDGAR
emissions are vertically distributed after Mailler et al. (2013), which is based on Bieser et al. (2011); see Supplement Sect. 4.

The biomass burning emissions are included using the Copernicus Atmosphere Monitoring Service Global Fire Assimila-
tion System (CAMS GFAS, version 1.2) data set from ECMWF ((European Centre for Medium-Range Weather Forecasts,
Di Giuseppe et al., 2017). In order to represent the vertical distribution of the wild re emissions in an appropriate way, the data
were pre-processed and vertically distributed onto six height levels after Dentener et al. (2006) depending on the geographical
region (see Supplement Sect. 5). 3D, and biogenic isoprene emissions are calculated by the submodel ONline EMISsions
(ONEMIS, Kerkweg et al., 2006)) following the parametrisations of Yienger and Levy Il (1995) and Guenther et al. (2006),
respectively. Table S1 in the Supplement lists the annual and summer tol( efissions in EMAC for the used emission
inventories and parametrisations (e.g. lightning).

The simulation period for EMAC and CM50 spans from 12/2016 until 02/2019. The ner nested instance CM12 was applied
only for summer months June, July and August (JJA) 2017 and 2018 as well as March and April 2018. These time periods
were selected, because during July 2017 and March 2018 two aircraft measurement campaigns, EMeRGe and EMeRGe Asi
Andrés Hernandez et al. (2022) took place, which provide valuable observation data for the model evaluation.
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Region Latitude Longitude Type of regime

Europe 33.5°t0 56.6° N 8.3°W1t023.2°E mixed

Po Valley 45°t0 46.5° N 7°to 14° E polluted basin
Benelux 50°to 53° N 3°to 7°E polluted coastal
West Ireland 51°to 55° N 8°to12°W in ow

Iberian Peninsula 37°t042° N 4.5°t08.5° W rural

Table 2. De nition of the regions analysed in this study. The last column lists the type of the chemical regime.

3 Model evaluation

We evaluated the model results using the seasonal ozone daily maximum 8h mixing ratio (OSMDAS8) data product based
on ground-level observations and results of chemistry-climate models by Delang et al. (2021), ground-level observations of
ozone andNOy as well as with aircraft in-situ observationsNO, andO3 during the HALO EMeRGe Europe measurement
campaign (Andrés Hernandez et al., 2022).

The comparison of the model results to the observations and model based data fusion product by Delang et al. (2021) reveals
that OSMDAS is overestimated systematically by 2® nmol mol * in rural regions like the Alps, parts of the Iberian
Peninsula and the Balkan region. The bias of the OSMDAS in polluted areas like the Ruhr area, Benelux, parts of France and
the Po Valley, is in the range of 5—htnol mol ! (see Sect. 6.1 in the Supplement).

The comparison with the ground-level observations from the AirBase network in Europe shows an overall mean bias across
all stations forNOy andOs of -3.3 Ig(NO2) m 3 and 23.5 g m 3, respectively. The Root Mean Square Errors (RMSE)
for NO, andOs are 12.9 g(NO2) m 2 and 35.9 g m 3, respectively (see Sect. 6.2 in the Supplement). The mean bias and
RMSE for ozone is comparable to previous evaluations of MECO(n) (see Table 7 by Mertens et al., 2020b).

The ight measurement campaign EMeRGe Europe took place in July 2017 with HALO ights across Europe. The goal was
to measure emission plumes from major polluted regions and to study their transport and transformation (Andrés Hernandez
etal., 2022). Since the focus of our study is on ozoneNi@¢l, the respective in situ measurement data from EMeRGe Europe
were used for comparison. A detailed description of the instruments can be found in Andrés Hernandez et al. (2022) and Ziereis
et al. (2022). In our study, three ights (11.07.2017, 20.07.2017 and 26.07.2017) are analysed, because these ights took place
within our study areas (Po Valley and Benelux). In order to facilitate the evaluation of the MECO(n) model with these ight
data, the "sampling in 4 dimensions" (S4D) submodel is used. S4D allows to sample on-line the MECO(n) model output along
the ight position at the highest possible frequency, i.e. at every model timestep (Jockel et al., 2010).

Scatter plots foNO, andO3 comparing the in-situ observations with the CM12 data at ight level are shown in Fig. 1. These
indicate, that the model performance, compared to the observations, varies strongly depending on the speci ¢ ight. Some are
in rather good agreement with observationsN@, andO3, while other ights (especially the ight on the 11.07.2017) show
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a positive ozone bias of 10—hBnol mol *. A more detailed intercomparison between aircraft in situ measurements and model
data is limited. Speci ¢ features simulated by the model could be shifted in time (or space) compared to the observations (see
also discussion by Andrés Hernandez et al., 2022). Therefore, Sect. 6.3 in the Supplement presents a more detailed analys
discussing how speci ¢ patterns might be represented or not represented by the model.

Overall, the evaluation shows that the performance of the MECO(n) set-up with respect to representing ground-level and free
tropospheridNOy, NO, andO3 mixing ratios is suf cient for further analysis of the ozone contributions. The model biases
are in the typical range of comparable model con gurations (see detailed discussion in Mertens et al., 2020b). Reasons for
these ozone biases have been discussed in previous publications (Mertens et al., 2016, 2021). One main reason for the positi
ground-level ozone bias is a too strong vertical mixing during the night, mixing in ozone-rich air from the free troposphere to the
boundary layer. This is is a common problem in many models (Travis and Jacob, 2019). Moreover, also free-tropospheric ozone
is biased high (see disucssuion by e.g. Jockel et al., 2016). In consequence, simulated contributions from the stratosphere, fror
lightning, and fromN,O decomposition to ground level ozone are likely biased high. Main reasons for the underestimations
of NOy are the horizontal resolution of the model, leading to a dilution of emissions over a large area, and uncertainties of the
emission inventories.

4 Source attribution results

In this section, contributions to ozone from land transport, anthropogenic non-traf ¢, and biogenic emissions are analysed,
because these are the sectors with the largest share to groun@®4ewveEurope (e.g. Karamchandani et al., 2017; Mertens
etal., 2018; Butler et al., 2018; Lupascu and Butler, 2019; Mertens et al., 2020b). In more detail, Mertens et al. (2020b) report
contributions of these sectors during summer of up to 16 % (land transport), 20 % (biogenic) and 30 % (anth. non-traf c).
Other emission sectors are either summarized as rest or not shown/discussed in our analysis, for which we de ne ve
different study areas with rather large and rather low air pollution in Europe (see Table 2 and Fig. S19 in the Supplement).
Besides Europe (whole domain), Po Valley, Benelux, a region on the Iberian Peninsula and West Ireland are considered. The
latter two are chosen to represent a rural region (Iberian Peninsula) and a region, which is dominated by In ow (West Ireland).
In our analyses we focus on the results for JJA 2017, but we also compared the contributions for JJA 2018 with those of
JJA 2017. As the ozone abundance in summer 2018 was higher than in 2017, absolute contributions in 2018 are generally
larger than in 2017, but the relative contributions are similar, with a tendency towards larger contributions of ozone from
European emissions compared to long-range transport in 2018 compared to 2017. Corresponding gures of the contributions
and ground-level ozone for 2018 are part of the Supplement (Sect. 7 therein).



Figure 1. Comparison oNOy (upper panel) an@; (lower panel) mixing ratiommol mol * between the CM12 model results (vertical
axis) and the HALO in situ measurements on the horizontal axis for all three ight dates 11.07.2017, 20.07.2017 and 26.07.2017.
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4.1 Contribution of different emission sectors to ground-level ozone

The main focus of this section is to investigate, which emission sectors contribute most to ozone in the speci ed regions. Of
special importance is the distinction between the geographical origin of the emissions to discriminate between the contributions
attributed to long range-transport and to regional emission sources.

In a rst step, the contributions of the ozone precursors are analysed in detail. The largest contributions of land transport
and anthropogenic non-traf ¢ emissions to ground-leMéy, in Europe are simulated in the Benelux region with up to 2—

9 nmol mol * and 2—8nmol mol 1, respectively (the range always indicates the geographical variation of the JJA average).
The contributions in the Po Valley are 2-4fol mol * for land transport and 1-@mol mol ! from anthropogenic non-traf c

(see Fig. S16 in the Supplement). Most of the contributions to ground#®glin Europe come from European emissions,
only a very small part is attributed to long-range transport, which is a direct consequence of the rather short lifd@ye of

For NMHC the anthropogenic non-traf ¢ (30—12®nol mol *) and biogenic sector (up to 30mol mol 1) are the largest
contributors to ground-level NMHC in the Benelux region and the Po Valley. Contributions from land transport emissions are
in the range of 3—-1Bmol mol ! (Fig. S17 in the Supplement). Given the NMHC lifetime, also here, long-range transport is
no relevant source.

Figure 2 shows the absolute contributions of the various sectors to ozone as simulated by CM12 in Central Europe for JJA
2017. The results of CM12 show slightly larger contributions in polluted regions compared to those of CM50 (Fig. S20 in
the Supplement), but the distributions and order of magnitude agree well between CM50 and CM12. In general, the emissions
from European anthropogenic non-traf ¢ emissio@§¥ ), European land-transpo® ) and from biogenic emission©g*')
are the largest contributors to ground-le@ in Europe. These contributions also show a positive gradient in North-West to
South-East direction. The distribution of the contribution to ozone from long-range transported emissions (anthropogenic non-
traf c and land transport) is more homogeneous and largest in South Europe. Reasons for the peak over South Europe are
transport of air masses from the African continent (tagged as ROW) to Europe (especially Southern Spain) and descent of air
masses transported from North America over the Mediterranean (Stohl et al., 2002; Eckhardt et al., 2004).

The source attribution method yields contributions to ozone of the individual emissions sources and calculates the ozone
production and loss rates for each emission sector, from which we calculate the net ozone production for each emission secto
(i) de ned as:

PO3™ =ProdO3; LossO3 @

Figure 3 shows the tot&03" andPO3"™! for the most important emission sectors (land transport, anthropogenic non-
traf ¢, and biogenic) separated between impact from European emissions (EU) and emissions from other regions (LRT=NA+EA-
Total PO3™! shows a clear North-South gradient, indicating much larger net ozone production in Southern Europe than in
Northern Europe. Accordingly, al$203" in the Po Valley is much larger than in Benelux. Ozone production from European
land transport emissions peak in the Po Valley and some larger cities in Southern Europe (Madrid, Rome, Naples). Similarly,
alsoPO3M! from European anthropogenic non-traf ¢ emissions peak in the Po Valley and around hot-spots mainly in South-
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and Eastern Europe. Ozone production from biogenic sources is largest over the Iberian Peninsula. In situ production from
anthropogenic precursors over Europe from LRT plays almost no role in Europe; only along the ship lanes in the Atlantic
ozone production from LRT takes place. This production is due to reactioN®gffrom shipping with NMHC emissions

from evaporation of gas/oil transported with ships (not the shipping emissions itself). This NMHC evaporation is categorised
as anthropogenic non-traf ¢ emissions from the rest of the world (see Fig. S17 in the Supplement) as it takes place over the
oceans and is not directly linked to the ship operation.

Figure 4 and Fig. 5 show the area-averaged absolute and relative contributions to ground-level ozone for each study area fol
JJA 2017. We focus on contributions of land transport (redish colors) and anthropogenic non-traf ¢ (bluish colors) emissions
from different regions of the world, shipping and biogenic emissions. All other categories are summarised as 'others'. The
category 'others' is responsible for 289 % (12 19 nmol mol 1) of ground-level ozone in the different study areas. The
largest contributors to 'others' differs between the regions, but degradati@rigfind lightning are important contributors in
all regions. A detailed breakdown of the contributions from the 'others’ category are shown in the Supplement (Fig2421
For the "in ow" region Ireland, emissions from North America are the largest contributor to the emission sectors anthropogenic
non-traf ¢ and land transport. Accordingly, changes of anthropogenic emissions in North America might heavily in uence
ozone over Ireland, which is in agreement with previous studies using the perturbation approach (e.g. Jonson et al., 2018)
and theNO, tagging results by Lupascu and Butler (2019). Besides long-range transport, especially the shipping sector is an
important contributor to ground-level ozone, which is in agreement with results shown by e.g., Mertens et al. (2018); Butler
et al. (2020); Mertens et al. (2024), indicating large contributions of shipping emissions to ground-level ozone in the Eastern
Atlantic. Accordingly, also the Benelux region shows larger relative contributions of the shipping sector compared to the
Iberian Peninsula or the Po Valley. Absolute contributions, however, are larger over the Iberian Peninsula than over Benelux,
due to the overall larger ozone values over the Iberian Peninsula.

In all other regions, i.e. Po Valley, Iberian Peninsula, and Benelux, European emissions from land transport and anthro-
pogenic non-traf c have larger absolute and relative contributions compared to the anthropogenic non-traf c/land transport
emissions from other regions. Generally, the relative/absolute contribution of European land transport emissions vary between
12 %/7nmol mol ! (Po Valley) and 7 % (Benelux and Iberian Peninsula)i®l mol ! (Benelux). Contributions from Euro-
pean anthropogenic non-traf ¢ emissions are larger than from land transport in all regions and range between relative/absolute
contributions of 19 % (Po Valley)/12mol mol 1 (Po Valley) and 11 % (Iberian Peninsula)fénol mol * (Benelux and
Iberian Peninsula).

The relative importance of land transport and anthropogenic non-traf ¢ European emissions compared to other emission
origins (i.e. the ratio of the contribution from European emissions from one sector to the contribution of land transport from
all regions), however, differs strongly between the regions. This ratio is smallest over the Iberian Peninsula, over which also
anthropogenic non-traf ¢ and land transport emissions from other regions contribute more compared to Benelux and the Po
Valley. This is consistent with results by Pay et al. (2019), who report that long range transport is an important source for

ground-level ozone over the Iberian Peninsula.
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In the Po Valley, the contributions from European land transport and anthropogenic non traf ¢ emissions are the largest
compared to the other regions. This is consistent with the net ozone production, which is largest in the Po Valley (see Fig.3),
due to large emissions and meteorological conditions favourable for ozone production.

Similarly, also relative and absolute contributions from biogenic emissions are largest in the Po Valley, even though soil-
NOy emissions are largest over Benelux, and isoprene emissions are largest over the Southern Iberian Peninsula (see Fig. S
and Fig. S2 and Table S2 in the Supplement ). Since our tagging mechanism combines these different ozone precursors, n
differentiation can be made betwe®§' from soil-NOy and isoprene emissions.

Our analyses so far show that the mitigation potential for the European anthropogenic sector over the Iberian Peninsula and
the Benelux region is more limited than in the Po Valley, because much less ozone is produced in situ from regional emissions.
Instead, ozone is more dominated by long-range transport and by biogenic emissions (Iberian Peninsula).
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Figure 2. Seasonal (JJA 2017) mean absolute contribution as mixing ratieadhmol ! of ground-levelOs from long-range transported

(LRT: ROW + NA + EA), biogenic, and European land transport as well as anthropogenic non-traf ¢ emissions as simulated with CM12.
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Figure 3. Seasonal (JJA 2017) mean of the ground-level ozone net productignRfdduction-Loss; see chemical mechanism in Supple-
ment: Pro®s and Los®3) in pmol mol !s ! from long-range transported (LRT: ROW + NA + EA), biogenic, and European anthropogenic

non-traf ¢ and land transport emissions.
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Figure 4. Seasonal (JJA 2017) mean absolute contribution of different emissions sectors and regions to ground-level ozone in the four regions

Po Valley, Benelux, West Ireland, and Iberian Peninsula as simulated with CM12.
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