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Abstract. Emissions of land transport and anthropogenic non-traffic emissions (e.g. industry, households and
power generation) are significant sources of nitrogen oxides, carbon monoxide and volatile organic compounds
(VOCs). These emissions are important precursors of tropospheric ozone and affect air quality. The contribution
of the emission sectors to ozone cannot be measured directly but can only be calculated using sophisticated at-
mospheric chemistry models. 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 investigate the contribution of var-
ious sources to ground-level ozone in Europe. Compared to previous source apportionment studies for Europe,
for the first time we apply a combined NOx–VOC tagging implemented in an online nested global–regional
chemistry–climate model to achieve a finer resolution over central Europe (12 km) but concurrently incorpo-
rating the effect of long-range transport. We distinguish 10 different source sectors and 4 geographical source
regions, analysing especially 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 concentrates on results for summer 2017,
during which measurement campaign EMeRGe took place. Measurement 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 NOy 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, espe-
cially from North America (Benelux, Ireland), but also from Africa (Iberian Peninsula), and provide additional
information about the sectoral contribution not available before. Our analysis shows that the contributions of
European emissions from land transport and anthropogenic non-traffic sectors strongly increase with increasing
values of MDA8 (daily maximum 8 h average) ozone over the Po Valley and in the Benelux region. Accordingly,
these two sectors drive large MDA8 values in these regions. Inter-comparisons of results for 2018 and with a
coarser model resolution (50 instead of 12 km) show that these results are robust with respect to inter-annual
variability and model resolution. Comparing our results with results from other source attribution methods we
find that the contributions to ozone from individual sectors, which have large NOx but rather low VOC emissions,
are estimated to be lower, if their emissions of NOx and VOCs are regarded concurrently.
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1 Introduction

Tropospheric ozone contributes to global warming by ab-
sorption of radiation (Myhre et al., 2013), and it is harm-
ful 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 tropospheric ozone are the down-
ward transport from the stratosphere and the in situ pro-
duction from precursors such as carbon monoxide (CO),
methane (CH4), nitrogen oxides (NOx =NO2+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 summarized as non-methane hy-
drocarbons (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, 1995; Vinken et al., 2014). In
particular, the natural sources are subject to large uncertain-
ties because emissions can not be directly measured, and pro-
cesses determining the emission fluxes have not yet been
fully understood (Tost et al., 2007; Mebust et al., 2011;
Yienger and Levy, 1995; Vinken et al., 2014). Since the
ozone chemistry is non-linear (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 emissions 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 re-
duced/increased emission sector on ozone. The source at-
tribution method (called tagging), in contrast, decomposes
ozone and ozone precursors into the shares from various
emission sources. This share is the contribution of the emis-
sion sector. Due to their different concepts, these methods
answer different questions (see also Mertens et al., 2020b,
Table 1). Wang et al. (2009), Grewe et al. (2010) and Clap-
pier et al. (2017) compared the source attribution method
with the perturbation method. They found that the perturba-
tion 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 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 Eu-
ropean 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), bio-
genic 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 et al., 2023).

Despite the importance of land transport emissions for
ground-level ozone over Europe, few studies have focused
on this sector mainly analysing the impact of changed land
transport emission on ozone using global models. These
studies showed a significant impact of land transport emis-
sions 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 con-
tribution of land transport emissions to ground-level ozone
based on a source attribution method in global models (e.g.
Dahlmann et al., 2011; Grewe et al., 2017; Mertens et al.,
2018) or using various methods with regional models focus-
ing on Europe (Tagaris et al., 2015; Karamchandani et al.,
2017; Pay et al., 2019). However, all of these regional stud-
ies have only applied source apportionment in the regional
model; a sectoral apportionment of ozone from long-distance
transport has not been addressed.

Lupaşcu and Butler (2019) overcame this limitation and
performed a source attribution for Europe including vari-
ous geographical source regions in Europe and the global
source region. For this they applied boundary conditions to
the regional model from a global model simulation includ-
ing a source attributions method. They found that local emis-
sion sources account for 41 % and 38 % to MDA8 ozone
exceedance days in the Po Valley and in Germany, respec-
tively. Lupaşcu and Butler (2019), however, combined an-
thropogenic emissions from traffic, industry, power genera-
tion, etc. into one sector and therefore did not provide source
attribution results for traffic emissions separately. In compar-
ison to this, Mertens et al. (2020b) investigated the contribu-
tion of land transport emissions to ground-level ozone, with
a focus on the transport sector, accounting for contributions
from land transport emissions in Europe and from other re-
gions 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 ra-
tios, the contribution of land transport peaks at up to 28 %.
Mertens et al. (2020b), however, did not perform a geograph-

Atmos. Chem. Phys., 24, 13503–13523, 2024 https://doi.org/10.5194/acp-24-13503-2024



M. Kilian et al.: Ozone source attribution in polluted European areas 13505

ical 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 the following:

– by separating anthropogenic non-traffic from land trans-
port emissions, by further separating those between four
geographical source regions (Europe, North America,
east Asia and the rest of the world);

– by applying a more recent emission inventory
(EDGAR 5) and considering more recent years (emis-
sions for 2015);

– by applying a finer spatial resolution for Europe (0.11°
instead of 0.44°); and

– by investigating also MDA8 ozone values.

In comparison to Lupaşcu and Butler (2019), we apply a
different approach for ozone source attribution, accounting
for contributions of NOx and VOC precursors concurrently,
instead of tagging precursors from NOx only. In addition, we
focus on the specific role of land transport emissions because
these emissions are an important source of ozone precursors
over Europe.

By providing the shares of different emission sectors and
regions to ground-level ozone and its precursors this work
helps to better understand the origin of large ozone events.
Specifically, the following scientific questions are investi-
gated:

– How do the various emission sectors contribute to NOy

and O3 in the major polluted regions Benelux and the Po
Valley and how does this differ in comparison to more
remote regions such as the Iberian Peninsula and Ire-
land?

– How large are the contributions from European emis-
sions compared to the contributions from long-range-
transported emissions to ground-level O3?

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 reduc-
ing ozone. These shares provide some preliminary hints on
mitigation potentials but not the effects of mitigation mea-
sures. Due to the non-linear responses of ozone chemistry
on emission changes perturbation simulations are required to
analyse the effect of emission changes on ozone. Such simu-
lations are not considered in the present study.

To answer the questions, we apply the MECO(n) (MESSy-
fied ECHAM and COSMO models nested n times) model.
MECO(n) is an online-coupled global–regional chemistry–
climate model, which allows regionally finer resolutions in
order to understand regional processes better. The global

model is important, to consistently represent the long-range
transport across the boundaries of the embedded regional
model. Moreover, we use the same chemical mechanism and
the same source attribution method in the global and all
regional model instances, namely the tagging method de-
scribed by Grewe et al. (2017) and Rieger et al. (2018), which
allows us to quantify the contributions of reactive nitrogen
(NOy ; see Sect. S1 in the Supplement for a definition), CO
and VOC emissions to O3.

This paper is organized as follows: Sect. 2 gives an
overview of the modelling system and explains the model
setup used for the simulations. In Sect. 3 we present an evalu-
ation of the MECO(n) data with other model data, air quality
station measurements and measurements from the German
research aircraft HALO. The source attribution results are
presented in Sects. 4 to 6. Finally, the results are discussed in
detail in Sect. 7, and Sect. 8 summarizes the most important
results and answers the research questions.

2 Model simulations

2.1 Model description

For the present study we apply the MECO(n) model sys-
tem, which couples two model components online: the
global chemistry–climate model EMAC (Jöckel et al.,
2010, 2016) and the regional chemistry–climate model
COSMO-CLM/MESSy (version COSMO 5.0.0_clm16;
Kerkweg and Jöckel, 2012). The core atmospheric model
used in COSMO-CLM/MESSy is the COSMO-CLM model
(Rockel et al., 2008), a regional atmospheric climate model,
which is based on the COSMO (Consortium 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 approx-
imately 2.8°× 2.8° in latitude and longitude) with 90 verti-
cal hybrid pressure levels up to 0.01 hPa. EMAC is operated
with a time step length of 720 s. For the simulations we used
MESSy in the version 2.55.2-1913. We applied a MECO(2)
setup featuring one COSMO/MESSy instance over Europe
with a resolution of 0.44°× 0.44° (≈ 50 km, named CM50)
and a further instance nested in CM50 covering central Eu-
rope with a resolution of 0.11°× 0.11° (≈ 12 km, named
CM12). The time step 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 ≈ 22 km; the damping zone starts at 11 km,
and the lowest model layer is ≈ 20 m thick. The boundary
conditions for CM50 are provided by EMAC, and the bound-
ary conditions for CM12 are provided by CM50 (Mertens
et al., 2020a). To facilitate a one-to-one comparison with ob-
servations, EMAC is “nudged” by a Newtonian relaxation of
the temperature, the divergence, the vorticity and the loga-
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rithm of surface pressure (Jöckel et al., 2006) towards ERA5
reanalysis data (Hersbach et al., 2020). Sea surface temper-
ature and sea ice coverage are prescribed as boundary con-
ditions for the simulation setup from ERA5 as well. Due to
the MESSy 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 method tags CO, PAN, O3,
OH, HO2, and the two families of NOy and NMHCs. The
family approach for NOy and NMHCs is chosen for a re-
duction of computational demands. Detailed definitions 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. We differenti-
ate 10 sources of ozone (anthropogenic and natural emission
sectors or processes). In addition we subdivide the emission
sectors land transport and anthropogenic non-traffic into four
geographical source regions: Europe (EU), North America
(NA), east Asia (EA) and the rest of the world (ROW) to dis-
tinguish between O3 from regional sources (i.e. same con-
tinent) and from long-range transport. In total this gives us
16 tagging categories into which ozone and its precursors
are decomposed. Table 1 lists the tagging categories in de-
tail. The geographical distribution of the source attribution
regions is shown in Fig. S18 in the Supplement, and details
on the technical implementation of the geographical source
attribution are given in Sect. S3 in the Supplement.

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; Mertens et al.,
2016). The method ensures the same simulated meteorologi-
cal conditions if different emission inventories are used. 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 Efficiently Calculating the Chemistry of
the Atmosphere) considers the basic gas-phase chemistry of
ozone, methane, odd nitrogen and other reactants, as de-
scribed by Sander et al. (2011) and Jöckel et al. (2016).
We use the CCMI2-base-02-tag.bat mechanism, which is
based on the mechanism described by Jöckel et al. (2016).
It includes basic NOx-CO-CH4-O3 chemistry including the
chemistry of isoprene C5H8 and non-methane hydrocarbons
(NMHCs) up to 4 carbon atoms. The halogen chemistry in-
cludes bromine and chlorine species. The chemistry of sulfur
is also considered. In comparison to Jöckel et al. (2016) the
mechanism has been slightly extended including additional
halocarbons and reactions of acetonitrile (CH3CN) with OH,

O1D and Cl). The chemical mechanisms for gas-phase and
aqueous-phase chemistry (the latter required for scavenging
and wet deposition as described by Tost et al., 2006, 2010)
are included in the Supplement.

We calculate emissions of NOx by lightning only on
the global scale, using the parametrization by Grewe et al.
(2001). In CM50 and CM12 we use the emissions from
EMAC (i.e. with the same geographical, vertical and tem-
poral distribution), by transforming the emission flux 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 the lightning NOx emissions
in all model instances (see also Mertens et al., 2016).

For anthropogenic emissions we applied the EDGAR
(Emissions Database for Global Atmospheric Research, ver-
sion 5.0) inventory for the year 2015 with a monthly time res-
olution (Crippa et al., 2019b, 2020). The EDGARv5.0 inven-
tory is based on international energy balances, agricultural
statistics of the FAO (Food and Agriculture Organization of
the United Nations), and regional or national assumptions
on technology use and emission control standards (Crippa
et al., 2019b). The data set is calculated 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). The detailed descrip-
tion of the vertical distribution is given in Sect. S4 in the
Supplement.

The biomass burning emissions are included using the
Copernicus Atmosphere Monitoring Service Global Fire As-
similation System (CAMS GFAS, version 1.2) data set from
ECMWF (European Centre for Medium-Range Weather
Forecasts; Di Giuseppe et al., 2018). In order to represent the
vertical distribution of the wildfire emissions in an appro-
priate way, the data were pre-processed and vertically dis-
tributed onto six height levels after Dentener et al. (2006)
depending on the geographical region (see Sect. S5 in the
Supplement). Soil NOx and biogenic isoprene emissions are
calculated by the submodel ONline EMISsions (ONEMIS;
Kerkweg et al., 2006)) following the parametrizations of
Yienger and Levy (1995) and Guenther et al. (2006), respec-
tively. Table S1 in the Supplement lists the annual and sum-
mer totals of NO emissions in EMAC for the used emission
inventories and parametrizations (e.g. lightning).

The simulation period for EMAC and CM50 spans De-
cember 2016 until February 2019. The finer nested instance
CM12 was applied only for the summer months of June,
July and August (JJA) 2017 and 2018 as well as March and
April 2018. These time periods were selected to match two
aircraft measurement campaigns, EMeRGe (July 2017) and
EMeRGe Asia (March 2018; Andrés Hernández et al., 2022),
which provide valuable observation data for the model eval-
uation.

Atmos. Chem. Phys., 24, 13503–13523, 2024 https://doi.org/10.5194/acp-24-13503-2024
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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 as
used in this study. The nomenclature of other species is accordingly.

Tagging category Description Notation for
tagged ozone

Land transport ROW emissions of road traffic, inland navigation and railways (IPCC codes
1A3b_c_e) from the rest of the world

Otra
3

Land transport EU emissions of road traffic, inland navigation and railways (IPCC codes
1A3b_c_e) from Europe

Oteu
3

Land transport NA emissions of road traffic, inland navigation and railways (IPCC codes
1A3b_c_e) from North America

Otna
3

Land transport EA emissions of road traffic, inland navigation and railways (IPCC codes
1A3b_c_e) from east Asia

Otea
3

Anthropogenic non-traffic ROW sectors energy, solvents, waste, industries, residential and agriculture
from the rest of the world

Oind
3

Anthropogenic non-traffic EU sectors energy, solvents, waste, industries, residential and agriculture
from Europe

Oieu
3

Anthropogenic non-traffic NA sectors energy, solvents, waste, industries, residential and agriculture
from North America

Oina
3

Anthropogenic non-traffic EA sectors energy, solvents, waste, industries, residential and agriculture
from east Asia

Oiea
3

Shipping emissions from ships (IPCC code 1A3d) Oshp
3

Aviation emissions from aircraft Oair
3

Lightning lightning NOx emissions Olig
3

Biogenic online-calculated isoprene and soil NOx emissions and offline emissions
from biogenic sources and agricultural waste burning (IPCC code 4F)

Osoi
3

Biomass burning biomass burning emissions Obio
3

CH4 degradation of CH4 OCH4
3

N2O degradation of N2O ON2O
3

Stratosphere downward transport from the stratosphere Ostr
3

3 Model evaluation

The MECO(n) model has been evaluated in detail by Hof-
mann et al. (2012) and Mertens et al. (2016). Therefore, here
we focus on a short evaluation of the model performance for
the period of interest.

We evaluated the model results using the seasonal ozone
daily maximum 8 h mixing ratio (OSMDA8) data product
based on ground-level observations and results of chemistry–
climate models by Delang et al. (2021), ground-level obser-
vations of ozone and NOx , and aircraft in situ observations
of NOy and O3 during the HALO EMeRGe Europe measure-
ment campaign (Andrés Hernández 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 OSMDA8 is overestimated systematically by 16–
20 nmol mol−1 in rural regions like the Alps and parts of the
Iberian Peninsula and the Balkan region. The bias of the OS-
MDA8 in polluted areas, like the Ruhr area, Benelux, parts of
France and the Po Valley, is in the range of 5–10 nmol mol−1

(see Sect. S6.1 in the Supplement).
The comparison with the ground-level observations from

the AirBase network in Europe shows an overall mean bias
across all stations for NOx and O3 of −3.3 µg (NO2) m−3

and 23.5 µg m−3, respectively. The root mean square er-
rors (RMSEs) for NOx and O3 are 12.9 µg (NO2) m−3 and
35.9 µg m−3, respectively (see Sect. S6.2 in the Supplement).

https://doi.org/10.5194/acp-24-13503-2024 Atmos. Chem. Phys., 24, 13503–13523, 2024
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The mean bias and RMSE for ozone are comparable to previ-
ous evaluations of MECO(n) (see Table 7 by Mertens et al.,
2020b).

The flight measurement campaign EMeRGe Europe took
place in July 2017 with HALO flights across Europe. The
goal was to measure emission plumes from major polluted
regions and to study their transport and transformation (An-
drés Hernández et al., 2022). Since the focus of our study
is on ozone and NOy , the respective in situ measurement
data from EMeRGe Europe were used for comparison. A
detailed description of the instruments can be found in An-
drés Hernández et al. (2022) and Ziereis et al. (2022). In our
study, three flights (11, 20 and 26 July 2017) are analysed
because these flights took place within our study areas (Po
Valley and Benelux). For this inter-comparison, the model
data are sampled online along the flight track at the highest
possible frequency, i.e. at every model time step (for more
details see submodel S4D described by Jöckel et al., 2010).

Scatter plots for NOy and O3 comparing the in situ ob-
servations with the CM12 data at flight level are shown in
Fig. 1. These indicate that the model performance, compared
to the observations, varies strongly depending on the spe-
cific flight. Some are in rather good agreement with obser-
vations for NOy and O3, while other flights (especially the
flight on the 11 July 2017) show a positive ozone bias of 10–
15 nmol mol−1. A more detailed inter-comparison between
aircraft in situ measurements and model data is limited. Spe-
cific features simulated by the model could be shifted in time
(or space) compared to the observations. As an example,
for some flights/chemical species, models and observations
agree quite well, but the plumes in the model have a slightly
different location. Therefore, Sect. S6.3 in the Supplement
presents a more detailed analysis discussing how specific pat-
terns might be represented or not represented by the model.

Overall, the evaluation shows that the chosen MECO(n)
setup is able to reproduce ground-level and free-tropospheric
NOx , NOy and O3. However, the results also show a posi-
tive bias of tropospheric ozone and a negative bias for NOx .
The model biases are in the typical range of comparable
model configurations (see detailed discussion in Mertens
et al., 2020b). Reasons for these ozone biases have been dis-
cussed in previous publications (Mertens et al., 2016, 2021).
One main reason for the positive ground-level-ozone bias is
vertical mixing that is too strong during the night, mixing
in ozone-rich air from the free troposphere to the boundary
layer. This is a common problem in many models (Travis
and Jacob, 2019). Moreover, free-tropospheric ozone is also
biased high (see discussion by, for example, Jöckel et al.,
2016). As a consequence, simulated contributions from the
stratosphere, from lightning and from N2O decomposition to
ground-level ozone are likely biased high, and contributions
from the ground level are likely biased low. The main reasons
for the underestimations of NOx are the horizontal resolution
of the model, leading to a dilution of emissions over a large
area and uncertainties of the emission inventories.

Figure 1. Comparison of NOy (a) and O3 (b) mixing ratios
(nmol mol−1) between the CM12 model results (vertical axis) and
the HALO in situ measurements on the horizontal axis for all three
flight dates, 11, 20 and 26 July 2017.

4 Source attribution results

Contributions to ozone from land transport, anthropogenic
non-traffic and biogenic emissions are the sectors with the
largest share to ground-level O3 in Europe (e.g. Karamchan-
dani et al., 2017; Mertens et al., 2018; Butler et al., 2018; Lu-
paşcu and Butler, 2019; Mertens et al., 2020b). In more de-
tail, Mertens et al. (2020b) report contributions of these sec-

Atmos. Chem. Phys., 24, 13503–13523, 2024 https://doi.org/10.5194/acp-24-13503-2024



M. Kilian et al.: Ozone source attribution in polluted European areas 13509

tors during summer of up to 16 % (land transport), 20 % (bio-
genic) and 30 % (anth. non-traffic). Therefore, other emission
sectors are either summarized as “rest” or not shown/dis-
cussed in the present paper.

For the analysis we focus on five different study areas with
rather large and rather low air pollution in Europe. Besides
Europe (whole domain), the 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 that is dominated by inflow (West
Ireland; see Table 2 and Fig. S19 in the Supplement)

The focus is on results for JJA 2017. Further analysis of
inter-annual variability is presented in Sect. 5.3.

4.1 Contribution of different emission sectors to
ground-level ozone

The subject of this section is to examine which emission sec-
tors contribute most to ground-level ozone in the specified
regions during JJA 2017. Of particular importance is the dis-
tinction between the geographical origin of emissions to dif-
ferentiate between the contributions attributed to long-range
transport and regional emission sources.

The largest contributions of land transport and anthro-
pogenic non-traffic emissions to ground-level NOy in Eu-
rope are simulated in the Benelux region with up to 2–9
and 2–8 nmol mol−1, respectively (the range always indicates
the geographical variation of the JJA average). The contribu-
tions in the Po Valley are 2–10 nmol mol−1 for land transport
emissions and 1–4 nmol mol−1 for anthropogenic non-traffic
emissions (geographical distribution is given in Fig. S16 in
the Supplement). Most of the contributions to ground-level
NOy in Europe come from European emissions; only a very
small part is attributed to long-range transport, which is a di-
rect consequence of the rather short lifetime of NOy .

For NMHCs, the anthropogenic non-traffic sector
(30–120 nmol mol−1) and the biogenic sector (up to
30 nmol mol−1) are the largest contributors to ground-level
NMHCs in the Benelux region and the Po Valley. Contri-
butions from land transport emissions are in the range of
3–15 nmol mol−1 (see Fig. S17 in the Supplement for a
geographical distribution). Given the NMHC lifetime, also
here, long-range transport is not important.

Given the complex and non-linear ozone chemistry, the
contributions of ozone strongly differ from the contribu-
tions of the precursors NOy and NMHCs. Figure 2 depicts
the absolute contributions to ozone as simulated by CM12
in central Europe for JJA 2017. In general, the emissions
from European anthropogenic non-traffic emissions (Oieu

3 ),
from European land transport (Oteu

3 ) and from biogenic emis-
sions (Osoi

3 ) are the largest contributors to ground-level O3
in Europe. These contributions also show a positive gradient
in a north-west to south-east direction. The distribution of
the contribution to ozone from long-range-transported emis-
sions (anthropogenic non-traffic 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 sector (i) defined as

PO3net
i = ProdO3i −LossO3i . (1)

Figure 3 shows total PO3net and PO3net
i for the most

important emission sectors (land transport, anthropogenic
non-traffic and biogenic) separated between contributions
from European emissions (EU) and emissions from other re-
gions (LRT=NA+EA+ROW). Total PO3net shows a clear
north–south gradient, indicating much larger net ozone pro-
duction in southern Europe than in northern Europe. Ac-
cordingly, also, PO3net in the Po Valley is much larger than
in Benelux. Ozone production from European land trans-
port emissions peaks in the Po Valley and some larger
cities in southern Europe (Madrid, Rome, Naples). Similarly,
PO3net

i from European anthropogenic non-traffic emissions
also peaks in the Po Valley and around hotspots, mainly in
south and eastern Europe. Ozone production from biogenic
sources is largest over the Iberian Peninsula. In situ produc-
tion from anthropogenic precursors over Europe from LRT
plays almost no role in Europe. Over land and in particular
towards eastern Europe, the net production of ozone from
LRT is slightly negative because loss processes of ozone
from LRT are larger than the production from LRT precur-
sors. Only along the ship lanes in the Atlantic does the net
ozone production from LRT take place. This production is
due to reactions of NOy from shipping with NMHC emis-
sions from evaporation of gas/oil transported with ships (not
the shipping emissions itself). This NMHC evaporation is
categorized as anthropogenic non-traffic 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.

Figures 4 and 5 show the area-averaged absolute and
relative contributions to ground-level ozone for each study
area for JJA 2017. We focus on contributions of land trans-
port (reddish colours) and anthropogenic non-traffic (bluish
colours) emissions from different regions of the world, ship-
ping and biogenic emissions. All other categories are sum-
marized as “others”. This category is responsible for 27 %–
39 % (12–19 nmol mol−1) of ground-level ozone in the dif-
ferent study areas. The largest contributors to “others” dif-
fer between the regions, but degradation of CH4 and light-
ning are important contributors in all regions. A detailed
breakdown of the contributions from the “others” category
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Table 2. Definition of the regions analysed in this study. The last column lists the type of the chemical regime.

Region Latitude Longitude Type of regime

Europe 33.5 to 56.6° N 8.3° W to 23.2° E mixed
Po Valley 45 to 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 to 12° W inflow
Iberian Peninsula 37 to 42° N 4.5 to 8.5° W rural

Figure 2. Seasonal (JJA 2017) mean ozone mixing ratio (lower right) and absolute contributions (both in nmol mol−1) of ground-level O3
from long-range-transported (LRT: ROW+NA+EA), biogenic and European land transport as well as anthropogenic non-traffic emissions
as simulated with CM12. Please note the different scaling of the total ozone mixing ratios and the contributions.

is shown in the Supplement (Fig. S21). For the “inflow” re-
gion Ireland, emissions from North America are the largest
contributor to the emission sectors anthropogenic non-traffic
and land transport. Accordingly, changes of anthropogenic
emissions in North America might heavily influence ozone
over Ireland, which is in agreement with previous studies us-
ing the perturbation approach (e.g. Jonson et al., 2018) and
the NOx tagging results by Lupaşcu and Butler (2019).

Besides long-range transport, the shipping sector in partic-
ular is an important contributor to ground-level ozone, which
confirms results from global model studies by, for example,
Mertens et al. (2018), Butler et al. (2020) and Mertens et al.
(2024) showing large contributions of shipping emissions to
ground-level ozone in the eastern Atlantic. Accordingly, the
Benelux region also 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. the Po Valley, Iberian Penin-
sula and Benelux, European emissions from land trans-
port and anthropogenic non-traffic sectors have larger
absolute and relative contributions compared to the
anthropogenic non-traffic/land transport emissions from
other regions. Generally, the relative/absolute contribu-
tion of European land transport emissions varies be-
tween 12 %/7 nmol mol−1 (Po Valley) and 7 % (Benelux
and Iberian Peninsula)/3 nmol mol−1 (Benelux). Contribu-
tions from European anthropogenic non-traffic emissions are
larger than from land transport in all regions and range
between relative/absolute contributions of 19 % (Po Val-
ley)/12 nmol mol−1 (Po Valley) and 11 % (Iberian Penin-
sula)/6 nmol mol−1 (Benelux and Iberian Peninsula).

The relative importance of land transport and anthro-
pogenic non-traffic European emissions compared to other
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Figure 3. Seasonal (JJA 2017) mean of the ground-level ozone net production in pmol mol−1 s−1 from long-range-transported (LRT:
ROW+NA+EA), biogenic, and European anthropogenic non-traffic and land transport emissions. The lower-right panel shows the to-
tal net production with a different scale.

Figure 4. Seasonal (JJA 2017) mean absolute contribution (in nmol mol−1) of different emissions sectors and regions to ground-level ozone
in the four regions of the Po Valley, Benelux, West Ireland and Iberian Peninsula, as simulated with CM12.

emission origins (i.e. the ratio of the contribution from Eu-
ropean 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 Penin-
sula, over which anthropogenic non-traffic and land transport
emissions from other regions also 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.

In the Po Valley, the contributions from European land
transport and anthropogenic non-traffic 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 con-
ditions favourable for ozone production.
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Figure 5. Seasonal (JJA 2017) mean relative contribution (in %) of different emissions sectors and regions to ground-level ozone in the four
regions of the Po Valley, Benelux, West Ireland and Iberian Peninsula, as simulated with CM12.

Similarly, relative and absolute contributions from bio-
genic emissions are also largest in the Po Valley, even though
soil NOx emissions are largest over Benelux, and isoprene
emissions are largest over the southern Iberian Peninsula (see
Figs. S1 and S2 and Table S2 in the Supplement for emis-
sion totals and their geographical distribution). Since our tag-
ging mechanism combines these different ozone precursors,
no differentiation can be made between Osoi

3 from soil NOx

and isoprene emissions.
So far, our analyses 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).

5 Contributions during periods of large ozone
mixing ratios

Especially for human health, periods of enhanced ozone con-
centrations are most harmful. Such large ozone concentra-
tions can occur, for example, under stagnant conditions dur-
ing heat waves. During these periods, ozone contributions
can differ strongly from seasonal mean values (e.g. Mertens
et al., 2020b; Lupaşcu et al., 2022). Therefore, we investi-
gate the contributions at the 95th, 90th and 75th percentiles
of ozone and for maximum MDA8 conditions to extend pre-
vious analyses by considering (1) contributions of land trans-
port emissions and (2) various geographical origins of emis-
sions. The analyses are performed for the whole of Europe
and for the four study regions defined in Table 2.

5.1 Contributions to large ozone mixing ratio percentiles

Figure 6 shows the absolute contributions of land transport,
anthropogenic non-traffic and biogenic emissions at differ-
ent percentiles of ozone (relative contributions are given in
Fig. S22 in the Supplement). For this analysis, we first cal-
culated the respective percentiles of ozone and then quanti-
fied the contributions of ozone at this percentile (see Mertens
et al., 2020b, for more details on the technical realization).
The ozone percentiles in the various regions have a large
geographical spread; therefore the analyses are presented as
box-and-whisker plots. The range of the whiskers indicates
the geographical spread among the regions.

Due to the large spatial variation of O3 (see Fig. 2), the
contributions averaged over the European area show a large
spread, but mean and maximum values show a tendency
towards larger contributions of ozone from European land
transport, from European anthropogenic non-traffic and from
biogenic emissions, with increasing ozone percentiles. This
result is in accordance with results by Mertens et al. (2020b).
Compared to Mertens et al. (2020b), our additional informa-
tion about the geographical origins of the emissions shows
that the larger contributions of land transport and anthro-
pogenic emissions at larger ozone values are caused by emis-
sions from within Europe.

The larger contributions of land transport and anthro-
pogenic non-traffic emission to ground-level ozone with in-
creasing ozone percentiles are largest over Benelux and the
Po Valley. Ireland and the Iberian Peninsula show no or
only a little increase in the contribution of these sectors
for increasing ozone values. In addition, the contribution of
ozone from long-range transport is important at all ozone per-
centiles, especially over the Iberian Peninsula and Ireland.
The results for the Iberian Peninsula confirm contribution
analyses of peak ozone values by Pay et al. (2019) and ozone
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Figure 6. Box-and-whisker plot showing the contributions (in nmol mol−1) of the most important emission sources for the 95th, 90th and
75th percentiles of ground-level ozone as simulated by CM12 for JJA 2017. Panel (a) shows the regional absolute contributions of Oteu

3
(labelled EU) and the sum of long-range-transported absolute contributions of Otra

3 , Otna
3 and Otea

3 (labelled ROW+NA+EA). Panel (b)
shows the absolute contributions of Oieu

3 (labelled EU) and the sum of long-range-transported absolute contributions of Oind
3 , Oina

3 and Oiea
3

(labelled ROW+NA+EA). Panel (c) shows the absolute contributions of Osoi
3 . The range indicated by the boxes and whiskers indicates

the geographical spread within the corresponding region. The lower and upper ends of the boxes indicate the 25th and 75th percentiles,
respectively; the bar shows the median; and the whiskers are defined as ±1.5 times the inter-quartile range of the contributions of all grid
boxes within the geographical region.

source attribution for the Madrid region by de la Paz et al.
(2024). However, our results show in addition information
on the sectoral attribution instead of attributing long-range
transport only to boundary conditions of the regional model.

This analysis shows that in particular in the Po Valley,
but to a limited extent also over Benelux, European anthro-
pogenic emissions drive large ozone values. The reduction
in European emissions therefore has the potential to reduce
ozone peak values, especially in the Po Valley. Here and over
the Iberian Peninsula, however, the contributions of biogenic
emissions also strongly increase with increasing ozone lev-
els. Competing effects, for example, the increase in contribu-
tion from natural emissions if anthropogenic emissions are
reduced, as reported by Mertens et al. (2021), could there-
fore counteract ozone reductions measures.

5.2 Contributions to MDA8 ozone

An important metric for ozone exceedance is MDA8; there-
fore we also investigate ozone contributions to MDA8. To
do so, we first calculate MDA8 for JJA 2017. Based on the
MDA8 values, we calculate mean, minimum and maximum
MDA8 values for JJA 2017 (geographical distributions are
shown in Fig. S19 in the Supplement). For these maximum,

minimum and mean values of MDA8, the contributions are
analysed for the study regions defined in Table 2. Similar to
the percentiles, the contributions are analysed as box-and-
whisker plots to indicate the geographical spread among the
regions in Fig. 7.

The monthly maxima of MDA8 over Europe range
from 40–100 nmol mol−1 (Fig. 7, upper panel). Contribu-
tions to the maximum MDA8 from European land trans-
port emissions range between 2–20 nmol mol−1, contribu-
tions from European anthropogenic non-traffic between 2–
35 nmol mol−1 and contributions from biogenic emissions
between 5–30 nmol mol−1. The analysis largely confirms the
findings based on the analysis of the percentiles. We see
that especially over Benelux and the Po Valley, the contri-
butions of European land transport and anthropogenic non-
traffic emissions are larger for larger MDA8 values. Accord-
ingly, European emissions from these two sectors drive max-
imum MDA8 values in the two major polluted regions. This
confirms the findings by Lupaşcu and Butler (2019) gained
using a NOx tagging method but here with a tagging method
considering NOx and VOCs concurrently. Moreover, here we
quantify the role of land transport emissions in the MDA8
trends separately, instead of considering all anthropogenic
emissions together.
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Figure 7. Box-and-whisker plot showing MDA8 ozone and the absolute MDA8 ozone contributions of the most important European emission
sectors at ground-level as simulated by CM12 for JJA 2017. Panel (a) shows the MDA8 ozone, and panels (b) and (c) show the contributions
for European (EU) and long-range-transported (LRT) land transport emissions, respectively. Panels (d) and (e) show the contributions for
European (EU) and long-range-transported (LRT) anthropogenic non-traffic emissions, respectively. Panel (f) shows the contribution of
biogenic emissions. Units in each panel are nmol mol−1; the minimum, mean and maximum of MDA8 ozone (a) or minimum, mean and
maximum of the absolute contributions to MDA8 ozone are shown (b–f). All results are based on 1-hourly model output. The range indicated
by the boxes and whiskers indicates the geographical spread within the considered region. The lower and upper ends of the boxes indicate
the 25th and 75th percentiles, respectively; the bar shows the median; and the whiskers are defined as ±1.5 times the inter-quartile range of
the contributions of all grid boxes within the geographical region.

In particular over the Iberian Peninsula, but also in Ireland
(and only very limited in Benelux and the Po Valley), the
absolute contributions of emissions from the land transport
and anthropogenic non-traffic sectors from other source re-
gions are larger for larger MDA8 values. Accordingly, long-
range transport is also an important source, especially over
the Iberian Peninsula during high MDA8 values. This large
importance of long-range transport is also in accordance with
previous studies (Pay et al., 2019; de la Paz et al., 2024).
However, our results in addition provide a sectoral attribu-
tion for the long-range aspect instead of reporting contribu-
tions from boundary conditions only.

5.3 Inter-annual variability

Tropospheric ozone has a strong inter-annual variability;
therefore we want to compare the results for JJA 2017 with
results for JJA 2018. Overall, the ozone abundance in sum-
mer 2018 was larger than in summer 2017. Therefore, JJA
mean absolute contributions in 2018 are generally larger than
in 2017, but the JJA mean relative contributions are sim-
ilar, with a tendency towards larger relative contributions
of ozone from European emissions compared to long-range
transport in 2018 compared to 2017. Our analysis for the
MDA8 values and their contributions in 2018 also show that
our results are virtually unaffected by inter-annual variabil-
ity. Although the maximum MDA8 values differ between the
2 years, with larger maximum values in the Benelux area
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(≈ 90 nmol mol−1 in 2018 and ≈ 78 nmol mol−1 in 2017)
and slightly lower values in the Po Valley (≈ 90 nmol mol−1

in 2018 and≈ 95 nmol mol−1 in 2017), the described relation
can also be observed for 2018 MDA8 values. The contribu-
tions of traffic and anthropogenic non-traffic emissions from
long-range transport remain very similar for max, min and
mean MDA8 values, while the contributions from European
anthropogenic (non-traffic and traffic) and biogenic emis-
sions increase with increasing MDA8 values. Corresponding
figures depicting ground-level ozone and the contributions
to ground-level ozone in 2018 are part of the Supplement
(Sect. S7 therein).

5.4 Dependence on model resolution

The effect of the model resolution on the simulated ozone
mixing ratios is well known. Therefore, Mertens et al.
(2020a) investigated the effect of the model resolution on
simulated ozone contributions. According to this analysis
simulated ozone contributions in specific regions, e.g. the Po
Valley, can differ strongly between a coarse-resolved global
model and a finer-resolved regional model. A further in-
crease in the model resolution, i.e. from 50 to 12 km resolu-
tion, however, only had a small influence on seasonal-mean
ozone contributions. This also holds for the results of the
present study. Generally, CM12 simulates lower JJA aver-
age ozone mixing ratios in many regions and, accordingly,
slightly lower absolute contributions too. The overall geo-
graphical distribution agrees well. In polluted regions, espe-
cially in the Po Valley, CM12 tends to simulate larger con-
tributions compared to CM50 (see Fig. S20 in the Supple-
ment). For large ozone values, however, the effect of the reso-
lution is even more important; therefore we also compare the
MDA8 values between CM50 and CM12. The results show
that CM50 simulates slightly larger maximum and mean
MDA8 median values averaged over the considered regions
and, accordingly, also slightly larger contributions from Eu-
ropean land transport, from anthropogenic non-traffic and
from biogenic emissions. The finer resolution of CM12, how-
ever, leads to a larger geographical variability in the consid-
ered regions (indicated by the spread of the whiskers). In the
Po Valley the finer resolution even leads to larger maximum
values (indicated by the upper whiskers) in CM12. The larger
geographical spread can be expected given the finer resolu-
tion. In general, the comparison of CM12 and CM50 shows
that for larger geographical regions, such as Benelux and the
Po Valley, even for source attribution of ozone MDA8, the
results are quite robust between 12 and 50 km horizontal res-
olution. However, it remains to be tested if further resolution
increases to 4 km and below will give results that differ more
from 50 km. The resolution of around 4 km is of interest be-
cause previous publications (e.g. Tie et al., 2010; Markakis
et al., 2015) reported an increase in the model skill to simu-
late ozone mixing ratios in comparison to measurements in
this range.

6 Ozone production efficiency

To understand the results of the ozone source attribution anal-
ysed in the previous sections in more detail, we next analyse
the ozone chemistry using the two metrics ozone production
efficiency (OPE) and the ratio of production of H2O2 and
HNO3 (called SR). These quantities are defined as

OPE= 2
PNO+HO2

PNO2+OH
(2)

SR=
PHO2+HO2

PNO2+OH
. (3)

In these definitions, P∗ denotes the diagnosed production
rates from the indicated chemical reactions. OPE is a mea-
sure of the number of ozone production cycles of one NOx

molecule before it reacts to HNO3. Here, we follow the def-
inition of the OPE (see Chap. 12 of Jacob, 1999), which as-
sumes that reactions of RO2 with NO have the same reaction
rate as reactions of HO2 with NO. SR is a measure to assess
whether the ozone chemistry is NOx- or VOC-limited (see
Sillman, 1999), with smaller values indicating a tendency to-
wards a VOC-limited regime.

Table 3 summarizes the JJA average absolute and relative
contributions of NOy and O3 (of land transport emissions
and of all regional anthropogenic emissions). Moreover, the
table lists the calculated OPE and SR as well as average an-
thropogenic NOx emission fluxes in the specified regions. A
more detailed breakdown of the emissions in the regions is
also given in Table S2 in the Supplement.

The results show that the (compared to other regions)
much larger anthropogenic NOx emissions over Benelux
lead to a chemical regime, which tends to be rather VOC-
limited. In addition, the large NOx mixing ratios lead to a low
ozone production efficiency. Moreover, reduced UV radia-
tion over Benelux compared to the Po Valley inhibits ozone
production (e.g. Real et al., 2024).

In the Po Valley, the average NOx emission flux is lower
than in the Benelux, and the ozone production efficiency is
larger due to less NOx but also due to meteorological condi-
tions, which are more favourable for ozone production com-
pared to Benelux. These differences explain the larger pro-
duction of ozone from regional emissions in the Po Val-
ley compared to Benelux. The two remote regions (Iberian
Peninsula and Ireland) show similar SR, but the OPE over
Ireland is much smaller compared to that over the Iberian
Peninsula, due to the overall less favourable conditions for
ozone formation.

Even though the contributions cannot directly be translated
into ozone reductions in case of emissions changes, they pro-
vide valuable insights for potential mitigation options. Given
the overall lower ozone over Benelux compared to the Po
Valley, especially NOx emissions should be decreased in or-
der to improve air quality (by reducing NO2). However, the
low SR indicates that ozone might increase or change only
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Table 3. Seasonal means (JJA 2017) of the average anthropogenic NOx emission flux (in ng m−2 s−1), the absolute and relative NOy and
O3 contributions from European land transport emissions (teu) and from regional anthropogenic emissions (reg.-anth., Oteu

3 and Oieu
3 ), and

averages of the OPE and the SR. Please note that OPE and SR have been calculated for daylight conditions only.

Region NOanth.
x NOteu

y NOanth
y Oteu.

3 Oreg.-anth.
3 OPE SR

unit ng m−2 s−1 (%) nmol mol−1 (%) nmol mol−1 (%) nmol mol−1 (%) nmol mol−1 (%)

Benelux 51.0 (65) 3.6 (42) 6.4 (74) 2.7 (8) 8.3 (23) 10.3 0.06
Po Valley 21.5 (58) 2.1 (44) 3.0 (66) 7.3 (12) 18.8 (31) 26.0 0.75
Iberian Peninsula 8.1 (58) 1.0 (38) 1.5 (59) 4.2 (8) 10.5 (19) 55.0 2.24
Ireland 2.5 (25) 0.13 (14) 0.2 (28) 1.1 (3) 2.9 (8) 24.9 2.63

very little. The larger OPE and the larger contributions of
ozone from European anthropogenic emissions over the Po
Valley compared to other European regions indicate that re-
ductions of these emissions can help to reduce ozone levels.
However, additional perturbation studies are needed to quan-
tify the achievable ozone reductions. Combining these sim-
ulations with the source attribution technique would help to
understand the ozone response of the changed emissions (e.g.
Mertens et al., 2018).

7 Discussion

As shown, emissions from land transport and anthropogenic
non-traffic sources are important for NOx (here analysed as
NOy) over Europe, while for VOCs, biogenic and anthro-
pogenic non-traffic sources are most important. The regions
with the largest contributions of land transport and anthro-
pogenic non-traffic emissions to O3, however, are not al-
ways identical with the regions of the largest contributions
to NOx and NOy . Mertens et al. (2020a) already stated that
large amounts of NOx emissions do not necessarily lead to
large O3 mixing ratios. The reasons are the non-linearity of
the ozone chemistry, depending on the availability of VOCs
(Sillman, 1999), and the strong dependence of the ozone
mixing ratio on the meteorological conditions, affecting de-
position and transport (Vieno et al., 2010; Francis et al.,
2011; Logan, 1985).

The analysed contributions, however, depend on the ap-
plied emission inventories. The model results of NOx and
NOy show a good agreement with the observational data, but
locally, NOy is underestimated (Sect. 3). The uncertainty es-
timate for a previous version (4.3.2) of the EDGAR emis-
sions by Crippa et al. (2018) indicates uncertainties of NOx

emissions of 17 %–69 % depending on the country. For EU-
28 in 2012 (the most recent year covered in that analysis),
uncertainties of 51 % are reported. Besides the estimates of
anthropogenic emissions, estimates of biogenic and natural
emissions are also uncertain; for example, estimates of the
emissions of NOx from soil range from 4 to 15 Tg (N) a−1

(Vinken et al., 2014), and emissions from lightning NOx

range from 2 to 7 Tg (N) a−1 (Schumann and Huntrieser,
2007).

Mertens et al. (2020b), however, showed that the con-
tributions to ground-level ozone over Europe change only
slightly for two different anthropogenic emission inventories
over Europe. Therefore, we expect that results change only
slightly, as long as the ratio of the emission strengths and
the order of magnitude of specific emissions do not change
drastically. To quantify the effect of different emissions in
more detail, we compare the results of our study with the re-
sults of Mertens et al. (2020b). They used the same model
and tagging method but different emission inventories on a
global and regional scale. In addition, Mertens et al. (2020b)
analysed the years 2008–2010 and did not distinguish differ-
ent geographical regions. Therefore, we summed up the con-
tributions from different geographical regions in our study
to compare the results roughly with those by Mertens et al.
(2020b). This comparison is summarized in Table 4, indicat-
ing that the results are relatively robust with respect to differ-
ent emission inventories and years.

The source attribution method applied in our study is sub-
ject to some simplifications, as discussed by Grewe et al.
(2017). As Mertens et al. (2020a) already clarified, the math-
ematical method itself is accurate, but the implementation
in the model requires some simplifications such as the in-
troduction of chemical families (e.g. NOy , NMHCs). This
simplification can lead to small artificial contributions. Such
an example is NMHCs from the lightning category, which
are created from decomposition of PAN from lightning into
NOy and NMHCs. PAN from lightning is created from reac-
tions of NOy from lightning with NMHCs from other emis-
sion categories (Grewe et al., 2017; Butler et al., 2018). In
order to quantify the influence of simplifications and also the
influence of different tagging approaches on the source at-
tribution results, we further compare our results with results
from other source attribution studies.

To investigate the influence of different tagging ap-
proaches, we compare our results with publications using
the tagging approach described by Butler et al. (2018). In
this approach, ozone is attributed – in different simulations
– to either emissions of NOx or VOCs, while our approach
considers NOx and VOCs concurrently. Even though a de-
tailed inter-comparison between our results and the results
from Butler et al. (2018, 2020) is limited due to differ-
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Table 4. Comparison of absolute and relative contributions for the sectors land transport, anthropogenic non-traffic and biogenic between
results by Mertens et al. (2020b) and results from the present study. Please note that the region and sector definitions are not identical between
the two studies. We compare our values for Benelux with their values for mid-Europe, and our values for West Ireland correspond to values
of their inflow region. Moreover, the definition of the region Iberian Peninsula differs between the two studies. Sector-wise, we compare our
values for anthropogenic non-traffic to their values for anthropogenic (including anthropogenic non-traffic, shipping and aviation). The range
of the values by Mertens et al. (2020b) shows the range of the two different emissions inventories. All values are for JJA (2017 in our study;
2008–2010 in the study by Mertens et al., 2020b).

Sector Po Valley Benelux Iberian Peninsula Inflow

This study

land transport 18 % 15 % 15 % 12 %
land transport 11 nmol mol−1 4 nmol mol−1 9 nmol mol−1 4 nmol mol−1

Mertens et al. (2020b)

land transport 14 %–16 % 13 %–14 % 11 %–12 % 8 %–9 %
land transport 7–9 nmol mol−1 5–6 nmol mol−1 6 nmol mol−1 4 nmol mol−1

This study

anth. non-traffic 29 % 29 % 25 % 22 %
anth. non-traffic 18 nmol mol−1 8 nmol mol−1 15 nmol mol−1 9–10 nmol mol−1

Mertens et al. (2020b)

anthropogenic 27 %–31 % 28 %–32 % 30 %–32 % 33 %–34 %
anthropogenic 14–17 nmol mol−1 12–14 nmol mol−1 16–18 nmol mol−1 15 nmol mol−1

This study

biogenic 21 % 17 % 21 % 16 %
biogenic 13 nmol mol−1 6 nmol mol−1 12 nmol mol−1 6 nmol mol−1

Mertens et al. (2020b)

biogenic 19 %–20 % 19 %–20 % 18 %–19 % 14 %
biogenic 9–10 nmol mol−1 8–9 nmol mol−1 10–11 nmol mol−1 6–7 nmol mol−1

ent years analysed, different emission inventories applied
and differently used definitions of the tagged categories,
the comparison shows that sources with large amounts of
NOx emissions, but only low VOC emissions, are estimated
to contribute more in the NOx-only tagging approach of
Butler et al. (2018). This has been discussed already by But-
ler et al. (2020) for shipping emissions. As example, in our
simulation we estimate a global mean tropospheric burden
of ozone from shipping emissions for 2017 on the order of
10 Tg for 5.8 Tg (N) a−1 shipping emissions, while Butler
et al. (2020) report around 20 Tg for 4.3 Tg (N) a−1. More-
over, Butler et al. (2018) diagnosed contributions from an-
thropogenic NOx sources in the range of 25–35 nmol mol−1

for July 2010. In our global model instance, contributions
in the range of 15–35 nmol mol−1 during July 2017 (see
Fig. S23 in the Supplement) are simulated. Accordingly,
Butler et al. (2020) report ground-level ozone contributions
from north-west European (local) NOx emissions of 10–
13 nmol mol−1 in JJA 2010, which is larger than our result
of 8 nmol mol−1 for the Benelux region in JJA 2017.

Lupaşcu and Butler (2019) applied the Butler et al. (2018)
tagging method within the WRF-Chem model (Weather Re-
search and Forecasting (WRF) model coupled with Chem-
istry model) that attributes O3 concentrations in several Eu-
ropean receptor regions to NOx emissions. They calculated
in their GEN (Germany, Belgium, the Netherlands and Lux-
embourg) region means of regional contribution from anthro-
pogenic (land transport and non-traffic) emissions for July
to September 2010 of 25 % (their Fig. 7). Compared to this,
we find a contribution of 23 % from anthropogenic emissions
from Europe in the Benelux region for JJA 2017.

In summary, as discussed in previous studies (Butler et al.,
2020), our approach of tagging NOx and VOCs concurrently
provides lower contributions from anthropogenic sources,
which mainly comprise NOx but not that much in terms of
VOC emissions, compared to a separate tagging of NOx or
VOCs. However, more detailed model inter-comparison ex-
ercises are needed to better quantify the differences between
these approaches.

Other tagging methods, often applied on the regional scale
(Dunker et al., 2002; Kwok et al., 2015) check if the ozone

https://doi.org/10.5194/acp-24-13503-2024 Atmos. Chem. Phys., 24, 13503–13523, 2024



13518 M. Kilian et al.: Ozone source attribution in polluted European areas

chemistry is either NOx- or VOC-limited and attribute ozone
production accordingly to either NOx or VOCs. Karamchan-
dani et al. (2017) applied such a source attribution method
in the Comprehensive Air quality Model with Extensions
(CAMx) and estimated the ozone contribution from road
transport emissions for different metropolitan regions across
Europe. They found contributions to MDA8 during summer
of 19 % in Amsterdam and 11 % in London. Our results for
Amsterdam are 9 % and 7 %–8 % for London and therefore
lower in both cases. With a similar approach Pay et al. (2019)
used the source attribution method with the CMAQ model
and estimated a relative ozone contribution from road trans-
port emissions of 11 %–16 % in most parts of Spain during
ozone exceedances in summer, which is in a similar order
of magnitude compared to our JJA mean contributions (see
Fig. 5).

A limitation of our study is the choice of the three tag-
ging regions, which are large-scale and represent almost en-
tire continents. Thus, no country-wise source–receptor rela-
tionships have been able to be established so far. Therefore,
the tagging regions could be further refined within Europe or
in other regions (e.g. country by country) in order to enable
the source attribution to each country (e.g. by Lupaşcu and
Butler, 2019). This approach is mainly limited by the amount
of memory per computing task due to the large amount of ad-
ditional tracers. Nevertheless, it could be worthwhile for the
assessment of mitigation strategies on a national scale.

8 Conclusions

In the present study we investigate the contributions of an-
thropogenic (land transport and non-traffic) and biogenic
emissions to ground-level ozone over Europe. By means
of simulations with the MECO(n) model system we anal-
yse contributions in several regions in detail. The model
system allows an online coupling of the global chemistry–
climate model EMAC with the regional chemistry–climate
model COSMO-CLM/MESSy. In order to quantify the con-
tributions of land transport, anthropogenic non-traffic and
biogenic emissions to ozone and its precursors, a tagging
method for source attribution is used, which takes into ac-
count NOx and VOCs concurrently. To distinguish between
regional and long-range-transported contributions, we define
four different geographical source regions, Europe, North
America, east Asia and the rest of the world. Our tagging
method fully decomposes the budgets of ozone and ozone
precursors into contributions from various emission sources
(and regions) and is applied consistently in the global and
regional model instances. The study is based on a previous
assessment (Mertens et al., 2020b) and adds the following
new aspects:

– Land transport and anthropogenic non-traffic emissions
are further separated between four geographical source

regions (Europe, North America, east Asia and the rest
of the world).

– We apply a more recent emission inventory (EDGAR
5), analyse a more recent year (2017) and consider a
finer spatial resolution (0.11° instead of 0.44°).

Compared to other studies we apply a source attribution
method that takes into account NOx and VOCs concurrently.
Moreover, we apply the tagging method on the global and on
the regional scale and therefore also provide a sectoral source
attribution of long-range transport.

Our analysis shows that land transport emissions con-
tribute strongly (42 % and 44 %, respectively) to the ground-
level NOy mixing ratios for JJA 2017 in the most polluted
regions Benelux and the Po Valley, with larger absolute con-
tributions in the Po Valley. However, due to the different me-
teorological conditions and the overall larger NOx emissions
in the Benelux compared to the Po Valley, the contributions
of European land transport (12 % in the Po Valley and 8 % in
the Benelux) and other anthropogenic non-traffic emissions
(19 % in the Po Valley and 15 % in the Benelux, respectively)
are smaller over the Benelux compared to the Po Valley dur-
ing JJA 2017. In line with previous studies, our results show
large contributions from biogenic emissions across Europe.

Our results show additionally that long-range transport of
ozone, especially formed from land transport and other an-
thropogenic emissions, has a larger relative contribution to
ground-level ozone over Ireland, the Benelux countries and
the Iberian Peninsula compared to the Po Valley. The abso-
lute ozone levels over Benelux and Ireland, however, are low,
and accordingly the absolute contributions from long-range
transport are largest over the Iberian Peninsula. The main ge-
ographical source regions for Benelux and Ireland are emis-
sions from North America, while for the Iberian Peninsula
the contributions of anthropogenic emissions from the rest of
the world are also important. These contributions can mainly
be associated with ozone originating from emissions in north
Africa.

For the upper percentile of ozone and MDA8 ozone over
the Benelux countries and the Po Valley, our results clearly
show that the larger ozone mixing ratios are determined by
European anthropogenic and land transport emissions as well
as by biogenic emissions. Accordingly, a reduction of re-
gional emissions can potentially lower the high ozone lev-
els. This confirms similar previous analyses but with a dif-
ferent methodology. Moreover, we were able to quantify the
role of the land transport emissions separately. In contrast
to the other regions long-range transport contributions to ex-
treme values are likewise important for the Iberian Peninsula,
suggesting that a reduction of European emissions only has
a limited effect on extreme ozone mixing ratios. An inter-
comparison between 2017 and 2018 shows that these main
findings also hold for 2018. Moreover, they also hold for the
coarser-resolution (50 km) domain.
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The comparison with results from studies applying ozone
source attribution to either NOx or VOC shows that our ap-
proach tends to simulate lower contributions of sources with
strong NOx but low VOC emissions. Follow-up studies need
to quantify this difference in more detail by applying both
methods with the same simulation setup and (if possible) the
same model system. Further, we intend to further refine the
source regions for the apportionment (tagging) in order to al-
low a country-by-country attribution (e.g. as in Lupaşcu and
Butler, 2019) in subsequent studies. This is a prerequisite to
assessing the potential benefit of national mitigation regula-
tions.
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