
S1 Definition of NOy

For the comparison between the aircraft in situ measurements and the model results we use the following definition of NOy :

NOy =N +NO2 +NO+HNO3 +HNO4

+HONO+2xN 2O5 +PAN +HNO+ ISON

+LC4H9NO3 + IC3H7NO35

+BrNO2 +BrNO3 +ClNO2

+ClNO3

Please note that the definition of the NOy family used by the TAGGING method differs slightly, because PAN is tagged indi-
vidually due to the large importance of PAN for long range transport (see Grewe et al., 2017).

S2 Total emissions10

Table S1 lists the annual total NOx emissions of the considered emission sectors on the global scale.

emission sector Global EU NA EA ROW
Land transport 21.7 2.6 (0.7) 4.3 (1.1) 4.5 (1.1) 10.3 (2.5)
Non-traffic 43.5 3.9 (1.1) 5.2 (1.3) 14.9 (3.6) 19.5 (4.7)
Shipping 12.6
BB + AWB 8.2
Soil-NOx 13.0
Lightning 12.1

Table S1. Totals of NOx emissions (in Tg(NO) a-1) for the applied emission sectors. For the emission sectors land transport and anthrop-
genic non-traffic distinguish in addition various geographical source regions, which are: globally, in Europe (EU), in North America (NA),
in East Asia (EA) and in the rest of the world (ROW). The emissions are given for 2017 and JJA 2017 in parentheses. BB is short for
Biomass Burning and AWB is short for Agricultural Waste Burning

S2.1 Biogenic Emissions

Figures S1 and S2 depict the seasonal (JJA) mean fluxes of biogenic C5H8 and soil-NOx.
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Figure S1. Seasonal (JJA 2017) mean of the isoprene (C5H8) emission flux in µg m-2s-1 as simulated by CM12.
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Figure S2. Seasonal (JJA 2017) mean of the soil NOx emission flux in µg m-2s-1 as simulated by CM12.
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S2.2 Emissions in the study regions

Table S2 lists the seasonal (JJA) mean emission flux of various emission sectors averaged over the considered regions.15

Region NOteu
x NOsoil

x C5H8

unit ng(N) m−2 s ng(N) m−2 s ng(C) m−2 s

Benelux 21.7 7.6 7.0
Po Valley 12.1 4.7 32.1
Iberian Peninsula 5.1 3.9 60.1
Ireland 1.1 2.6 0.7

Table S2. Seasonal mean (JJA 2017) emission fluxes from land transport (teu), soil-NOx and biogenic isoprene in the various study re-
gions.
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S3 Online flagging of emissions

To subdivide the global emission flux files, which are used as input of the model, into regional subsets corresponding to the
individual regions, we applied the SCALC (Simple CALCulations) submodel. Kern (2013) describes the submodel in detail,
which allows the multiplication of two channel objects, here applied in order to prepare the emissions for the tagging by the
source regions (see Appendix C in Kern, 2013). The anthropogenic emission inventory EDGAR v5.0 is multiplied with flags20
from files containing 1 for a specific tagging region, and 0 everywhere else. This defines new channel objects with emission
fluxes, where emissions are non-zero in the tagged region and set to zero everywhere else. For the present study the simple
multiplication has been further expanded to ensure that all emissions, also along coastlines, are conserved.

S4 Pre-processing of EDGAR

During the preparation of the EDGAR emissions, the different sectors from EDGAR are mapped on a simplified sector def-25
inition containing the sectors anthropogenic non-traffic, land transport and shipping. During the summation of the sectors,
each sub-sector of EDGAR is vertically distributed according to Mailler et al. (2013). Table S3 shows the vertically dis-
tributed fraction for each level and each emission sector. In the pre-processing the distribution onto 7 levels was achieved,
by multiplying the emission flux at each grid point with a vector containing the individual fractions (Table S3).

SNAP sectors1

Level [m] 1 2 3 4 5 6 7 8 9 10
0 0. 11. 0. 20. 20. 100 100 100 2. 100

20 0. 89. 21.3 70. 70. 0. 0. 0. 8. 0.
92 0.25 0. 75.4 7. 6. 0. 0. 0. 37. 0.
184 51. 0. 3.3 1. 3. 0. 0. 0. 51 0.
324 45.3 0. 0. 0. 0. 0. 0. 0. 2. 0.
522 3.29 0. 0. 0. 0. 0. 0. 0. 0. 0.
781 0.2 0. 0. 0. 0. 0. 0. 0. 0. 0.

Table S3. Vertical distribution (fractions in (%) per European Monitoring and Evaluation Programme (EMEP) levels in m (left column)
and per SNAP sectors from Bieser et al. (2011), with an additional 0–20 m layer for surface emissions (adapted from, Mailler et al., 2013).
1SNAP sectors: 1. combustion in energy and transformation industry, 2. non-industry combustion, 3 .comb. in manufacturing industry, 4.
prod. processes, 5. extraction of fossil fuels, 6. solvent use, 7. road transport, 8. other mobile sources, 9. waste treatment, 10. agriculture,
11. other sources and sinks.

S5 Pre-processing of GFAS30

The biomass burning emissions in our simulations are prescribed based on the GFAS data set from the ECMWF CAMS.
In order to represent the dispersion of biomass burning emissions by the pyro-convection in an appropriate way, we pre-
processed the GFAS emissions to vertically distribute them onto 6 levels up to 4500 m depending on their geographical lo-
cation (Dentener et al., 2006, see Table S4).

S6 Evaluation35

For the model evaluation we focus on the results of CM12, as we will use these results mostly for the further analyses. Never-
theless, some evaluations can only be performed with CM50, as longer time periods are needed. Therefore, we compare in a
first step ground-level O3 between CM50 and CM12 for the summer months JJA 2017 and transformed the data of CM12 on
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Level [m]

Region 50 300 750 1500 2500 4500
tropical (30 S-30 N) 20. 40. 40. 0. 0. 0

Temperate (30 N-60 N, 30 S-60 S) 20. 20. 20. 40. 0. 0

Boreal (Eurasia) 10. 10. 20. 20. 40. 0

Boreal (Canada) 10. 10. 10. 10. 20. 40

Table S4. Fractional distribution (in %) of emission heights for wild-land fires (Dentener et al., 2006, from). Contributions assigned to
heights below the actual surface altitude are moved into the lowest applicable height range, and contributions of the 0-100m altitude are
always emitted into the lowest model layer.

the grid of CM50 (Figure S3). Generally, CM50 and CM12 simulate the same order of magnitude and a similar geographical
distribution of ground-level O3.40

S6.1 TOAR dataset

In order to evaluate ground-level O3 simulated by the MECO(n) model in Europe, the CM50 model results are compared
with the data product (further denoted as D21) created by Delang et al. (2021). The data product contains the seasonal ozone
daily maximum 8 h mixing ratio (OSDMA8), which is based on the maximum 8-hourly running mean ozone values (MDA8).
They combined a large number of O3 measurements at various stations from the TOAR database with results from nine dif-45
ferent atmospheric chemistry models (Delang et al., 2021). The atmospheric chemistry model simulations mostly stem from
phase one of the Chemistry-Climate Model Initiative (CCMI). In order to create a multimodel composite of all nine atmo-
spheric chemistry models, M3Fusion was used (Delang et al., 2021). M3Fusion corrects the model bias and finds a linear
combination of models in each region and year that minimizes the mean square error as compared to observations (Delang
et al., 2021). The hourly surface ozone observations cover 1970 to 2015, for 2016 and 2017 fewer data are available com-50
pared to 2015. For the analyses we first calculate the seasonal ozone daily maximum 8 h mixing ratio (OSDMA8) in CM50
and interpolate the results onto the (coarser) grid of D21. By calculating the area weighted differences between CM50 and
D21, ignoring the missing data points, we calculate a mean bias of 16.5 nmol mol−1.
Figure S4 displays ground-level OSDMA8 in nmol mol−1 for CM50 (upper panel) and the ground-level OSDMA8 in nmol mol−1

from the D21 data product in 2017 (middle panel). The lower panel in Figure S4, shows the differences between CM50 and55
D21 onto the D21 grid. Here, the CM50 results have been reduced by the mean bias of 16.5 nmol mol−1. The figure indi-
cates that in CM50 O3 is systematically overestimated with a bias of 16–20 nmol mol−1 in rural regions like the Alps, parts
of the Iberian Peninsula, Wales, and the Balkan region. The ozone bias in polluted areas like the Ruhr area, Benelux, parts of
France and the Po Valley and in the range of 5–10 nmol mol−1.
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Figure S3. Comparison of ground-level ozone for JJA 2017 between CM50 (50 km) and CM12 (12 km).

6



40

45

50

55
MDA8 CM50 2017

40

50

60

70

40

45

50

55

la
ti

tu
de

 [
de

gr
ee

 n
or

th
] MDA8 D21 2017

40

50

60

70

m
ix

in
g 

ra
tio

 O
 (n

m
ol

 m
ol

¹)

5 0 5 10 15 20
longitude [degree east]

40

45

50

55
CM50-D21-bias

5

0

5

Figure S4. Comparison of the 6-month mean of the daily maximum 8-hour ground-level O3 mixing ratio (nmol mol−1) for 2017 of CM50
(0.44° x 0.44°) with D21. White areas in D21 are missing values. For the difference of CM50 and D21 the CM50 results have been di-
biased as described in the text.
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S6.2 Ground-level observations60

In order to evaluate simulated ground-level O3 concentrations, a comparison with observational data from the AirBase net-
work was performed. AirBase is a European air quality database, maintained by the EEA (European Environment Agency:
https://www.eea.europa.eu/data-and-maps/data/aqereporting-8) through its European topic centre on Air pollution and Cli-
mate Change mitigation (European Environment Agency, 2018). The database contains air quality monitoring data and in-
formation submitted by participating countries throughout Europe. As regional models are typically not able to capture con-65
ditions near strong sources (e.g. measurements at traffic sites or near industrial sites), we restrict the evaluation to stations
labeled as ’background’. Negative concentrations in the measurement data have been eliminated; missing values are not con-
sidered during the evaluation process. In order to compare the model results with the measurements, we sample the model
data using a nearest neighbor approach from hourly model output of CM12.
Figures S5 and S6 show the probability density functions (PDFs) of NOx and O3 at 287 (NOx) and 386 (O3) measurement70
stations in Europe for JJA 2017, respectively. The comparison reveals that the frequency of observed NOx concentrations
below 3 µg m−3 are overestimated by CM12 (blue line), whereas that for large NOx concentrations is underestimated. While
the frequency of large NOx is underestimated, there is an overall positive simulation bias of the frequency of O3. The model
overestimates the frequency of small ozone values and underestimates the frequency of very large ozone values.
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Figure S5. Probability density function for JJA 2017 of the hourly ground-level NOx concentrations in µg m−3 of the model output of
CM12 (blue) and the rural AIRBASE station data (red).

S6.3 HALO in situ measurements from EMeRGe Europe75

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 (Andrés Hernández
et al., 2022). Since the focus of our study is on ozone and NOy, the respective in situ measurement data from EMeRGe Eu-
rope were used for comparison. A detailed description of the instruments can be found in Andrés Hernández et al. (2022) and
Ziereis et al. (2022). In our study, three flights (11.07.2017, 20.07.2017 and 26.07.2017) are analysed, because these flights80
took place within our study areas (Po Valley and Benelux). In order to facilitate the evaluation of the MECO(n) model with
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Figure S6. Probability density function for JJA 2017 of the hourly mean ground-level O3 concentrations in µg m−3 of the model output of
CM12 (blue) and the rural AIRBASE station data (red).

these flight data, the "sampling in 4 dimensions" (S4D) submodel is used. S4D allows to sample on-line the MECO(n) model
output along the flight position at the highest possible frequency, i.e. at every model timestep (Jöckel et al., 2010).
A detailed inter-comparison between aircraft in situ measurements and model data is limited. Specific features in the model
could be shifted in time (or space) compared to the observations (see also discussion by Andrés Hernández et al., 2022).85
Therefore, we will here focus on a more qualitative comparison between the measurements and the model results for the spe-
cific flights and regions. More quantitative scatter plots are part of the manuscript.

S6.3.1 Po Valley

Figure S7 depicts the comparison of the observational data with CM12 model results for the Po Valley on the 11th of July
2017 for NOy (upper panel) and O3 (lower panel). It indicates that NOy at 725 hPa (left panel) is well represented by the90
model and observed enhancements of NOy west of Genoa are reproduced by the model. The NOy outflow of the Po Valley
west of Venice at 925 hPa agrees geographically and temporally very well (right panel). Compared to NOy, O3 is mostly
overestimated, as shown for the pressure levels at 725 hPa and 925 hPa, respectively. This confirms the findings based on the
intercomparison with the D21 data set and the ground-level observations.
The vertical profiles of NOy and O3 displayed in Figures S8 confirm the agreement between measurement and observations95
for NOy. Further, it confirms the overestimation of O3 at 725 hPa in CM12 and shows large O3 values above 700 hPa, which
have not been measured by HALO. This overestimation is caused by a large scale transport of O3 rich airmasses from France
to Northern Italy simulated by MECO(n).
For the flight across the Po Valley, taking place on July 20th, 2017, the simulated geographical distributions of the NOy plumes
at 925 hPa agree with the observations. In this case, however, NOy is mainly underestimated by the model near city centres100
(Milano plume). At the same time, O3 is mainly underestimated by the model near these city plumes, while it agrees well
with the observations outside the plumes (see Figs. S9 and S10 ).
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Figure S7. NOy (upper panel) and O3 (lower panel) mixing ratios in nmol mol−1 of the model output of CM12 (background color) at 725
hPa (11 UTC) and 925 hPa (15 UTC) and the HALO in situ measurements (filled circles) for the flight date 11.07.2017 in the Po Valley.
The grey filled circles mask the measurement data, where HALO flew above or below the shown pressure level. The white spots mark the
grid points in which the surface pressure is lower than 725 hPa (left) and 925 hPa (right), respectively. Unfilled circles mark missing data.
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Figure S8. Comparison between CM12 model results sampled along the flight path of HALO (background color) with the HALO in situ
measurements (filled circles) for the flight date 11.07.2017 in the Po Valley. Unfilled circles mark missing data. Shown are comparisons
of the mixing ratios of NOy (upper panel) and O3 (lower panel) for two different time periods (left and right panel). All mixing ratios are
given in nmol mol−1. Please note different colour scales on the individual figures.
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Figure S9. Comparison between NOy (upper panel) and O3 (lower panel) mixing ratios as simulated by CM12 sampled along the flight
path of HALO (background color) with the HALO in situ measurements (filled circles) for the flight date 20.07.2017 in the Po Valley.
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Figure S10. Comparison between NOy (upper panel) and O3 (lower panel) mixing ratios as simulated by CM12 sampled along the flight
path of HALO (background color) with the HALO in situ measurements (filled circles) for the flight date 20.07.2017 in the Po Valley.
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S6.3.2 Benelux

Figure S11 displays the measurements from the flight in the Benelux region on July 26th, 2017 in a composite with CM12
data. The NOy plume of Antwerp is shifted northward in the CM12 simulation results. NOy is mostly underestimated in the105
neighborhood of city centres. In between the city plumes, NOy is well represented by CM12. At the same time O3 is under-
estimated within plumes, especially between Bruges and Antwerp large O3 mixing ratios are placed too far to the East by
CM12. Outside the city plume, starting at 12:50 UTC, O3 is very well represented by CM12, which is confirmed by the ver-
tical profiles (Fig. S12). Overall, CM12 is able to capture the variations of NOy and O3 mixing ratios measured during the
aircraft in situ measurements. Specific patterns, however, are shifted in time and space. There is a tendency that in the neigh-110
borhood of city centres and in their downwind plumes, the model results partly underestimate NOy and under-/overestimate
O3.
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Figure S11. Comparison between model results of O3 mixing ratios in nmol mol−1 sampled along the flight path of CM12 (background
color) with the HALO in situ measurements (filled circles) for the flight date 26.07.2017 in the Benelux region.
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Figure S12. Comparison between CM12 model results sampled along the flight path of HALO (background color) with the HALO in situ
measurements (filled circles) for the flight date 26.07.2017 over Benelux. Unfilled circles mark missing data. Shown are comparisons of the
mixing ratios of NOy (upper panel) and O3 (lower panel). All mixing ratios are given in nmol mol−1.
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S7 Comparison of ozone and contributions between 2017 and 2018

Figure S13 shows a comparison of the seasonal (JJA) mean ground-level ozone mixing rations in 2017 and 2018. Figures S14
and S15 show the absolute and relative contributions for JJA 2018.115
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Figure S13. Comparison of JJA ground-level ozone mixing ratios (in nmol mol−1) in CM12 between the years 2017 (left) and 2018
(right).
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Figure S14. Seasonal (JJA 2018) mean absolute contributions of different emission sectors and regions to ground-level ozone in the regions
Benelux, Po Valley, West Ireland, and Iberian Peninsula for JJA 2018 as simulated with CM12.
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Figure S15. Seasonal (JJA 2018) mean relative contributions of different emission sectors and regions to ground-level ozone in the regions
Po Valley, Benelux, West Ireland and Iberian Peninsula for JJA 2018 as simulated with CM12.
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S8 Contributions to NOy and NMHC

Figures S16 and S17 display the seasonal (JJA) mean contributions at ground-level to NOy and NMHC, respectively.
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Figure S16. Seasonal (JJA 2017) mean absolute contributions of NOy as mixing ratios in nmol mol−1 from long-range transported (LRT:
ROW + NA + EA) NOy, biogenic emissions (for NOy soil-NOx), and European emissions by sectors, and total NOy (lower right) as simu-
lated with CM12. Please note the different colour scales for the individual plots.
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Figure S17. Seasonal (JJA 2017) mean absolute contributions of NMHC as mixing ratios in nmol mol−1 from long-range transported
(LRT: ROW + NA + EA) NMHC, biogenic, and European emissions by sectors, and total NMHC (lower right) as simulated with CM12.
Please note the different colour scales for the individual plots.
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S9 Additional figures

Figure S18. Source regions (marked by color) for tagging in our MECO(2) model setup are defined as: North America (NA), Europe (EU)
and East Asia (EA). All other countries and the ocean are considered as rest of the world (ROW).
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Figure S19. Maximum, Minimum and Mean maximum daily 8-h average (MDA8) mixing ratios in nmol mol−1 based on 1-hourly model
output from CM12 for JJA 2017. The black rectangles mark the study areas with 1. Benelux, 2. Po Valley, 3. Iberian Peninsula and 4. West
Ireland.
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Figure S20. Seasonal (JJA 2017) mean absolute contribution as mixing ratios in nmol mol−1 of O3 from long-range transported (LRT:
ROW + NA + EA), biogenic, and European emissions, as simulated with CM50.
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Figure S21. Absolute (parentheses) and relative, average (JJA 2017) contributions to ground level ozone, as mixing ratios in nmol mol−1

and %, respectively, of all sectors. The contributions are given for the regions Benelux, Po Valley, Iberian Peninsula and Ireland. Here,
"Others" indicates the sum of the sectors land transport, anthropogenic non-traffic, shipping, and biogenic.

25



Europe Benelux Po Valley Iberian Peninsula Ireland0
5

10
15
20
25
30
35
40
45

Land transport 95th percentile ROW+NA+EA
95th percentile EU
90th percentile ROW+NA+EA
90th percentile EU
75th percentile ROW+NA+EA
75th percentile EU

Europe Benelux Po Valley Iberian Peninsula Ireland0
5

10
15
20
25
30
35
40
45

co
nt

ri
bu

ti
on

 t
o 

gr
ou

nd
-le

ve
l O

 (
%

)

Non-traffic 95th percentile ROW+NA+EA
95th percentile EU
90th percentile ROW+NA+EA
90th percentile EU
75th percentile ROW+NA+EA
75th percentile EU

Europe Benelux Po Valley Iberian Peninsula Ireland0
5

10
15
20
25
30
35
40
45

Biogenic 95th percentile
90th percentile
75th percentile

Figure S22. Box-whisker plot showing the monthly mean contributions of the most important emission sources at the 95th, 90th, and 75th
percentiles of ozone as simulated by CM12 for JJA 2017. The first panel shows the relative contributions of Oteu

3 and the sum of long-range
transported relative contributions of Otra

3 , Otna
3 and Otea

3 . The second panel shows the relative contributions of Oieu
3 and the sum of long-

range transported relative contributions of Oind
3 , Oina

3 and Oiea
3 . The third panel shows the relative contributions of Osoi

3 . The lower and
upper ends of the boxes indicate the 25th and 75th percentiles of the corresponding regional distribution, respectively, the bar the median,
and the whiskers are defined as ±1.5 the interquartile range of the contributions of all grid boxes within the indicated region.
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Figure S23. Mean absolute ozone contributions from anthropogenic emissions (land transport, non-traffic and shipping) in July 2017 in
EMAC.
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