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Abstract

The sensitivity of air quality model responses to modifications in input data (e.g. emissions, meteorology and boundary condi-
tions) or model configurations is recognized as an important issue for air quality modelling applications in support of air qual-
ity plans. In the framework of FAIRMODE (Forum of Air Quality Modelling in Europe, https://fairmode.jrc.ec.europa.eu/) a
dedicated air quality modelling exercise has been designed to address this issue. The main goal was to evaluate the magnitude
and variability of air quality model responses when studying emission scenarios/projections by assessing the changes of model
output in response to emission changes. This work is based on several air quality models that are used to support model users
and developers, and, consequently, policy makers. We present the FAIRMODE exercise and the participating models, and
provide an analysis of the variability of O; and PM concentrations due to emission reduction scenarios. The key novel feature,
in comparison with other exercises, is that emission reduction strategies in the present work are applied and evaluated at urban
scale over a large number of cities using new indicators such as the absolute potential, the relative potential and the absolute
potency. The results show that there is a larger variability of concentration changes between models, when the emission reduc-
tion scenarios are applied, than for their respective baseline absolute concentrations. For ozone, the variability between models
of absolute baseline concentrations is below 10%, while the variability of concentration changes (when emissions are similarly
perturbed) exceeds, in some instances 100% or higher during episodes. Combined emission reductions are usually more efficient
than the sum of single precursor emission reductions both for O; and PM. In particular for ozone, model responses, in terms of
linearity and additivity, show a clear impact of non-linear chemistry processes. This analysis gives an insight into the impact of
model’ sensitivity to emission reductions that may be considered when designing air quality plans and paves the way of more
in-depth analysis to disentangle the role of emissions from model formulation for present and future air quality assessments.
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Introduction

Improving air quality is not only beneficial for human health,
but it also reduces our impact on climate change (EEA 2020;
Feng and Fang 2022). Therefore, actions to reduce air pollutant
emissions can have multiple benefits. Air quality models, such
as chemistry transport models (CTM), are valuable tools for
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the assessment of the impact of emission reduction strategies
and forecasting of pollutant concentrations. Since models are
being progressively used for policy support, such as in the
frame of the Air Convention or the Ambient Air Quality Direc-
tive (EU 2008), model performance and response sensitivity
assessment have become an increasingly important issue.
Although many studies tackle the impact of chemical
and physical processes, initial and boundary conditions, or
emissions on absolute concentrations or trends (Curci 2012;
de Mejj et al. 2009; Dufour et al. 2021; Huang et al. 2020;
Huertas et al. 2021; Khan and Kumar 2019; Li et al. 2021;
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Pernigotti et al. 2012; Thunis et al. 2021b; Vuolo et al. 2009;
Yan et al. 2021), dedicated exercises to evaluate the vari-
ability of model responses (concentration changes) to local
emission modifications are not common. It is however a key
element to ensure robust policymaking, since absolute or rel-
ative concentration changes are commonly used to estimate
or evaluate the efficiency of air quality plans, particularly in
the frame of integrated assessment tools (Viaene et al. 2016).

Long-term modelling exercises such as EURODELTA
(Bessagnet et al. 2016; Ciarelli et al. 2019; Colette et al.
2017; Mircea et al. 2019; Thunis et al. 2010; Vivanco et al.
2017), AQMEII (Im et al. 2018; Liu et al. 2018; Solazzo
et al. 2012, 2013) and CityDelta (Cuvelier et al. 2007; Thu-
nis et al. 2007; Vautard et al. 2007) were designed to evalu-
ate and intercompare model responses to emission changes.
With the exception of Citydelta, these exercises mostly
focused on continental and regional model responses.

FAIRMODE is the Forum of Air Quality Modelling in
Europe aiming at bringing together air quality modellers and
users in order to promote and support the harmonized use of
models (Miglietta et al. 2012; Monteiro et al. 2018; Kushta
et al. 2019; Pisoni et al. 2019), with emphasis on model appli-
cation under the European Air Quality Directive. In the con-
text of FAIRMODE, a dedicated intercomparison exercise has
been formulated to assess the sensitivity of model responses to
emission changes, with the view of assessing and understand-
ing the main causes of discrepancies between models.

The current work refers to an intercomparison platform,
rather than an intercomparison exercise, to reflect the fact that
the activity is continuous, in contrast to intercomparison exer-
cises previously cited, that took place over a defined period of
time. At the current stage of this long-term programme, the
goal of this paper is not to provide an in-depth analysis, but
rather accentuate the diversity of model responses and identify
what processes could be potential drivers of this variability.
The objective of this paper is twofold: (i) present the FAIR-
MODE platform and models involved as a community initia-
tive, and (ii) evaluate the amplitude of the model responses
for O; and PM concentrations, two pollutants that are formed
or partially formed in the atmosphere, respectively.

Design of the intercomparison platform
Overall framework and setup

The focus of this benchmarking platform is on the urban and
regional (i.e. sub-national) scales. The setup considers a range
of European cities (mostly EU capitals) plus a few larger regions
with high levels of pollution. The proposed geographical dis-
tribution ensures adequate coverage of Europe to take into
account the diversity of atmospheric conditions, meteorologi-
cal particularities and emissions. Theoretical emission changes
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are applied on the entire urban (i.e. the large functional urban
area as defined by the OECD (OECD 2012) or regional area
(e.g. the administrative region). Note that, as initially designed,
the platform is well suited to modelling systems from regional
to urban scales (i.e. it does not address fine scale traffic site
environments or industrial hot spots). By “modelling system”,
we refer here to the system composed by the air quality model
itself (configured with chemical/aerosol schemes, transport and
dispersion algorithms, models for natural emissions of gas and
aerosol, etc.) and its associated input data (anthropogenic emis-
sions, meteorology, initial and boundary conditions, etc.) at all
relevant spatial scales. By “responses to emission changes”, we
mean the concentration change (or delta) resulting from a given
reduction of emissions from anthropogenic activities.

Both short-term (ST) episodes and long-term (LT) sim-
ulations are considered. Given their limited CPU demand,
ST episodes allow users to perform simulations for a larger
number of scenarios focusing on mechanisms and pro-
cesses that favour such conditions. Assessment of ST epi-
sodes also provides information on specific timeframes
with threshold exceedances or unusually high concentra-
tions, while LT simulations do not address as they focus
on long-term consistency and benefits as well as on air
quality indicators. In ST cases, a large number of cities
can also be considered in a single simulation as city inter-
actions are less likely to occur over a limited episode than
over longer time periods. In addition, episodes are easier
to analyze and interpret than yearly averages that some-
times include “compensation”’ processes. On the other
hand, episodes generally lead to weaker signals, which
might hinder the analysis whereas yearly average concen-
trations are the most relevant output in the context of the
Ambient Air Quality Directives (EU 2008).

For ST episodes, both winter (mostly for particulate mat-
ter (PM)) and summer (mostly for ozone (O;)) episodes
were selected. Each episode covers a few days and has been
selected based on the CAMS (Copernicus Atmospheric
Monitoring Service) reports and observational data from the
EEA (European Environmental Agency) air quality e-report-
ing (AIRBASE 2022).For LT simulations, emission reduc-
tions are applied to cities that are far away from each other to
avoid reductions applied over one city or region influencing
the background levels in another city/region.

As shown in Fig. 1, most cities are EU capitals and two large
regions over the North of Italy (Po Valley) and the south of
Poland (Malopolska) are selected to extend the analysis to impor-
tant regional hot spots in Europe. The focus is on the analysis of
ground level PM,,, PM, 5, O; and NO, concentrations. Other
species, such as HNO;, NH;, HCHO, H,0,, SO,, PM specia-
tion and deposited compounds are also stored for ST episodes
to support the analysis but are not a focus of the present study.

To evaluate the diversity of responses in real policy sup-
port situations, each modelling group used its own setup and
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input data (emissions, boundary conditions, meteorology, etc.).
Moreover, constraining the sources of meteorological data in
such an exercise is not fully relevant because CTM models not
online coupled to meteorology often recalculate key variables
such as the planetary boundary layer, the vertical eddy diffusion
or the vertical wind speed to keep mass conservation, with their
own parameterisations. The only constraints are (i) to simulate
the same meteorological year 2015 and (ii) to apply fixed emis-
sion reductions over the same spatial area (“target domain”) as
defined in Fig. 1. Table 10 in Appendix 1 gives the exact loca-
tions. Throughout the paper, “pollutant” refers to species pro-
duced or emitted in the atmosphere while “precursor” refers to
emitted species which can lead to a new pollutant. For instance,
O; and PM,, are considered pollutants while NOx and VOCs
are precursors. The “delta” terminology refers to the differences
between a scenario and the base case concentrations.

Selected scenarios

This intercomparison considered two idealized emission
scenarios: emissions are reduced by 25% and 50% for two
groups of pollutants depending on whether the pollutant tar-
geted for reduction is PM or O;. These reduction rates are in
line with usual expected emission reductions able to have a
substantial impact on concentrations. The use of these two
emission reduction ranges allows for the investigation of the
linearity of the respective emission reduction. For PM ST
and LT simulations, PPM, NOx, SOx, NH; and VOC pre-
cursor emissions are reduced, while for O; ST simulations,
only reductions of NOx and VOC precursors are considered.
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For ST simulations, emission reductions start at 00:00 UTC
the first day and end at 23:00 UTC the last day, while for
long-term simulations emission reductions are applied over
the entire year. An additional scenario both for LT and ST
analyses is performed by reducing all precursors simultane-
ously, ALL consisting of PPM, NOx, SOx, NH; and VOC
for PM simulations, and ALL referring to NOx and VOC for
ST ozone simulations. This simulation is used to analyze the
“additivity” of the effect of emission reductions.

The selection criteria for episodes favour periods that cover
several regions and cities at the same time. In terms of air qual-
ity, 2015 experienced the highest maximum daily 8-h mean
concentrations of O, of the last 5 years in Central Europe (EEA
2015). This year was also characterized by elevated PM,,
annual mean concentrations, and a series of large-scale pollu-
tion events affected European air quality throughout the year.
For instance, a significant PM,, pollution event took place from
12 to 20" February, affecting most areas in Europe. As shown
in Bessagnet et al. (2016), emissions from residential heating,
including wood and coal combustion, dominate the PM,, pollu-
tion levels during winter or early spring episodes. The locations
or areas selected per each category of simulations (LT/ST) and
pollutant (PM and O;) are summarized in Table 1 (LT), Table 2
(ST/PM) and Table 3 (ST/O;) along the exact time-window of
simulations for the episodes studied.

Modelling systems

The models involved in this initiative, as well as the ver-
sions of each model, are listed in Table 4. As previously
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mentioned, the modelling teams used their own input data
and usual model configuration for their local, national or
regional applications.

For the simulation of selected episodes, a spin-up period
of several days before each episode was performed by all
models. For a given model, the initial conditions (meteorol-
ogy and chemistry) of short-term episodes are the same for
the base case and all scenarios. The models simulate an emis-
sion reduction over the target domain defined in Table 10 of
Appendix 1. However, each model can simulate concentra-
tions over a larger domain encompassing the target domain
with an appropriate resolution of at least 0.1°. They can also
use a cascade of nested grids to reach the highest resolution

Table 1 List of selected areas for long-term simulations

align with specific configuration needs of the respective mod-
elling system. Table 5 summarizes the main characteristics
of the modelling systems and shows the diversity of model
configurations.

Most models are offline, i.e. chemical species, and,
particularly, aerosols do not interact with meteorology
through the radiative budget. Only WRF-Chem users have
activated the default online option which enables the inter-
action between aerosols, radiation and clouds through the
coupling of chemistry with meteorology in realistic syn-
optic conditions. The consequence of an activated online
coupling is a change of meteorology when emissions and
resulting concentrations are modified. This could induce an
additional impact on the concentration change according
to Cholakian et al. (2023) and highlighted over Europe and
Asia in recent works (Bessagnet et al. 2020; Zhou et al.

Country City/region Simulation code 2018). This effect would be amplified by the fact 4D nudg-
i ing of large-scale meteorological fields are not activated in
Belgn.lm Brussels BRU0O03 any WRF-Chem configuration allowing the local physics to
Croatia Zagr'eb ZAGOO9 be further modified due to the radiative forcings. Moreover,
Germany Berlin BEROII in some cases, modelling teams in FAIRMODE using CHI-
POland. Malopolska MALOOI MERE or WRF-Chem have delivered results at different
Ron_lama BuChz_HeSt BUC006 spatial resolutions over Paris, Madrid and Athens introduc-
Spain Madrid MADO004 . . . .
ing also grid spacing effects to our results. In Appendix 2,
Sweden Stockholm STO008 a complete description of the model configurations is pro-
ltaly Rome ROMO0S vided and in Supplementary material A, the list of models
Italy Po Valley POV002 . . . . .
available for a given city/region is provided.
Tabl(.e 2 Li,St of selected cities Locations PM episodes in 2015
for s1mulat10ns of short-term Emissions reduced by 25% and 50% individually and
PM episodes cumulated (SOx, VOC, PPM, NOx, NH;)
Month
Country City Episode code JAN FEB MAR APR JUL
Austria Vienna VIEO19 10— 16
Belgium Brussels BRUO025 23 —24
Czech Republic  Prague PRAOO07 1—9
Denmark Copenhagen COP028 24 — 26
Finland Helsinki HEL029 24 — 26
France Paris PARO14 10— 16
Germany Berlin BER023 15—25
Hungary Budapest BUDO024 15—25
Ireland Dublin DUBO026 8§—10
Netherlands Amsterdam  AMSO012 1—9
Norway Oslo OSL030 24 —26
Poland Warsaw WARO013 1—9
Portugal Lisbon LISO010 1—9
Romania Bucharest BUC022 2—3
Slovakia Bratislava BRAO027 22 —123
Spain Madrid MADO021 22 —23
Sweden Stockholm STO032 13—15
United Kingdom London LONO020 12 —21
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Table 3 List of selected cities

. . Locations Ozone episodes in 2015
and areas for sun}llatlons of Emissions reduced by 25% and 50% individu-
short-term Oj episodes ally and cumulated (VOC, NOx)
Month

Country City/Region Episode code JUN JUL AUG SEP
Austria Vienna VIEO18 11—16
Belgium Brussels BRUO034 10— 17
Czech Republic Prague PRAO35 1—5
Denmark Copenhagen COP036 24 —26
France Paris PARO15 5—6
Germany Berlin BERO037 5—6
Greece Athens ATHO16 — 6—14
Hungary Budapest BUDO038 7—9
Ireland Dublin DUBO039 5—6
Poland Warsaw WARO040 7—9
Portugal Lisbon LIS041 5—6
Slovakia Bratislava BRA042 5—6
Spain Madrid MADO043 1—5
United Kingdom London LONO043 1—5
Poland Malopolska MALO045 30— ... —3
Italy Po Valley POV046 6— 14

Table 4 Institutes/universities and models involved

Institutions Model Acronyms of model versions and configurations acronyms
JRC/METCLIM EMEP EMEPC2, EMEPC42C, EMEP, EMEPG

GeoSphere Austria WRF-Chem WRFZAMG

Met Norway EMEP +uEMEP EMEPNO, uEMEPIMP, uEMEPTAG

Cyl WRF-Chem WRECYI

NKUA WRF-Chem WRENKUA2A, WRFNKUAGA

DHMZ ADMS-Urban ADMS

DHMZ LOTOS-EUROS LEDHMZ

LMD WRF-CHIMEREv2020r1 CHIMLMDO03, CHIMLMD10

UH-CACP WRF-CMAQ CMAQ

CIEMAT IFS-CHIMEREV2017r4 CHIMCIEOIM, CHIMCIEO3M, CHIMCIEO9M CHIMCIE27
ENEA WRF-MINNI MINNI

IRCELINE CHIMERE +RIO RIOCHIRC

Definition of indicators

Several indicators, specifically developed for analyzing
modelled concentrations changes in response to emission
changes, are selected for the analysis of the results (Thunis
et al. 2015; Thunis and Clappier 2014). They include the
absolute and relative potential and absolute potency. These
indicators are the most suitable for an analysis of potential
emissions thanks to a scaling with the reduction intensity
and the quantity of reduced emissions, respectively.

The absolute potential (APL) is defined as the differ-
ence of concentrations C between a scenario and a base

case normalized by the percentage « of the emission reduc-
tion APL = AC/a. The relative potential (RPL) is a nor-
malization of the APL by the concentration C,,. of the base
case: RPL = AC/aC,,. The absolute potency APY is the
difference of concentrations C between a scenario and a
base case normalized by the precursor emission reduction
E that has been applied APY = AC/aE.

Mean values and average concentrations above the 95
percentile concentration computed over simulated areas
(Fig. 1) were used in the analyses. These indicators can be
either negative or positive showing a decrease or an increase
of concentrations, respectively.
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Table 5 Short model description (*formerly known as ZAMG for Zentralanstalt fiir Meteorologie und Geodynamik)

Model codes  Team name (country) Model name and version Large-scale meteo Emission inventory, Details on domains and
driver and resolution  resolution, date resolution
ADMS DHMZ (HR) ADMS-Urban Hourly measure- Croatian National Domain covering
ments from local Emission Inventory Zagreb at 500 % 500 m
meteo-site “Zagreb-  for Zagreb
Maksimir” are used
for meteo
CHIMCIE CIEMAT (ES) IFS-CHIMEREV2017r4 ECMWEF IFS 9 km EMEP 0.1° + Spanish 4 nested domains
national inventory, targeted over Madrid,
2015 Paris and Athens
with resolutions of
0.27/0.09/0.03/0.01°
CHIMLMD LMD/IPSL (FR) WREF-CHIMEREV2020r1 ~ NCEP GFS 1.0° CAMS-REG V4.2 3 nested domains:
0.1°2015 30 km/10 km/3 km
over Paris
CMAQ UH-CACP (UK) WRF and CMAQ NCEP GEFS 0.25° NAEI 2015 merged 2 nested domains
with EDGAR V5.0, 25 km/5 km over
2015 London
EMEPC2 JRC (EU) EMEP rv4.34 ECMWEF IFS 9 km CAMS V2.2.10.1°, Europe 0.1°
2015
EMEPC42C  JRC (EU) EMEP rv4.34 ECMWEF IFS 9 km CAMS-REG Europe 0.1°
V4.2 + Condensables
0.1°2015
EMEPE JRC (EU) EMEP rv4.34 ECMWEF IFS 9 km EDGAR V5.0 0.1°, Europe 0.1°
2015
EMEPG JRC (EU) EMEP rv4.34 ECMWEF IFS 9 km EMEP 0.1°, 2015 Europe 0.1°
EMEPNO Met Norway (NO) EMEP rv4.42 ECMWEF IFS 0.1° EMEP 0.1°, 2015 Europe 0.1°
LEDHMZ DHMZ (HR) LOTOS-EUROS ECMWEF IFS 9 km CAMS-AP-v2.2.1 Europe 0.5°x0.25; Inner:
0.1°, 2015 0.1°x0.05° over Zagreb
MINNI ENEA (IT) WRF-MINNI ECMWEF IFS 0.1° ISPRA Italian national Po Valley at 4 km
inventory 2015
uEMEPIMP Met Norway (NO) EMEP v4.42 + uEMEP ECMWF IFS 0.1° EMEP 0.1°, 2015 250 m for each city. (Only
uEMEPTAG v6.1 GNFRs 3, 6 and 7 are
modelled at this resolu-
tion, the rest at 0.1°)
WRFNKUA  NKUA (GR) WREF-Chem NCEP GFS 1.0° EDGAR-HTAP 0.1°,  Europe 0.5°, Greece
2010, monthly emis- 0.056°, Athens 0.019°
sion distributions
WRFZAMG  GeoSphere* Austria WRF-Chem ECMWEF IFS 9 km CAMS-REG vl.1 4 km for Vienna and Po
(AT) 2015 Valley
RIOCHIRC IRCELINE (BE) CHI- ECMWF IFS/JOAQ  Belgium Local inven-  Europe with CHIMERE:
MEREv2017 +RIOvV5.0 0.1° tories, 0.5° and 0.1° 0.1x0.1°; Brussels
2015 with RIO: 4 km X4 km
WRFCYI CYI (CY) WRF-Chem NCEP GFS 0.5° EDGAR V5.0 0.1°, Athens: 20 km/10 km;

2015

Po Valley:
30 km/10 km

An additional innovative indicator of variability (VAR) has
been defined to obtain a measurable quantity summarizing in an
objective way the huge amount of data. It is based on the normal
standard deviation of indicators, not only the APL and APY, but
it includes also the base case emissions and concentrations for
the various model applications. A detailed description of these
indicators and explanation of how they are calculated for differ-

ent domains and scenarios is provided in Appendix 3.
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Results and discussion

The variability of individual model performances is provided
in supplementary material A and C, for reference, while
here are shown the main outcomes of the model responses’
intercomparison. Model application performances have been
evaluated using available background urban, periurban and
rural observations (AIRBASE 2022) for the main pollutants
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either for LT or ST simulations. The bias, root mean square
error (RMSE) and Pearson’s spatiotemporal correlation are
used for the evaluation. The evaluation was performed over
a common set of stations over each simulation domain.

Regarding the model responses, the results presented
hereafter are a summary of the analysis of model outputs
in the exercise database, for O; and PM,, concentrations
with respect to emission changes. To support this first snap-
shot analysis, a complete report of more than 240 figures
is provided in supplementary material B in a single docu-
ment listing the captions of these figures referred as Figure
SXXX here. Later in the sections, we refer to few of these
figures when needed. The following sections summarize the
key findings. A fixed colour code is attributed to each model
application. The variability of model responses is examined
in terms of amplitude and sign of the concentration changes.
Model responses are evaluated over the target domain only
(where emission reductions are applied) because it is the
common area of all modelling applications.

Models’ responses to emission changes: ozone

For LT simulations, the modelled base case O; mean concentra-
tions are in the range of 60 to 80 ug m=> (Figure S9). For the ST
simulations, concentrations above the 95" percentile range from
80 up to 120 ug m~> (Figure S18), since the episodes occurred in
summer when O; concentrations are generally higher.
Focusing on the ST simulations, reducing all precursor
emissions at the same time (VOC and NOXx) leads, for all mod-
els, to a slight increase in O; mean concentrations except for
large regions like the Po Valley. Looking at individual reduc-
tions (NOx and VOC separately), large regions like Po Val-
ley encompassing rural areas depict an overall decrease of O;
concentrations, on average (Fig. 2 and Figure S35). In the city

of Vienna, the model responses (Figure S13) can have opposite
signs depending on model configurations with WRFZAMG
simulating a slight decrease and EMEP a slight increase of O,
concentrations when emission of NOx and VOC are reduced
at the same time. Reducing only VOC emissions (Figure S56
and S57) lead as expected to a general reduction of O; concen-
trations. WRFNKUA configurations show a slight increase of
ozone concentrations which is impossible to explain directly
by chemical processes. However, the WRF-Chem model is
an online coupled system, integrating chemical and meteoro-
logical processes and their interactions. Thus, there is direct
and indirect feedback between the pollutant concentrations
and meteorological processes and vice versa. These effects,
that cannot be separately quantified, are potentially enough
to change the sign of the responses. The largest variability
occurs for NOx emission reductions (Figure S35) highlight-
ing the importance of the simulated chemical regime that can
differ between cities and models. Over urbanized areas, most
models simulate an increase of mean ozone during episodes
when applying a combined NOx-VOC emission reduction of
50%. This is explained by the stronger role of NOx in VOC-
limited areas where VOC/NOX ratios are the lowest. The clas-
sical isopleth diagram depicted in Carter et al. (1982), Dodge
(1977) and Oke et al. (2017) shows how NOx emission reduc-
tions can provide mixed outcomes depending on the chemi-
cal regimes, NOx or VOC limited. Here, we consider average
concentrations; however, as shown in Vivanco et al. (2021),
the reduction in NOx emissions could lead to opposing effects,
depending on the metric considered (SOMO35, AOT40, daily
maximum, annual values), that can be more or less influenced
by night-time and/or diurnal conditions.

However, over the full year (LT simulation), the mean ozone
concentrations increase while the average values exceeding the
95 percentiles decrease over the Po Valley (figures S5-S6)

Fig.2 Example of a graphical output of the benchmark tool show-
ing the absolute potential for ozone comparing a reduction over the
Po Valley (from the MINNI model results) of NOx (left) and VOC

(right) emissions. Reducing NOx emissions can increase ozone con-
centrations within urban areas while VOC emission reductions reduce
mean ozone concentrations throughout the domain
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if we consider a reduction of both NOx and VOC emissions.
These NOx/VOC responses applied in large regions are in line
with recent studies in Europe (Clappier et al. 2021) and China
(Mao et al. 2022) over the Yangtze River Delta Region as well
as with (Du et al. 2021) in the central plain in China during the
COVID-19 pandemic. As expected, a rather different picture
of model responses between rural and urban areas is shown
in Fig. 2 for the MINNI results, showing a reduction of mean
ozone in both areas when applying VOC emission reductions,
and an increase of concentrations over urbanized areas when
only NOx emissions are reduced.

As shown in Fig. 3, for the ST episodes, the reduction
of all precursors by 50% leads to different responses in the
different locations with varying magnitudes of responses
depending on the modelling system. For all models, the
lowest absolute potential is displayed for the Warsaw case
when reducing all precursors by 50%. The other indicators,
relative potential and absolute potency, respond in the same
way (Fig. 3). The CHIMERE model applied in Paris and
Madrid with different resolutions (light blue, purple and
dark blue bars) does not display a large variability in terms
of model responses for the relative and absolute potentials
for O;. Over Athens however, the grid spacing of the model
configuration seems to affect the model response to the spe-
cific emission reduction case. The median value of the rela-
tive potential and absolute potency of NOx and VOC emis-
sion reductions is reported in Table 6 showing the opposing
effects on O; concentrations with higher impacts on long-
term simulations (LT). The order of magnitude in absolute

value of the potency is larger for a NOx emission reduction
compared with a VOC emission reduction.

Models’ responses to emission changes: PM,,

Applying precursor emission reductions generally leads to a
decrease of PM,, concentrations with an absolute potential
reduction of — 1 to— 11 pg m~ if a reduction is applied to
ALL precursors together (Fig. 4) during the episodes. Again,
the model responses can be very different. For instance,
EMEPE and EMEPG have values of —5 and — 11 pug m™>,
respectively, with the same modelling setup but with differ-
ent emissions, the corresponding relative potentials being
approximatively —33% and — 50% respectively. Looking at
individual precursor reductions, NOx is the emission reduc-
tion that displays very different effects between models and
cities/regions. For a NOx emission reduction in AMSO012, an
increase of concentration is observed for all models while for
MADO021, CHIMCIEOIM and EMEPG there are contrast-
ing responses. PAR014 and VIEO19 have the highest NOx
potencies (Figure S118). For the VOC emission reduction,
only WRFZAMG in VIE019 estimates a slight increase of
PM,, concentrations (Figure S186). These counter-intuitive
effects can be explained by non-linear processes in the chem-
istry schemes as explained in Clappier et al. (2021) and Thu-
nis et al. (2021a). The highest response to a VOC emission
reduction is observed for PAR0O14 but it remains below — 1%
in terms of relative potential. For all case studies, the main
impact driver is the reduction of PPM with a relative potential
in the range — 6 to — 60% depending on the model and city.
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Fig.3 Absolute potential APLsy, for the mean O; values for the
short-term episodes with a reduction of 50% for all precursors. At the
top of each plot, a small coloured mark is drawn to show that a result
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is shown for a given model, to avoid any confusion for low absolute
values that cannot be distinguished from the x-axis. Where the value
overshoots the scale, the value is written on the plot
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Table 6 Median potency (APY) in pug m™ per ton of emissions
reduced and relative potential (RP1) in % for the 50% emission reduc-
tion for ozone concentrations

Emission APY (ug m~ ton™!)

precursor

RPI (%)

ST episodes LT simulation ST episodes LT simulation

NOx +0.0239
vOoC —0.0028

+0.0648
—0.0031

+2.727
-0.329

+4.77
—0.846

Using the CHIMERE model in the CHIMLMD configu-
ration, between a resolution of 9km and 3 km for PM,,, a
difference in the absolute potential for all emission reduc-
tion together is observed for the PM,, episode over Paris
from—7 to—6 pug m~> (Fig. 4). If we focus on PPM emis-
sion reductions, the impact drops between — 3.5 and — 3 g
m~3 (Figure S142) showing that the resolution affects species
involved in non-linear and linear processes. It is noteworthy
that CHIMERE in the different setup of CHIMECIE does not
display any differences in emission reductions for the various
horizontal resolutions. The impact of the resolution requires a
dedicated study to understand this finding. However, it should
be borne in mind that the resolution has an impact not only
on the resolution of chemical and physical schemes but also
on the meteorological fields. Thus, averaging, interpolating
or summing meteorological variables over a nested domain
onto the corresponding mother domain will not be equal to the
value directly calculated in the mother domain, affecting as
such further downstream concentration-related results.

For the three EMEP configurations for ST simulations
(Fig. 4) at first sight, the emission inventory seems to have a
significant impact on the absolute potential particularly over

Lisbon, Prague and Warsaw. This will be analyzed in detail
in a follow-up study. Due to the normalization, the relative
potential is less impacted by the use of different emissions
for LT simulations (Figure S75).

The median relative potential and absolute potency of pre-
cursor emission reductions are reported in Table 7. Clearly
the effect of VOC emission reductions is the weakest among
all precursors, while PPM emission reductions are the most
efficient to reduce PM in urban areas. A noteworthy factor
of 20 is observed between the absolute potency of NH; and
NOx emission reductions partly explained by (i) the ratio of
the molar masses of these species (ratio of 2.7) which react (on
a molar basis) to produce ammonium nitrate, and (ii) the fact
that nitrate and nitric acid is in excess over urban areas. Over
large domains like Malopolska and Po Valley, the factor is
considerably reduced to 10 and even 1 (or less over Po Valley),
possibly due to the effect of rural zones included in the domain
and higher ammonia emissions, including surroundings under
NH;-rich regimes. Over a very urbanized area like Paris, this
factor reaches 50 emphasizing a general NH; limited regime
(NOx-rich regime) over this domain (Petetin et al. 2016). In
terms of emission reduction efficiency, it is shown that reduc-
ing ammonia over urbanized area is much more efficient to
reduce PM than a reduction of NOx.

Indicator of variability

To analyze the variability of responses, an additional indica-
tor—called IND—defined as the root square of the normal-
ized standard deviation of the delta-based indicators previ-
ously is computed for each model configuration:

AbsPOTENTIAL50% Mean PM10

ALL reduction (ST)

Concentration (ug m‘a)

I N CHIMCIEOTM
— & CHIMCIEO3M
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EMEPG
WRFZAMG

-20
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Fig.4 Absolute potential APLZ for the mean PM,, values for the

short-term episodes with a reduction of 50% for all precursors. At the
top of each plot, a small coloured mark is drawn to show that a result

PARO014

PRAQ07 VIEO19 WARO013

is provided in the chart for the given model to avoid any confusion
for low absolute values that cannot be distinguished from the x-axis.
Where the value overshoots the scale, the value is written on the plot
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where IND is the indicator calculated by Egs. (9) to (12)
of Appendix 3 for each model, where A is the number of
models providing results. The variability is computed only
when at least 3 models are available. We have decided to
normalize the variability by the average of the absolute val-
ues of indicators. As the normalization of the standard devia-
tion is quite tricky, a possibility would consist of using the
range but this method is mostly impacted by outliers (Dodge
2006). Moreover, since indicators can be negative numbers,
the use of averaged absolute values avoid the possibility of
having mean values close to 0, which would strongly affect
the normalization.

The variability of all indicators is synthetized in Fig. 5.
The indicators are presented in Appendix 3; the variability
of these indicators represent the median of all variabilities
computed for a group of cities where at least three models
delivered their results.

The indicator of variability is generally higher for
responses to emission reductions than for the variability
of base case concentrations. It is particularly noteworthy
for the ozone episodes (only 6% of variability in base case
concentrations) because of the large influence of long-range
transport, leaving little impact for the local reductions, as
reported in Boleti et al. (2019) and Bossioli et al. (2007)
and verified during the COVID-19 pandemic (Cuesta et al.
2022; Menut et al. 2020). However, even if local emis-
sion reductions have little effect, they can be very differ-
ent from model to model leading to a high variability of
small values. This finding contradicts the findings of the
Citydelta project (Thunis et al. 2007) which reported con-
sistent deltas between models but on a limited number of
cities. Even so, in Thunis et al. (2007) and Arunachalam
et al. (2006) model, responses were sometimes large for
some cities with deltas varying from 1 to 3 ppb for ozone
which is a large range but on small absolute values. Also,
in the EURODELTA exercise, differences between model

ey

VAR \p =

Table 7 Median absolute potency (APY) in ug m™ per ton of emis-
sions reduced and relative potential (RP1) in % for the 50% emission
reduction for PM,, concentrations

Emission APY (ug m~> ton™) RPI (%)

precursor

ST episodes LT simulation ST episodes LT simulation

NOx —0.0006 —0.0017 -0.58 -1.89
vOoC —0.0002 —0.0006 -0.14 -0.53
SOx -0.0112 —-0.0175 -1.92 -3.30
NH3 —-0.0359 -0.0279 -3.44 -4.717
PPM —0.0888 —-0.1059 —14.88 -19.52
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responses using the potency indicator (Thunis et al. 2010)
were large both for ozone and PM,, but at a coarse resolu-
tion of 50km over Europe.

As shown in Fig. 5, all indicators, the absolute poten-
tial, relative potential and absolute potency, show a higher
variability for the response (between 20 and 100%) than
for emissions and absolute concentrations (between 20 and
50%), particularly in the case of NOx and VOC emission
reductions, for both ozone and PM,, concentrations.

For PM,, episodes, the variability of concentrations
exceeds 20% and is often much higher than 100% for the
other indicators. In general, the variabilities of the rela-
tive potential and absolute potency are lower than for the
absolute potential because the respective normalization by
concentrations and emissions, respectively, reduce the differ-
ences between models. The remaining variability is probably
driven by the use of different setups.

The variability for the mean of the highest values (aver-
age values above the 95" percentile) is generally higher than
for mean values for all PM,, concentrations. For ozone, the
picture is different since highest values usually occurred in
the suburbs or rural places, which are not co-located with
0zone precursor emissions.

Regarding the base case, while the variability of PM,,
concentrations and the precursor emissions has the same
order of magnitude (around 20%), for ozone the variability
of concentrations (6%) is much lower than the variability of
precursor emissions (larger than 50%).

Clearly, NOx and VOC emission reductions induce the
highest variability in the indicators for the PM,, episodes even
if the variability in emissions is, often, the lowest. In general,
the reduction of all precursor emissions together gives the
lowest variability compared with individual precursor emis-
sions, which is probably due to the compensation of effects.
The city-by-city variability does not show a systematic pat-
tern, although, for example, the city of Stockholm shows a
very high variability for LT simulations both for ozone and
PM,, mean concentrations (Figure S213 and S217).

Assessment of linearity and additivity

The 25% and 50% emission reductions are used to calculate a
ratio (%) of deviation to linearity (or simply Linearity) defined as:

. . APLSO%,m
Linearity = 100 X Pl 1 )
25%,m

for each precursor emission precursor (denoted by m).
Again, a perfect linearity is obtained for an indicator value
of 0%. For the linearity, four cases exist with, in some cases,
a change of chemical regime that can induce a change of sign
of the absolute potential as shown in Table 8. The linearity
is defined only for APL,sy, ,, # 0.
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Fig.5 Variability of model responses calculated as in Eq. (1) for indi-
cators related to the emissions, base case concentrations, absolute
potential, relative potential and the absolute potency for the various
reductions of precursors for PM,, and O, mean and the highest 95
percentiles values (top and bottom panels respectively). At the top
of each chart, the list of regions and episodes is provided. The vari-

The available scenarios also allow the analysis of the
additivity property, by comparing the sum of emission reduc-
tions (50%) applied separately called “ADD” (3, APLsqq, ,.)
with the combined reduction of precursor emissions called
“ALL". Here, we test this property on the absolute potential.
To do so, the following criteria called “deviation to additiv-

ity” in % (or simply Additivity) is defined as:
APL
Additivity = 100 X (ﬂ _ 1)
le APLSO%,W:

If the model is perfectly additive, this indicator value is 0%.
The additivity coefficient is defined only for )’  APLsy ,, # 0
and the different cases are identified in Table 9.

Note that the linearity and additivity indicators are very
sensitive to the value of the denominator and can overshoot
in some cases for very low values of absolute potential.

The results for the deviation to linearity when reducing
all precursor emissions are shown in Fig. 6 for ozone and
in Fig. 7 for PM,,. While for PM,, there is a quasi-linearity
(deviation to linearity between 0 and 5%) mainly driven by
the perfect linearity when applying an emission reduction of
PPM, the picture is totally different for the response regarding
ozone concentrations (Fig. 6 and Fig. 7). Except in London,

3

BC-Emis. BC-Conc. AbsPTL50% RelPTL50% AbsPTY50%1Ton

ability is also provided for the average concentrations and emissions
over the target domain of emission reductions. The variability is an
average value computed for the group of cities (episodes) mentioned
at the top of each chart, computed only when the results of at least 3
models were available

Madrid and Paris, and to a lesser extent over Prague and the
Po Valley, in cities like Vienna and Warsaw, the models show
a negative deviation to linearity often larger than — 50%. In
Warsaw, a value of — 143% is computed for EMEPE meaning
that the sign of the response of O; changes with the strength
of the emission reduction. This is due to the change of regime
when applying a stronger emission reduction, switching from
a VOC- to a NOx-limited regime. Interestingly, applying sep-
arate emission reductions to NH; or NOx emissions show
that from a 25 to a 50% reduction, we obtain an increase of
the potential reduction of PM,, mean concentrations for long-
term simulations (Figures S89 and S111). This clearly shows
the change of chemical regime upon precursor availability
and aerosol thermodynamics. Indeed, the species primar-
ily impacted by the emission reduction reaches on average
a tipping point becoming limiting and then enhancing the
efficiency of the reductions. The importance of ammonia
emission reductions to limit air pollution have already been
highlighted in Europe (Bessagnet et al. 2014a, b) particu-
larly when applied over large domains. NHj is considered in
excess in most of Europe. However, for the values exceeding
the 95™ percentile in Madrid (MADOO04), the picture is rather
different, where a 50% emission reduction of NOx looks less
efficient to reduce peak PM,, concentrations (Figure S112).

@ Springer
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The case of Paris for an emission reduction of SOx is note-
worthy (Figure S166). while for CHIMERE in configuration
CHIMCIE a quasi-linearity is observed independent of the
horizontal resolution. CHIMERE in the CHIMLMD con-
figuration has a reduction of efficiency for PM,, concentra-
tions that decreases from emission reductions of 25 to 50%
and a strong dependence on horizontal resolution. However,
for the CHIMLMD configuration, the absolute impact on
concentrations is very low. Regarding the impact of reduc-
ing NOXx, a similar behaviour between CHIMCIE and CHIM-
LMD is observed with an amplified potential reduction of
PM,, concentrations and higher absolute impacts on PM,

Table 8 The four cases of linearity

(up to—0.7 ug m~>). At this stage of the analysis, it is not
possible to explain the reason for these behaviours and iden-
tify which part of the configuration plays the most important
role in explaining the differences: the model version/type, the
emission dataset or the non-linear processes involved in the
secondary PM chemistry. This behaviour might be a result of
the calculation of statistical ratios on very low absolute values,
leading to a change of sign, or it can derive from formation
subprocesses, affected by the concentrations of gaseous precur-
sors, such as the formation of ammonium nitrate and sulphate
inorganic species. For example, the neutralization of ammonia
by nitric acid (formed by NOx oxidation) competes with the

Meaning

Cases

Linearity > 0 |APLsgg n| > |APLysg,, | with
signAPLSy, , = SignAPLYS,

Linearity = 0 APLyyy,, = APLysg,

—100% < Linearity < 0 |APLsgg | < |APLyse | with
SignAPLsq, ,, = SignAPLysg,

Linearity < —100% SignAPLsq, ,, # SignAPLysg,

The decrease or increase is amplified from 25 to 50% reduction

The 25% and 50% related increases or decreases are equal
The decrease or increase is reduced from 25 to 50% reduction

The sign of impact changes from 25 to a 50% reduction

Table 9 The four cases of additivity (ALL and ADD are respectively reductions with all precursors together, and the sum of individual precursor

emission reductions)

Cases

Meaning

Additivity > 0 |APL50% ALL| > |EmAPL50%,m| with
SignAPLsge, 477, = signY,, APLsgg,

APLsog 11 = ZmAP Lsom

|APLsogarr| < |2 mAPLsog | With
SignAPLsyg 41, = signd,, APLsgg ,,

SIgNAPLsgy 11 # ignY, APLsog

Additivity = 0
—100% < Additivity < 0

Additivity < —100%

The decrease or increase is amplified from ADD to ALL reduction

Increases or decreases are equal

The decrease or increase is reduced from ADD to ALL reduction

The sign of impact change from ADD to ALL reduction
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Fig. 6 Deviation to linearity (%) for ozone for the ST simulations applying ALL (NOx, VOC) emission reductions
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Fig.7 Deviation to linearity (%) for PM, for the ST simulations applying ALL (NOx, VOC, NH;, SOx, PPM) emission reductions

formation of the more thermodynamically stable ammonium
sulphate, in which ammonia gas neutralizes the sulfuric acid
aerosols in the atmosphere (Kushta et al. 2021). Any perturba-
tion might accelerate and/or reduce the efficiency of the forma-
tion depending on the reduction combination (sole species or
combination).

Regarding the additivity of separate reduction of
50%, the results also differ between O3 and PM, for
ST simulations. For PM,,, the contributions are rather
additive with a deviation below 15% (Fig. 8), and often

positive, showing a benefit when various pollutant
emissions are reduced at the same time. It is notice-
able that the WRFZAMG configuration increases the
concentration reductions by 50% when applying all
emission reductions together in Vienna. This behav-
iour requires further analysis since WRF-Chem is used
with feedbacks on the meteorology that in turn affects
the concentrations. For ozone, additivity is clearly
not the rule as shown in Fig. 9 for short-term episode
and also in the Po Valley for the long-term simulation
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Fig. 8 Deviation to additivity (%) for PM,, for the ST simulations applying ALL (NOx, VOC, NH;, SOx, PPM) versus adding all contributions
(ALL=NOx + VOC +NH; + SOx + PPM) emission reductions (— 50%) for the absolute potential
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Fig.9 Deviation to additivity (%) for O; for the ST simulations applying ALL (NOx, VOC) versus adding all separate contributions
(ADD =NOx + VOC) emission reductions (—50%) for the absolute potential

and especially for the highest concentrations in the LT
simulations (Figure S2). However, for some cities like
London, Madrid and Paris, most of the configurations
show a rather additive behaviour. When analyzing the
difference in terms of impact between the combined
NOx and VOC reductions and the sum of individual
reduction impacts (Figures S2, S4), the lowest devia-
tions were found for the Brussels and Madrid cases,
with a full additivity in the EMEPC2, EMEPCE and
RIOCHIRC setups. For the Warsaw case (WARO040) as
the absolute potential is very low (Fig. 3) in absolute
values, the deviation to linearity is very important and
clearly shows the limitation of studying such indicators
with low absolute values.

Conclusions and perspectives

This study presents a comprehensive application of the
FAIRMODE platform (https://fairmode.jrc.ec.europa.eu)
for evaluating the variability of the responses of different
air quality models’ applications to prescribed emission
reductions over various European cities and two highly
polluted areas (Po Valley and Malopolska). Based on
standard deviation calculation, using model outputs, we
have analyzed the variability of several indicators such
as APL and APY. The main results can be summarized
as follows:

@ Springer

e Air quality models’ applications show significant dif-
ferences (variability, as defined in this study, often
exceeds 20%) in the concentration changes (deltas) for
the 25 and 50% emission reductions d;

e The variability of model responses using delta-based
indicators is higher for PM,, than for O;;

e The variability of model responses to emission
reductions is higher than the variability of modelled
base case concentrations and of emissions used as
input;

e Relative indicators like the relative potential (normal-
ized by the concentration) and the absolute potency
(normalized by the emission reductions) have a lower
variability compared with the absolute potential (which
is proportional to the delta of concentrations);

e For O, the analysis of linearity and additivity of model
responses show a clear impact of non-linear chemistry pro-
cesses that leads to a large deviation to linearity and addi-
tivity of concentrations in relation to emission reductions;

e For PM, the response is, in general, more linear and
additive, particularly, as expected, when reducing the
primary emissions of particles which weakly perturb
the chemical and physical processes involved in the PM
formation;

¢ One should be cautious in the interpretation of these
indicators because they are built on averages and ratios
of values that can be very low and with different signs.
More work should be devoted to develop new ones.


https://fairmode.jrc.ec.europa.eu
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This type of exercise may give indications regarding the
limits of the efficiency of mitigation measures. Modelling
results show that applying emission reductions on several
sectors (often related to a main precursor) at the same time
seems more beneficial for reducing PM concentrations than
reductions of individual precursors.

The lower variability between models due to a normali-
zation by concentrations or emissions reduces the influ-
ences of different input data and permits the evaluation of
the role of other processes that can explain the variability
of concentration deltas. As future work, several additional
analyses are planned to disentangle the role of individual

Appendix 1. Definition of target domains

Please see Table 10.

processes, differences in setup and input data that give
rise to the variability between model responses. The role
of emissions, chemistry schemes, meteorology, online/
offline coupling strategies and horizontal resolution will
be of particular interest to modellers to improve the appli-
cation of their models for assessing mitigation strategies
aimed at improving air quality in cities and regions.

This platform and its application is an ongoing pro-
gramme of work to assess the behaviour of models when
applying emission reduction scenarios and test the robust-
ness of their application to evaluate mitigation strategies to
curb air pollution.

Table 10 List of selected domains defined by 4 corners in longitude and latitude (regional domains are specified in italics)

Country City or region Lon. Min (°E) Lon. Max (°E) Lat. Min (°N) Lat. Max (°N) Greater
City area
(km?)
Austria Vienna 15.87 16.87 47.70 48.70 9205
Belgium Brussels 4.05 4.65 50.55 51.15 3266
Bulgaria Sofia 22.92 23.72 42.30 43.10 5717
Croatia Zagreb 15.63 16.33 45.46 46.16 5059
Czech Republic Prague 14.04 14.84 49.68 50.48 6980
Denmark Copenhagen 12.32 12.82 55.43 55.93 2800
Estonia Tallinn 24.40 25.10 59.08 59.78 4340
Finland Helsinki 24.60 25.20 59.87 60.47 3822
France Paris 1.80 2.90 48.30 49.40 12,098
Germany Berlin 12.76 14.06 51.87 53.17 17,484
Greece Athens 23.43 24.03 37.68 38.28 3030
Hungary Budapest 18.64 19.44 47.09 47.89 6393
Ireland Dublin —6.65 -5.85 52.95 53.75 6991
Italy Rome 12.09 12.89 41.50 42.30 5744
Latvia Riga 24.00 24.20 56.85 57.05 304
Lithuania Vilnius 24.93 25.63 54.33 55.03 4247
Luxembourg Luxembourg 5.88 6.38 49.36 49.86 2596
Netherlands Amsterdam 4.60 5.20 52.07 52.67 2915
Norway Oslo 10.30 11.20 59.47 60.37 7428
Poland Warsaw 20.51 21.51 51.73 52.73 8615
Portugal Lisbon -9.43 —8.83 38.42 39.02 3901
Romania Bucharest 25.90 26.30 44.23 44.63 1066
Slovakia Bratislava 16.86 17.36 47.89 48.39 2052
Slovenia Ljubljana 14.25 14.75 45.81 46.31 2556
Spain Madrid —-4.15 -3.25 39.96 40.86 6825
Sweden Stockholm 17.62 18.52 58.88 59.78 7093
UK London -0.63 0.37 51.00 52.00 8024
Poland Malopolska 18.00 23.00 48.70 51.50 -
Italy Po Valley 6.50 14.00 43.50 47.00 -
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Appendix 2. Full description and key
features of models

EMEP operated by JRC/METCLIM

The EMEP model (Simpson et al. 2012) domain stretches
from 15.05° W to 36.95° E longitude and 30.05° N to 71.45°
N latitude with a horizontal resolution of 0.1°x0.1° and 20
vertical levels, with the first level around 50m. The model
uses meteorological initial conditions and lateral boundary
conditions from the European Centre for Medium-range
Weather Forecasting (ECMWEF IFS) for the meteorological
year 2015 (Owens and Hewson 2018). The temporal resolu-
tion of the meteorological input data is daily, with 3-h time
steps. The meteorological fields for EMEP are retrieved on
a 0.1°x0.1° longitude-latitude coordinate projection. Ver-
tically, the fields on 60 eta (1) levels from the IFS model
are interpolated onto the 37 EMEP sigma (o) levels. The
MARS equilibrium module is used to calculate the parti-
tioning between gas and fine-mode aerosol phase for inor-
ganic species sulphate/nitrate/ammonium (Binkowski and
Shankar 1995). More information on the gas and aerosol
partitioning, meteorological drivers, land cover, model
physics and chemistry are given in Simpson et al. (2012).
The model was operated over Europe, for which we have
four different emission inventories available. The following
emission datasets are used for EMEPE, EMEPG, EMEPC2
and EMEPC42C configurations, respectively: Edgar 5.0
(Crippa et al. 2018; Janssens-Maenhout et al. 2019; Oreg-
gioni et al. 2021), EMEP (Mareckova et al. 2019), CAMS
version 2.2.1 and CAMS version 4.2 including condensa-
bles (Granier et al. 2019; Kuenen et al. 2022).

WRF-Chem operated by CYI

The WRFCYI model is configured using the Weather
Research and Forecasting model with Chemistry
(WRF-Chem) version 3.9.1.1 (Skamarock et al. 2008)
to perform simulations of meteorological and air qual-
ity conditions for O episodes in Athens and Po Val-
ley. For each episode, two nested domains are used with
the parent domain covering south-eastern Europe at 20
km (Athens) and 30 km (Po Valley) grid spacing while
the nested domain is focused on the respective area
of interest with a horizontal resolution of 10 km. The
configuration of the physical and chemical processes
follows that of Georgiou et al. (2018) with the follow-
ing differences highlighted in Table 5. Emissions are
taken from EDGAR v5 database (Crippa et al. 2018) that
includes annual emission fluxes (with monthly temporal
variation) of the main gaseous and aerosol pollutants
(80,, CO, NOx, CO, BC, OC, VOC and PM, 5 primary
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emissions) while natural emissions of sea salt aerosols
and biogenic volatile species are generated online using
weather and land use data as described in Georgiou et al.
(2018). The meteorological data are derived from the
Global Forecast system (GFS) datasets at 0.5°x 0.5°
and updated every 6 h (NCEP 2015). Boundary condi-
tions are taken from Emmons et al. (2010), the gas phase
chemistry is RADM?2 (Stockwell et al. 1990) and the
aerosol module is MADE/SORGAM (Ackermann et al.
1998; Schell et al. 2001). The cloud physics scheme is
the Morrison double moment (Morrison et al. 2005),
the cumulus parameterization is Grell 3D (Grell and
Dévényi 2002) and the land surface physics is the Noah
land surface model (Chen and Dudhia 2001) with the
RRTMG scheme for the Longwave & Shortwave radia-
tion (Mlawer et al. 1997) and the Yonsei University
Planetary Boundary layer (Hong et al. 2006).

WRF-Chem operated by NKUA

The WRFNKUA model is based on the Weather Research
and Forecasting (WRF) model, Version 4.2, fully cou-
pled with chemistry. WRF-Chem simulations account
for both the direct and indirect effect of aerosols (Grell
et al. 2005). Four domains with a horizontal resolutions
of 55.5 km, 18.5 km, 6 km and 2 km, respectively, are
used, where the three inner domains are all two-way
nested to their parent domain. Athens is the innermost
domain. The last two domains (named WRFNKUAG6A
and WRFNKUAZ2A) are used in this study. The Lat/Long
projection is used. In the vertical, 40 terrain-following
sigma levels, with the lowest model level at about 14 m.
The RRTMG scheme for the Longwave & Shortwave
radiation (Iacono et al. 2008) and the Yonsei University
Planetary Boundary layer parameterization (Hong et al.
2006) is used. The Morrison double moment scheme for
cloud physics (Morrison et al. 2005) and the cumulus
parameterization Grell 3D (Grell and Dévényi 2002) are
also implemented. The gas phase chemistry is RADM?2
(Stockwell et al. 1990, 1997), and the aerosol module is
MADE/SORGAM (Ackermann et al. 1998; Schell et al.
2001). The EDGAR-HTAP (Emissions Database for
Global Atmospheric Research-Hemispheric Transport of
Air Pollution) global emission inventory is used including
shipping with a horizontal grid resolution of 0.1°x0.1°
(Janssens-Maenhout et al. 2015) and a reference year of
2010. Biogenic emissions are calculated online with the
MEGAN module (Guenther et al. 2006) while the ini-
tial and boundary conditions for gases and aerosols come
from simulation of CAM-chem in CESM2.0 (Emmons
et al. 2020). For the other physical parameterizations and
information on natural and fire emissions, the reader is
referred to the setup of Bossioli et al. (2021).
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WRF-Chem operated by GeoSphere Austria

The WRF-Chem version 3.9.1.1 (Grell et al. 2005) simu-
lations were conducted on a European domain (12x 12
km) and a nested domain covering Central Europe (4 x4
km). The results of the nested domain were used for the
study. RADM2 (Stockwell et al. 1990) chemical mecha-
nism and MADE/SORGAM (Schell et al. 2001) aerosols
(chem_opt=2) together with the following physics options
were applied for the simulations: Rapid Radiative Transfer
Method for Global (RRTMG) long-wave and short-wave
radiation scheme (Iacono et al. 2008), MYNN2 Planet
Boundary Layer (PBL) scheme (Nakanishi and Niino 2006),
NOAH land surface model (Campbell et al. 2019) and the
Grell three-dimensional (3D) ensemble cumulus parameteri-
zation (Grell and Freitas 2014). Beside the anthropogenic
emissions (Kuenen et al. 2014), the model includes biogenic
emissions calculated by MEGAN (Guenther et al. 2006) and
dust (LeGrand et al. 2019) and sea salt emissions from the
Goddard Chemistry Aerosol Radiation and Transport model
as GOCART (Chin et al. 2002).

EMEP operated by Met Norway

For the EMEPNO configuration, the EMEP MSC-W chem-
istry-transport model (Simpson et al. 2012) is used (ver-
sion rv4.42) at a 0.1° resolution, for a domain covering
the area 30-82°N, 30°W-90°E. Meteorological fields are
taken from the IFS model (ECMWF IFS cy40rl) ata 0.1°
resolution. The official EMEP emission inventory for 2015
as reported in 2019 was used Mareckova et al. (2019). The
EMEP model also outputs local fractions for running the
uEMEP model.

uEMEP is a downscaling model built on the EMEP
setup to obtain concentration maps at a higher resolution
of 250 m by recalculating contributions from local emis-
sion sources as Gaussian plumes (Denby et al. 2020; Mu
et al. 2022). First, emissions for three GNFR (Gridding
Nomenclature for Reporting) sectors are downscaled to
250 m resolution using proxy data with details given in
Mu et al. (2022): population and building density data
for GNRF C (residential combustion), OpenStreetMap
(https://planet.osm.org/) for GNFR F (road transport) and
AIS data of ship positions for GNFR G (shipping). Then,
for each hour at each 250 m X250 m grid cell within the
defined city boundary, the contributions to concentrations
at that cell from all emission sources of the three sectors
within a surrounding domain of size 0.3°x 0.3° (longitude-
latitude) are recalculated through Gaussian plumes. The
local fraction information from the EMEP model is used to
remove the contributions from these downscaled sources

from the original EMEP concentrations, thus avoiding
double counting as detailed in Denby et al. (2020). Only
the NOx emissions and primary PM emissions are down-
scaled, and the only chemical reaction accounted for in
the Gaussian plumes is the NOx—Oj; interaction, using the
Diiring approach (Diiring et al. 2011; Maiheu et al. 2017).
For annual mean runs, the downscaling is performed
directly on the annual mean concentrations, using a rota-
tionally symmetric dispersion kernel (Denby et al. 2020).
A similar setup using EMEP + uEMEP was applied in Mu
et al. (2022) for calculating high-resolution concentration
maps for all of Europe.

The distinction between the setups of uEMEPIMP and
uEMEPTAG is in how emission reduction scenarios are
calculated. They both use the same base case simula-
tion, but while uEMEPIMP uses the standard brute-force
method of rerunning EMEP +uEMEP for each reduction
scenario using reduced emissions, uEMEPTAG calculates
the scenarios without rerunning the model. Instead, reduc-
tions in concentrations are deduced from the tagging of
primary PM and NOx emitted within the city boundaries
in the base case simulation. New NO, and O; concentra-
tions are calculated by reapplying the Diiring scheme with
the reduced NOx concentrations. This setup is therefore
limited to the reduction scenarios of NOx and PPM and
its results do not include any effects on secondary particle
formation.

LOTOS-EUROS and ADMS operated by DHMZ

LOTOS-EUROS (Manders et al. 2017) is an open-source
chemical transport model that was used to assess the impact
of emission reduction over Zagreb (Croatia). The model
used two domains. The outer domain encompassed an area
from — 10°W to 45°E longitude and 30°N to 60°N latitude
with a horizontal resolution of 0.5°%0.25°. The nested
domain encompassed an area from 15.63 to 16.33°E longi-
tude and 45.46 to 46.16°N with a horizontal resolution of
0.1°x0.05°. For vertical resolution, 5 layer mixing scheme
was used with a surface layer fixed at 25 m in height, a
dynamic layer that extends from the top of the surface layer
to the top of the mixing layer and three more dynamic res-
ervoir layers on top that reach up to 5 km in height. An
identical meteorological driver, taken from ECMWF IFS
(Owens and Hewson 2018) (F1280 grid), was used for both
domains. For consistency, both domains used the same emis-
sion dataset prepared using the CAMS-REG-AP v2.2.1 as a
base, with an appropriate reduction of emissions only within
the nested domain.

ADMS-Urban (Carruthers et al. 1994; Hood et al. 2018),
Version 4.1.1., is a quasi-Gaussian plume air dispersion
model, the most comprehensive version of the Atmospheric
Dispersion Modelling System (ADMS). The model was set
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up for the Zagreb agglomeration and the year 2015. Chem-
istry schemes involving NOx, NO, and ozone were imple-
mented. The dispersion calculations are driven by hourly
meteorological data obtained from Zagreb-Maksimir mete-
orological site and are taken to be representative of the
whole domain. The model uses background data from the
Desini¢ rural-background site (hourly sequential air quality
data that represents the contribution of regional transbound-
ary pollution), and emissions at a 500 m X 500 m resolution
were obtained from the Croatian National Emission Inven-
tory (source: Ministry of Economy and Sustainable Devel-
opment). Two large point sources were explicitly modelled.

WRF-CHIMEREv2020r1 operated by LMD

The CHIMERE model is a regional chemistry-transport
model that can be used in both online and offline configura-
tions in its latest version (Mailler et al. 2017; Menut et al.
2021) for research, future scenarios and operational forecast
purposes (Bessagnet et al. 2020; Lapere et al. 2021; Menut
et al. 2020). For online modelling, it is coupled with the
WREF (Weather Research Forecast) meteorological model
(Skamarock et al. 2008). The model needs a set of gridded
data as mandatory input: emission data for both biogenic
and anthropogenic sources, land use parameters, boundary
and limit conditions, and other optional inputs such as dust
and fire emissions. Given these inputs, the model calculates
the concentrations and wet/dry deposition fluxes for a list
of gaseous and aerosol species (depending on the chosen
chemical mechanism).

In this study, the model was coupled with WRF using the
NCEP input data (NCEP 2015) for the global meteorological
conditions. It was run on a triple nested configuration, with a
coarse domain covering the whole of Europe at a 30 kmx 30
km resolution (164 X 165 cells), the intermediate domain
with a 10 km X 10 km resolution (45 X 45 cells), while the
finest domain focused on the Paris region with a 3 km X3 km
resolution (51 x 52 cells). The vertical resolution contains 15
layers starting from the surface going up to 300 hPa. No fire
emissions were used. Boundary conditions were taken from
CAMS 3-hourly reanalysis global runs. All major aerosol
groups are activated including elemental carbon, sulphate,
nitrate, ammonium, SOA, dust, salt and PPM, taking into
account coagulation, nucleation and condensation processes
over 10 size bins ranging between 10 nm —40 um. Anthro-
pogenic emissions were prepared using the CAMS regional
inventory (Granier et al. 2019) for both reference simulations
and reduction scenarios.
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WRF-CMAQ operated by UH-CACP

The Community Multi Scale Air Quality Modelling System
(CMAQ) is a prognostic air quality suit of models developed
by the U.S Environmental Protection Agency (USEPA).
The model is based on the concept “one atmosphere” and
accounts for complex interactions among several pollutants
but also complex process interaction between regional and
urban scales. CMAQ includes a Meteorology Chemistry Inter-
face Processor (MCIP) (Otte et al. 2005), an Initial Condition
(ICON) processor, a Boundary Condition (BCON) processor
and the chemistry transport model (CTM) (US EPA Office of
Research and Development 2020; Xu and Chen 2021). The
chemistry transport model is used to simulate aerosol and gas
chemistry in addition to the transport and deposition of chemi-
cal species while modelling atmospheric processes. CMAQ
is incapable of independently calculating the complex mete-
orological processes essential for air quality modelling and
requires Weather Research and Forecast (WRF) model output
to produce the meteorological fields. Furthermore, CMAQ
requires its emission data to be pre-processed in specific for-
mat. This can be computed using the Sparse Matrix Opera-
tor Kernel Emissions (SMOKE) and Model of Emissions of
Gases and Aerosols from Nature (MEGAN) (Guenther et al.
2006).

In this study, the numerical and emissions processing
models WREF (version 4.2), CMAQ (version 5.3.2) (Camp-
bell et al. 2019; US EPA Office of Research and Develop-
ment 2020), SMOKE version 4.6 (Baek and Seppanen 2018)
and MEGAN version 2.0.4 (Guenther et al. 2006) were used
to simulate the spatial and temporal distribution of air pol-
lutant concentrations for ozone, PM2.5, PM,,, NH;, NOx
and VOC. The meteorological fields were generated using
initial and boundary conditions from the NCEP GFS dataset
with temporal and spatial resolutions of 0.25° and a 3-h time
step to drive WRF (NCEP 2015). Three domains were used:
the outer domain (spatial resolution 25 km X 25 km), mid-
dle domain (5 km X5 km) and inner domain (1 kmXx 1 km).
The same domains were also used for CMAQ. The anthro-
pogenic emissions used for the simulation were UK National
Emissions Inventory (2015; 1 kmx 1 km) merged with Edgar
v5 2015 inventory for missing values. The NAEI inventory
consists of eleven SNAP sectors (Kuenen and Trozi 2019;
Ntziachristos and Boulter 2019): Nature, Extraction distri-
bution of fossil fuels, Agriculture, Industrial combustion,
Industrial processes, Other mobile sources, Power genera-
tion, Residential commercial and other combustions, Road
transport, Solvent use, Waste treatment and disposal. The
main pollutants are carbon dioxide (CO), sulphur dioxide
(SO,), non-methane volatile organic compounds (NMVOC),
particulate matter (PM, s and PM, ), nitric oxides (NOx) and
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methane (CH,). Due to the emissions inventory being annual
totals and CMAQ requiring emission input as mass flow rates
per area, temporal profiles were applied to the annual values.
The profiles used are those of TNO (Builtjes et al. 2003). In
addition, the biogenic emissions were estimated in MEGAN
using meteorological and land use/land cover parameters
as input data. The dust and sea salt emissions were calcu-
lated inline of the CMAQ CTM model. Initial and Boundary
condition driver data for the CTM model were provided by
The Community Atmosphere Model with Chemistry (CAM-
chem)(Tilmes et al. 2019).

IFS-CHIMEREv2017r4 operated by CIEMAT

The CHIMERE chemistry transport model v2017 (Mailler
et al. 2017) was used to evaluate the impacts of the emission
reductions. This model has been extensively used in Europe
and in particular in Spain (Brands et al. 2020; Vivanco et al.
2008, 2009). Four domains were considered for the simula-
tions centred on Madrid, Athens and Paris with horizontal
resolutions of 0.27°, 0.09°, 0.03° and 0.01° (respectively
named as CHIMCIE27M, CHIMCIEO9M, CHIMCIEO3M,
CHIMCIEO1M). The model was run with MELCHIOR2
chemical mechanism. Emissions were obtained from the
EMEP database a 0.1°x0.1°grid resolution (Mareckova
et al. 2019). For the Spanish domains, the national emission
inventory for Spain was used on the same grid as the EMEP
emissions for the Spanish grid squares. The meteorological
fields were adapted from simulations by the European Cen-
tre for Medium-Range Weather Forecasts, ECMWF (www.
ecmwf.int); the Integrated Forecasting System (IFS) for
2015, obtained from the MARS archive at ECMWF through
the access provided by AEMET for research projects.
Boundary conditions for the coarsest resolution domains
were taken from LMZ-INCA and GOCART climatological
simulations.

MINNI operated by ENEA

The air quality modelling system MINNI (Mircea et al.
2014, 2016) is composed of the meteorological model
WRF v3.9.1.1 (Skamarock et al. 2008), the anthropo-
genic emission processor EMMA, the meteorological
processor SURFPRO (ARIANET 2011) and the chemical
transport model FARM the Flexible Air Quality Regional
Model (Silibello et al. 2008). FARM was configured with
SAPRC-99 gas phase mechanism (Carter 2000), AERO3
dynamic aerosol model (Binkowski and Roselle 2003)
based on three interacting lognormal distributions repre-
senting the main processes (nucleation, coagulation and
growth), secondary inorganic model ISORROPIA (Nenes
et al. 1998) and secondary organic model SORGAM

(Schell et al. 2001). Dry deposition was simulated using
a resistance model (Wesely 1989) and the biogenic emis-
sions were calculated with the MEGAN v2.04 model
(Guenther et al. 2006).

The simulations were carried out over the Po Valley
domain with a horizontal spatial resolution of 4 km. The
national emission inventory distributed by ISPRA (Italian
Institute for Environmental Protection and Research) was
used with provincial level (NUTS3) detail and boundary
conditions from the simulation at national level described
in (Vitali et al. 2019). The FARM simulation has been done
with 16 fixed vertical layers terrain-following and the depth
of first layer is 40 m.

CHIMERE + RIO operated by IRCELINE

Air quality projections were calculated in two steps, thanks
to a methodology developed by the research organization
VITO. The first step is achieved by calculating the reference
scenario and the scenarios with emission reductions in Brus-
sels thanks using the CHIMERE CTM model v2017 (Mail-
ler et al. 2017). A run configuration of two nested domains
with meteorological ECMWF data for 2015 was used. The
parent domain at a 0.5° X 0.5° resolution covers the whole
European zone, and the nested domain at 0.1°x0.1° covers
North-Western Europe, centred on Belgium. The emission
dataset includes point and surface emissions, and bottom-up
emissions were used within Belgium and top-down emissions
were used outside Belgium. Emission reductions over Brus-
sels were applied only in the nested domain.

As a second step, a tendency was carried out for each
0.1°%0.1° grid cell by calculating a regression of the CTM daily
concentrations between the base case and the scenario cases.
These trends were applied to a best estimate of the concentra-
tions of the base case to determine the scenario concentrations.
This best estimate was achieved by an intelligent interpolation
of the observed concentrations via the RIO interpolation method
(Janssen et al. 2008), resulting in higher resolution (4 x4 km)
concentrations, and so the results were also downscaled using
this procedure. The application of trends of RIO reference con-
centrations rather than the absolute or relative differences for
calculating air quality projections is an alternative approach of
calibration that accounts for changes in CTM bias.

Appendix 3. Detailed description
of indicators

The following notation will be used for the definition of indica-
tors. Capital letters are used for the aggregated values (sum of
emissions or averaged values) over the area A, where precur-
sors are reduced, and lower case for individual grid cell with
coordinates (i, j) or (i, j, 1), if we consider time.
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k

Zone of emission reductions as defined in Table 1

m Emission precursor name (NOx, VOC, PPM, SOx
or NH,) or all together

n Pollutant name, such as O;, PM,, and NO,

a Percentage emission reduction for the scenarios
(50% or 25% here)

s Simulation scenario denoted as 50%NOXx, etc. ...

or base case (BC) referring to the level of reduction
and the precursor involved

l’.;‘.’k’s Emission of precursor m over zone k for grid cell
(i,)) € A, for simulation s

:'Jkty Concentration of pollutant n over zone k for grid cell
(@i,)) € A, for simulation s at time ¢

E;f)faj Total emission of precursor m over zone k for simu-

lation s

X/}k’s Averaged concentration of pollutant n over zone k

ean

for simulation s

The analysis was performed for two types of averaging

ij Grid cell coordinate respectively in longitude and .. . . S
J . P y £ over the emission reduction domain (which is common for
latitude . . .
. . . all modelling teams). We average either (i) over the whole
LJ Total number of longitude and latitude coordinates .. th
.. set of values (called Mean) and (ii) for values above the 95
! Current time in hours ercentile (called P95) as defined here below:
T Total number of recorded hours of the simulation p '
. . n.k,s 1 T nks (4)
» Mean cell concentration value averaged over time ¢*" = = Y ¢"
ij T t=1 "ijt
Q)
- : . _ th . nk,s
ﬁ*mmmemn“@- Pos = 95 Percentlle{ Cij }
 Mean cell concentration value averaged over time and domain C;’/}k’s =Ly 3 ks ©)
ean IxJ i=1 &dj=1"ij
« Mean concentration value, representing the average of all domain concentrations above the 95" percentile value C;‘;gk; = c:‘f’s Y 7
Cij =pos
For each averaging type (ave =Mean or P95), the follow- APLO
ing indicators are defined. They are calculated for a given  * Absolute potency — AbsPTYa APY,” = TATAC (12)

model and for a tuple (n, k, s) representing the pollutant con-
centrations, the target area and the scenario, respectively. A
scenario s is defined as an emission reduction simulation
compared with the base case (BC), depending on the per-
centage of reduction (—25 or—50%) over a certain period
and type of simulation (LT simulations or ST PM or ST O,
episodes).

« Absolute impact or delta AC™5S = Crhs — CrkBC gy

. . ks ks _ cnok.BC
* Relative impact rAC: - = e )

ave

nk.s
« Absolute potential — AbsPTLa APL?” = S (10)
a o
« Relative potential — RelPTLa RPL™ =05 (11)

ave
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Total

The absolute potential is the delta of concentrations normal-
ized by the reduction factor; it represents a potential absolute
reduction if a 100% emission reduction assuming linearity.
The absolute potency represents the delta normalized by the
amount of reduced emissions.
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