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Abstract.

This study presents the evaluation of chemistry schemes implemented in ARPEGE-Climat 7.0.1, the latest version of the
atmospheric model component of the CNRM climate model (CNRM-ESM) which will be used for future research. Three
chemistry schemes of increasing complexity are considered: the stratospheric-upper-tropospheric REPROBUS scheme, and
the stratospheric-tropospheric RELACS and RACMOBUS schemes. Atmosphere-only (AMIP) simulations (1979-2014) have
been evaluated in terms of key chemical species against the previous generation of AMIP CNRM simulations (CNRM-ESM2-
1), which ran with REPROBUS only, and against the Copernicus Atmosphere Monitoring Service (CAMS) reanalysis of at-
mospheric composition in the troposphere. In the stratosphere, ARPEGE-Climat 7.0.1 provides improved total column ozone
representation, reducing biases previously identified in CNRM-ESM2-1. Stratospheric water vapour is also better simulated due
to increased moistening, though differences in methane oxidation between RELACS and RACMOBUS require further inves-
tigation. Additionally, issues remain with nitric acid in both RELACS and RACMOBUS, and for the RACMOBUS hydrogen
chloride and nitrous oxide distributions. In the troposphere, RELACS and RACMOBUS show significant differences in carbon
monoxide, with RACMOBUS simulating too low carbon monoxide throughout the entire troposphere, and in peroxy acetyl
nitrate (PAN) with RELACS simulating among the highest PAN levels typically modelled. Nitrogen species concentrations
are excessive at high northern latitudes in winter, partially due to missing nitrogen pentoxide heterogeneous loss processes.
Tropospheric ozone is generally well represented, closely following reanalysis data. Overall, ARPEGE-Climat 7.0.1 marks

significant progress in CNRM atmospheric chemistry modelling, supporting future climate-chemistry interaction studies.
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1 Introduction

Atmospheric chemistry is highly interactive with other components of the Earth’s system and plays a crucial role in climate
change studies. The atmosphere’s oxidizing capacity regulates the chemical loss rate, influencing the abundance and atmo-
spheric lifetime of key greenhouse gases such as methane (CHy, Saunois et al., 2020) and nitrous oxide (N,O, Tian et al.,
2024). Understanding tropospheric chemical composition is particularly important, as secondary aerosols, both organic and
inorganic, form from gaseous precursors and remain the largest source of uncertainty in the Earth’s radiative budget. Addi-
tionally, gaseous species such as O3 and nitrogen oxides (NO,, NO+ NO,), along with aerosols, contribute to poor air quality
and adverse health effects (Manisalidis et al., 2020). Atmospheric chemistry, air quality, and climate change are also closely
interconnected (von Schneidemesser et al., 2015). Finally, atmospheric chemistry interacts with vegetation, as, for example,
O3 deposition can reduce photosynthetic carbon assimilation (Sicard et al., 2017).

For all the reasons mentioned above, the importance of representing atmospheric chemistry in climate models has long
been recognized (Hameed et al., 1980). This recognition has led to numerous initiatives aimed at addressing chemistry-climate
interactions. One of the first coordinated efforts was the CCMVal-1 activity, which evaluated the ability of Chemistry-Climate
Models (CCMs) to simulate key processes influencing the distribution of stratospheric ozone (Eyring et al., 2006). This effort
contributed to the 2006 WMO/UNEP Scientific Assessment of Ozone Depletion. A second phase, CCMVal-2, established a
more structured and coordinated approach, incorporating common external forcings, recommendations for chemical kinetics,
and detailed diagnostic requirements (Morgenstern et al., 2010a). This phase resulted in a series of publications among which
a very detailed report (Eyring V. and Waugh, 2010), and significantly improved the representation of stratospheric chemistry.
However, tropospheric chemistry remained largely absent or highly simplified in most of the participating models.

A follow-up to the CCMVal-2 activity is the Chemistry-Climate Model Initiative (CCMI), aimed at improving our under-
standing of the links between atmospheric composition and climate. The first phase, CCMI-1, involved 20 models, most of
which explicitly represented tropospheric chemistry with varying levels of complexity (Morgenstern et al., 2017a). CCMI con-
tinues to support ozone assessments and serves as a complement to the Coupled Model Intercomparison Project (CMIP, Eyring
et al., 2016). Within CMIP, the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) (Lamarque
et al., 2013) was the first coordinated effort to support Assessment Reports, complementing CMIPS5 simulations with time slice
experiments. For CMIP6, the AerChemMIP project (Collins et al., 2017) was endorsed to quantify the climate and air quality
impacts of aerosols and chemically reactive gases. AerChemMIP involved various global atmosphere-ocean coupled climate
models, with different modelling groups contributing different approaches. For example, Griffiths et al. (2021a) analysed tropo-
spheric ozone using five models, while Keeble et al. (2021) evaluated stratospheric ozone and water vapour across 22 models,
six with full stratospheric chemistry, three with simplified stratospheric schemes, and 13 using prescribed CMIP6 ozone fields.
Regarding tropospheric chemistry, Young et al. (2018) provide a comprehensive review of the development of global models,
analysing ozone simulations from their participation in the most recent multi-model assessments, the eighth since 2000.

Turning to the future, Sanderson et al. (2023) argue for the need of more interactive Earth System Models (ESMs) to

allow emissions driven simulations instead of concentration driven ones, thus better addressing the overall uncertainties in
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climate scenarios. The UKESM is an example of such models that took the interactivity a step further than interactive full
atmospheric chemistry with climate. After merging of previously developed stratospheric (Morgenstern et al., 2009) and tro-
pospheric (O’Connor et al., 2014b) schemes (see Archibald et al., 2020b), the model has been further developed coupling
the chemistry scheme with interactive emissions from wetland and dry deposition of CHy4 to study its global CHy cycle by
performing CH4 emission driven simulations (Folberth et al., 2022).

Chemistry and climate modeling at CNRM has contributed to several coordinated model evaluations, including CCM Val-2
(e.g., Strahan et al. (2011); Austin et al. (2010); Morgenstern et al. (2010b)), CCMI (e.g., Morgenstern et al. (2017a); Maycock
et al. (2018a); Dhomse et al. (2018)), ACCMIP (e.g., Lamarque et al. (2013); Naik et al. (2013); Young et al. (2013)), and
CMIP6 (e.g., Smith et al. (2020); Morgenstern et al. (2022); Skeie et al. (2020); Keeble et al. (2021)). These contributions have
involved two types of models: a Chemistry Transport Model, incorporating either stratospheric or full-atmosphere chemistry,
and an atmospheric climate model with "online" stratospheric chemistry.

The logical next step at CNRM was to implement a comprehensive representation of atmospheric chemistry throughout the
entire atmosphere in the latest version of the atmospheric climate model, ensuring its applicability for future studies. Beyond
documenting and evaluating these developments, this paper investigates the benefits of increasing complexity in chemical
schemes for the representation of atmospheric composition in climate models. The paper is structured as follows: in addition to
the Introduction and Conclusion sections, Section 2 presents the new ARPEGE-Climat model along with its chemistry schemes

and the simulation setup used for evaluation. Section 3 then details and discusses the results obtained.

2 Methodology
2.1 The ARPEGE-Climat global atmospheric model

The present study has been conducted with a new version of the ARPEGE-Climat global atmosphere model which is the
atmospheric component of the Centre National de Recherches Météorologiques (CNRM) climate model. This new version,
referred to as 7.0.1, is an update of version 6.3 (Roehrig et al., 2020) which was used for CMIP6. Version 7.0.1 is based on
cycle 48t1_op1 of the ARPEGE/IFS (Integrated Forecast System), developed jointly by Météo-France and the European Center
for Medium-range Weather Forecasts (ECMWF) for both Numerical Weather Prediction (NWP) and climate applications. This
version is aimed, among other applications, to serve as a basis for CMIP7 simulations, and has first been used in Drugé et al.
(2024).

As other atmospheric models, ARPEGE-Climat consists in a dry dynamical core and a suite of physical parameterisations
that represent diabatic processes. In short, ARPEGE-Climat 7.0.1 very largely shares the choices made for the ARPEGE NWP
version which means that these choices differ from those of the ARPEGE-Climat CMIP6 version. This is the case in particular
for the parameterisations of the deep convection and of the radiation. Specifically, the convection scheme is based on the work
of Tiedtke (1989), with many subsequent modifications (as reported in Bechtold et al., 2008, 2014; Becker et al., 2021). The
radiation scheme used is "ecRad" (Hogan and Bozzo, 2018), which has been operational in the IFS NWP model since 2017.
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In our climate simulations, the atmospheric dynamics and physics are computed on a T127 triangular grid truncation or
associated reduced Gaussian grid, which corresponds to a spatial resolution of approximately 150 km in both longitude and
latitude. ARPEGE-Climat is a "high-top’ model with 91 vertical levels, extending from the surface to 0.01 hPa in the meso-
sphere. These levels use hybrid o-pressure coordinates, with 15 levels below 1500 m. To simulate surface state variables
and fluxes, ARPEGE-Climat uses the SURFace EXternalisée (SURFEX) modelling platform, in its version 8.1 here which is
present in cycle 48t1 of the ARPEGE/IFS system (Le Moigne et al., 2020). This platform operates over the same grid and
with the same time step as the rest of the model. Physical processes at the land surface are represented using the Interaction
Soil-Biosphere-Atmosphere (ISBA) land surface model (Noilhan and Mahfouf, 1996). The chemistry schemes described in
the next section are one of the "physical" processes of the model, they are in operations at each physical time step (i.e., 900 s),

which is also the dynamics time step.
2.2 The chemistry schemes

A chemical scheme describing the chemistry of the upper troposphere and stratosphere, known as REPROBUS-C_v2 (or
simply REPROBUS), was first implemented as an "on-line" scheme in ARPEGE-Climat and evaluated in Michou et al. (2011).
This model version contributed to the CCMI initiative (e.g., Maycock et al., 2018b; Morgenstern et al., 2017a; Wales et al.,
2018; Ayarzagiiena et al., 2018) before being integrated into the CNRM-ESM2-1 Earth System Model (Michou et al., 2020b),
where it contributed to the AerChemMIP simulations of CMIP6 (see references in the introduction). More recently, we have
ported REPROBUS into ARPEGE-Climat 7.0.1. However, REPROBUS does not account for non-methane ozone chemistry
in the lower troposphere, and it is important to note that chemical evolutions are computed down to 560 hPa only (for details
see Morgenstern et al., 2017a; Michou et al., 2020a). To address this limitation, two additional chemical schemes have been
introduced in ARPEGE-Climat 7.0.1.

The first implemented tropospheric chemical scheme is RACM (Regional Atmospheric Chemistry Mechanism, Stockwell
et al., 1997). It is designed to represent atmospheric composition across a wide range of conditions, from remote to polluted
environments, and from the surface to the upper troposphere. This mechanism includes both inorganic and organic chemistry,
with organic species grouped based on their reactivity with the hydroxyl radical (OH). To enable comprehensive atmospheric
composition modelling, RACM and REPROBUS have been combined into a single scheme called RACMOBUS. This scheme
represents a total of 115 gaseous species, evolving through 381 chemical reactions, including 53 photolysis reactions. This
chemical scheme has been implemented in various atmospheric chemistry models. For example, RACMOBUS is the chemical
mechanism used in the Chemistry-Transport Model MOCAGE (MOdéle de Chimie Atmosphérique a Grande Echelle, Cussac
et al., 2020), which contributed to the Chemistry and Climate Model Initiative (CCMI, Morgenstern et al., 2017b). Additionally,
RACMOBUS is integrated into ECMWEF’s on-line atmospheric composition model. Specifically, in this configuration named
IFS (MOCAGE), it has been developed and evaluated at both the global scale in the troposphere (Huijnen et al., 2010) and at
a regional scale, focusing on the lower troposphere and air quality (Williams et al., 2022).

The second implemented tropospheric chemical scheme is ReLACS (Regional Lumped Atmospheric Chemical Scheme,

Crassier et al., 2000). Derived from RACM, ReLACS aims to reduce computational cost while maintaining strong scientific
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performance. This reduction is achieved through a reactivity-weighted approach, aggregating organic compounds into a smaller
number of lumped classes than RACM. Similar to RACM, ReLLACS is combined with REPROBUS in a merged scheme referred
to as RELACS (note the difference in the capitalization of the first letter "e"). It includes 87 chemical species that evolve
through 247 chemical reactions, of which 45 are photolysis reactions. The RELACS chemical scheme had been integrated into
the MOCAGE CTM. Its implementation was evaluated in the work of Teyssedre et al. (2007) where the scheme was found to
perform satisfactorily overall, with detailed analysis of biases against observations.

Although the three chemistry schemes share many similarities, they also differ in several aspects, including their complexity,
their approach to mass conservation, such as the specific treatment in RACMOBUS that distinguishes the stratosphere from
the troposphere, and the set of constants involved in chemical reactions and the physical evolution of chemical species. These
specificities have been adjusted in previous studies. Here, we present an analysis of the current state of these schemes and their

implementation.
2.3 Physical evolutions of chemical species

Large-scale transport of chemical species, treated as prognostic variables, is managed by the ARPEGE-Climat semi-Lagrangian
scheme, which is also used to simulate the advection of humidity and temperature (see Roehrig et al., 2020). Since semi-
Lagrangian schemes are not fully mass-conservative, a local mass fixer algorithm based on Bermejo and Conde (2002) is
applied to all transported species. At subgrid scales, the model’s turbulence and convection schemes (see Section 2.1) handle
the transport of chemical species.

Wet deposition, which removes atmospheric compounds through precipitation, is calculated by the scheme described in
Flemming et al. (2015b). This approach is an update of the earlier Harvard scheme (Liu et al., 2001) in which scavenging
flux calculations in convective updrafts have been decoupled from the convection scheme. The wet deposition process involves
in-cloud scavenging, where species are removed during the formation of rain or snow droplets, and below-cloud scavenging,
where falling droplets collect gaseous species. Additionally, precipitation re-evaporation can release previously scavenged
compounds back into the atmosphere when conditions allow. The efficiency of wet deposition depends on the solubility of
each species, determined using Henry’s law equilibrium. In ARPEGE-Climat, effective Henry’s law coefficients are calculated
for a droplet pH of 5, following the values provided in Sander (2023). The total wet deposition flux, accounting for rain-out,
washout, and evaporation, is computed separately for convective and large-scale precipitation to properly consider differences
in precipitation within a grid cell and variations in droplet fall speed.

Dry deposition refers to the removal of gaseous compounds from the atmosphere in the absence of precipitation, through in-
teractions with the surface. In ARPEGE-Climat, dry deposition fluxes are calculated by the SURFEX surface model (Le Moigne
et al., 2020) before being applied to atmospheric concentrations. For a given species, the dry deposition flux is determined by
the following equation: F' = —vg4c, where F' represents the dry deposition flux, v is the deposition velocity, and c is the con-
centration of the chemical species near the surface. v, is estimated, as commonly done in models (e.g., Michou et al. (2005);

Flemming et al. (2015a)), as the sum of three resistance terms: vq = . The aerodynamic resistance (R,) accounts for

1
Ra+Ry+Rc
the vertical transfer of species in the air layer near the surface and depends only on dynamic quantities. It is estimated following
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Slinn and Slinn (1980). The resistance of the quasi-laminar layer (R;) is calculated classically as detailed for instance in Mi-
chou and Peuch (2002). The surface resistance (R.) represents the absorption resistance of vegetation or soil and is calculated
following Wesely (1989). It accounts for multiple components, including vegetation resistance, lower canopy resistance, and
ground resistance. We modified the surface resistance over water from Seinfeld and Pandis (2006), which produced unsatisfac-
tory deposition velocities, not only for O3, where the surface resistance was an order of magnitude too high, but also for many
Volatile Organic Compounds (VOCs), where it was conversely too low. These adjustments were made to better align with the

limited available observations of deposition velocities, as detailed in the thesis report of Aguirre Martine (2004).
2.4 Lightning NO, emissions

In ARPEGE-Climat, NO, emissions from lightning are calculated following Meijer et al. (2001), using a linear function of
the flash rate. The flash rate itself is estimated as a linear function of convective precipitation, with a conversion rate of
13,700 flashes per meter. Over oceans, emissions are set to one-tenth of their continental counterparts, following Huijnen
et al. (2010) and Levy II et al. (1996). The conversion factor from flash energy to NO, emissions is taken as 10'7 molecules
per Joule, a widely accepted coefficient in the previously mentioned literature. The energy per flash (E) is assumed to be the
same for both cloud-to-ground (CG) and intra-cloud (IC) flashes, with Ecq = E;¢ = 6.7 x 108J. The fraction of CG flashes
relative to total flashes is determined using the fourth-order polynomial function of cold cloud thickness from Price and Rind
(1993). Lightning NO, emissions are then distributed vertically following the approach of Pickering et al. (1998), where all
IC lightning NO, is released between the 7= —15°C' level and the cloud top, while all CG lightning NO, is distributed
between the surface and 7' = —15°C level. Finally, a calibration coefficient is applied to the emission flux to ensure that the
total annual amount of nitrogen emitted remain consistent with an expected yearly amount. According to Verma et al. (2021),
despite advancements in observational and modelling techniques, estimates of global lightning NO, emissions remain within
a wide range of 543 Tg(N).yr~!. In our simulations these emissions have been set to 2.5 Tg(N).yr ! after various sensitivity
tests. The 5 Tg(N).yr—! case is being presented and discussed in section 3.3.1. The horizontal and vertical distributions of the
resulting annual average of lightning NO, emissions in our simulations is shown in Figure Al. Since emissions are scaled to
match a predefined total nitrogen release into the atmosphere, the spatial distribution is expected to remain largely unchanged

from one year to the next.
2.5 Simulation description

We conducted with ARPEGE-Climat 7.0.1 three atmosphere-only (AMIP) simulations covering the period 1979-2014, using
respectively the three chemistry schemes described in Section 2.2, with initial state from the CNRM-ESM2-1 AMIP simulation
(see Section 2.6). Additionally, we performed simulations to assess the sensitivity of results to the magnitude of lightning NO,
emissions (see Section 3.3.1 and to the level of relaxation applied in the troposphere for long-lived gases (see Section 3.3.2) and
summary in Table 1). In all simulations, the 3D concentrations of various trace gases interact with the atmospheric radiative
code at each call of the radiative scheme (every hour) for both the longwave and shortwave parts of the spectrum see (for

details, see Michou et al., 2020a). These simulations employed CMIP6 forcings, including greenhouse gases (GHG) and
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Table 1. Characteristics of the simulations analysed, including the simulation name, model name, chemistry scheme, simulation type (AMIP

for this analysis, or "sensi." for a sensitivity test), and the period covered (see text for details).

Name Model Chem. scheme Type Period

ESM2-REPRO CNRM-ESM2-1 REPROBUS-C_v2 CMIP6 AMIP  1979-2014
ARP7-REPRO ARPEGE-Climat 7.0.1 =~ REPROBUS-C_v2 CMIP6 AMIP  1979-2014
ARP7-RELACS ARPEGE-Climat 7.0.1 ~ RELACS CMIP6 AMIP  1979-2014
ARP7-RACM ARPEGE-Climat 7.0.1 RACMOBUS CMIP6 AMIP  1979-2014
ARP7-RACMS5Tg ARPEGE-Climat 7.0.1 RACMOBUS, 5Tg lightning  sensi. 1979-2014
ARP7-RELACS5Tg ARPEGE-Climat 7.0.1 = RELACS, 5Tg lightning sensi. 1979-2014
ARP7-RELACS_relaniv.  ARPEGE-Climat 7.0.1 RELACS sensi. 1979-1988 (or less years)

ozone-depleting substance (ODS) concentrations following Meinshausen et al. (2017), volcanic aerosols based on Thomason
et al. (2018), solar forcing from Matthes et al. (2017), and sea surface temperatures and sea ice as indicated in Eyring et al.
(2016).

All emissions, except for lightning-generated NO,, were accounted for using emission inventories, CMIP6 datasets for
anthropogenic and biomass burning sources, along with other datasets for additional sources as specified below. Anthropogenic
emissions were taken from the Community Emissions Data System (CEDS, Hoesly et al., 2018), including emissions of CO,
CH,4, NHj3, NO,, SO,, and Non Methane VOCs (NMVOCs). This dataset, covering 1750-2014, was developed by integrating
country- and regional-scale inventories with energy consumption data. For biomass burning emissions, we used the BB4CMIP
CMIP6 inventory (van Marle et al., 2017). It spans the same period as CEDS (1750-2014) and reconstructs emissions for earlier
years using a combination of satellite observations (1997-2014), fire proxies, and fire models. Biogenic NMVOC emissions
from plants were included using the CAMS-GLOB-BIO v3.1 dataset (Sindelarova et al., 2022). This dataset, produced using
the Model of Emission of Gases and Aerosols from Nature (MEGANV2.1, Guenther et al., 2012), is driven by a meteorological
reanalysis. Since it only covers 2000-2019, we created a monthly climatology by averaging the monthly emission fluxes, which
we applied throughout our simulation period. Other natural sources of reactive gases were also considered. Soil NO, emissions
were based on the CAMS-GLOB-SOIL v2.3 inventory (Simpson and Darras, 2021), while oceanic CO emissions followed the
RETRO inventory (Lana et al., 2011). Similarly, oceanic emissions of dimethyl sulfide (DMS) were taken from the CAMS-
GLOB-OCE v3.1 dataset (Schultz et al., 2008). For details on total emissions, we refer to the original publications cited above.
Additionally, to provide context on the magnitude of emissions in our simulations, Table 2 presents the 2005 annual totals for
NO,, CO and NMVOC emissions considered in the RELACS and RACMOBUS chemical schemes.

2.6 Reference data sets

We base our analysis on the following reasoning. For the troposphere, we rely on an atmospheric composition reanalysis,

which is described in detail in Section 2.6.1. In the stratosphere, we assume that the validity of the REPROBUS scheme has



210

215

https://doi.org/10.5194/egusphere-2025-1933
Preprint. Discussion started: 6 June 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Table 2. Emissions accounted for in the RELACS and RACM chemical schemes, with annual totals for the year 2005. For NO + NO,: Tg(N)
yr~!, for CO: Tg(CO) yr™!, and for all NMVOCs: Tg(C) yr~*. See text details on the chemical schemes.

RELACS spec. N.elt(NorC)  Total H RACM spec. N.elt(NorC)  Total

NO + NO» 1 47 || NO + NO, 1 47
CcO 1 1042 || CO 1 1042
ISOTOT 5 433 || CsHs 5 392
API 10 84
ALKANEDis 4 1339 || HC3 29 94.9
HCs 4.8 29.1
HCs 7.9 4.21
ALKENEDbis 3.7 475 || OLT 3.8 23.0
DIEN 4 10.8
CoHy 2 2854
ALD 24 15.9 || ALD 24 159
AROMATIC 7.58 20.9 || TOL 7.1 11.0
XYL 8.9 12.2
ETH 2 7.8 || C2Hsg 2 7.8
HCHO 1 4.5 || HCHO 1 4.5
KET 35 11.1 || KET 35 11.1
- CH3COCHO 3 1.7

already been established, along with its strengths and weaknesses, particularly in recent multi-model climate comparisons (e.g.,
CMIP6). Therefore, our "reference" dataset is the CNRM-ESM2-1 CMIP6 AMIP simulation (see 2.6.2).

2.6.1 The CAMS EAC4 reanalysis

Several chemical reanalysis products of varying interest have recently become available (Sekiya et al., 2025). For this study, we
selected the Copernicus Atmosphere Monitoring Service (CAMS) reanalysis, namely the EAC4 (ECMWF Atmospheric Com-
position Reanalysis 4) product. Indeed it covers a period relevant to climate evaluation, regularly updated for near-real time
periods (2003-2024), and has shown satisfactory agreement with in situ observations (see Sekiya et al. (2025)). Further evalu-
ation details can be found in Wang et al. (2020), including vertical validation against aircraft campaigns, as well as in Wagner
et al. (2021) for O3, CO, and NO,, and in Williams et al. (2022) for NO,, HNOs;, and PAN (Peroxy Acetyl Nitrate). The most
comprehensive description of EAC4 is provided in Inness et al. (2019b), but we summarize its key characteristics here. The
assimilation system is based on the operational 4D-Var system from IFS cy42rl, running on a T255 grid (80 km resolution).
The dynamical system uses the same input observations as the ERAS reanalysis. The relevant assimilated trace gas retrievals

include seven different products for O3 (total columns, profiles, and partial columns from SCTAMACHY, MIPAS, MLS, OMI,
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GOME-2, and SBUV/2), as well as the CO total column retrieval from MOPITT and three different tropospheric column re-
trievals (from SCTAMACHY, OMI, and GOME-2) for NO;. Tropospheric chemistry is modelled using the IFS(CB05) chemical
scheme (Flemming et al., 2015b), while stratospheric chemistry follows the linear scheme of Cariolle and Teyssedre (2007),
a simpler approach compared to REPROBUS. This makes EAC4 particularly relevant for evaluating tropospheric chemical
composition and justifies the use of the CNRM-ESM2-1 AMIP simulation for the stratosphere. Anthropogenic emissions are
prescribed from the MACCity inventory (Granier et al., 2011), biomass burning emissions follow the GFASv1.2 inventory
(Kaiser et al., 2012), and biogenic emissions are based on the MEGAN-MACC dataset (Sindelarova et al., 2022). It is impor-
tant to note that these inventories differ from those used in our simulations, which should be considered when interpreting the

evaluation results. Throughout this paper, we refer to the EAC4 reanalysis.
2.6.2 The CNRM-ESM2-1 CMIP6 AMIP simulation

The CNRM-ESM2-1 CMIP6 AMIP simulation employed the REPROBUS scheme with all necessary forcings, identical to
those used in our simulations with the ARPEGE-Climat 7.0.1 scheme. This simulation did not, however, include emissions, as
they are not relevant in this context. These characteristics make it particularly useful for comparison, as differences in chemical
concentrations with the concentrations obtained running ARPEGE-Climat-7.0.1 can then be attributed to variations in model
dynamics, such as transport and temperature, or to the influence of tropospheric chemistry. Analyses of its outputs have been
presented in several publications (see Section 2.2). Here, we use outputs from the 1979-2014 period, which we refer to as

ESM2-REPRO outputs (see Table 1).

3 Results and discussion

In the following section and in Section 3.2.2 we conduct a qualitative rather than quantitative evaluation of several key chemical

species, first in the stratosphere then in the troposphere.
3.1 Evaluation of stratospheric air composition

We analyse here several key stratospheric species, (i.e., O3, H,O, CHy, HNO3, NO,, N,O and HCI), as discussed in Teyssedre
et al. (2007), highlighting major differences and similarities between the ARP7-REPRO, ARP7-RELACS, and ARP7-RACM
simulations in comparison to the ESM2-REPRO simulation. Additionally, we contextualize our findings with CMIP6 analyses.
For components whose behaviour has not yet been extensively examined in CMIP6 publications, to our knowledge, we also
refer to the key conclusions of Michou et al. (2011), which documented the performance of the REPROBUS scheme within a
climate model closely related to the one used in CNRM-ESM2-1.

O3 is the most abundant chemically active trace gas in the stratosphere. It is primarily produced through the photolysis of Os,
a process most efficient in the tropical middle stratosphere. O3 is also subject to destruction via catalytic reactions involving
nitrogen oxides, chlorine, and bromine species, though these reactive compounds can be temporarily sequestered in reservoir

species. Despite O3 concentrations reaching over 10 ppm in parts of the stratosphere, it exists in a chemical equilibrium with
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trace species present at much lower concentrations. Additionally, O3 serves as a major radiative agent, with its distribution
strongly influenced by stratospheric temperature and transport processes.

Water vapour and CHy4 play an important role in stratospheric chemistry. For example, the oxidation of CH4 generates HO,,
radicals which catalytically destroy O3, and are involved in many stratospheric reactions. Furthermore, water vapour is a key
constituent of polar stratospheric clouds (PSC), which play a unique role in the chemistry of the polar vortex (Noél et al., 2018).
Noél et al. (2018) provide a clear description of the various processes influencing the distributions of these two constituents in
the stratosphere, distributions that are closely related. As a first approximation, it can be considered that the destruction of one
molecule of CHy leads to the production of two molecules of H,O (Teyssedre et al., 2007; Noél et al., 2018).

HNO:; is likely the main reservoir of nitrogen species in the lower stratosphere and acts as a sink for nitrogen compounds in
the stratosphere. A significant removal involves uptake in polar vortices by PSCs that sediment to lower altitudes. This uptake
strongly depends on temperature. NO; in the stratosphere is another key species that plays a major role in the Oz budget,
particularly in the lower stratosphere. N, O is significant due to its warming potential and its impact on stratospheric O3. This
GHG is well mixed in the troposphere due to its long lifetime there (about 100 years), and its concentration decreases with
altitude in the stratosphere due to photodissociation and production of NO, which catalyses the O3 destruction (Strong et al.,
2008). In the stratosphere, its distribution is mainly governed by the Brewer-Dobson circulation. HCI is considered a reservoir
species. Under specific conditions, typically upon return of sunlight in spring, it can be converted into reactive chlorine species
that contribute to the O3 destruction. Chlorofluorocarbons and other long-lived species that contain chlorine are the primary

sources of HCI when broken by photolysis.
3.1.1 Ozone

Typical total column ozone (TCO) diagnostics are presented in Figs. 1 (as time series) and 2 (as zonal climatologies). In Fig. 1,
the TCO time series for the three ARP7 simulations (ARP7-REPRO, ARP7-RELACS, and ARP7-RACM) closely follow each
other, particularly after the first few years of simulations. This holds across various latitude bands and periods analysed (note
that at high latitudes, these periods represent only one month, March for northern latitudes and October for southern latitudes).
Using the same chemistry scheme (i.e., REPROBUS), the ARP7-REPRO simulation exhibits higher TCO values than the
ESM2-REPRO simulation over northern latitudes (both mid and high), as well as globally, of about 10 %. This represents an
improvement (see Michou et al., 2020a), where TCO in the same regions where underestimated by the same amount, and may
be linked to a better representation of stratospheric circulation in the ARPEGE-Climat 7.0.1 climate model compared to the
CNRM-ESM2-1 model. Overall, ARP7-REPRO TCO is in good agreement with the EAC4 reanalysis (red line), which falls
well within observed variability, as documented in Michou et al. (2020a). Compared to the results of Keeble et al. (2021),
who analysed historical CMIP6 simulations from 22 models, all ARP7 simulations fall within the spread of these CMIP6
models (see their Fig. 6). Keeble et al. (2021) evaluated model performance for annual and seasonal TCO against observations
from 2000 to 2014, concluding that CNRM-ESM2-1 was the closest to the reference, with relatively small biases compared
to other CMIP6 models. It was also one of the few models to reproduce the observed negative trends in TCO over northern

mid- and high latitudes. Here, we confirm that all time series correctly capture the trend shifts across all subregions except
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Figure 1. Time series (1979-2014) of yearly mean area-weighted TCO (m) over different latitude bands and periods, following Michou
et al. (2020a) Fig. 10. Note that y-axes may vary across sub-images. ARP7-RACM (orange), ARP7-RELACS (green), ARP7-REPRO (blue),
ESM2-REPRO (black), and EAC4 reanalysis (red).

285 in the tropics (25S-25N), between the pre-2000 period (negative trend) and the post-2000 period (neutral to positive trends).
Zeng et al. (2022) quantified the contribution of individual forcings to changes in total, stratospheric, and tropospheric column
ozone using AerChemMIP CMIP6 atmosphere-only simulations from six models, including CNRM-ESM2-1. They identified
that the ODS forcing, the dominant driver of TCO changes, is too strong in CNRM-ESM2-1 in the Arctic, and to a lesser
extent in the Antarctic. In the ARP7 simulations, the larger Arctic TCO columns compared to the ESM2-REPRO simulations,

290 particularly linked to higher winter (DJF) temperatures at these latitudes (not shown), help mitigate this deficiency. Zeng et al.
(2022) also showed that increasing tropospheric O3 since the late 1970s has played an increasingly important role in TCO
changes, particularly in the tropics and northern mid-latitudes. This effect appears to be confirmed in Fig. 1 for the 35N-60N
latitude band, where higher TCO values in the ARP7-RELACS and ARP7-RACM simulations, compared to ARP7-REPRO,
emerge from 2000 onwards.

295 The monthly climatologies (1990-1999 period, chosen for consistency with Michou et al. (2020a) which analysed this same
period) of zonal TCO further support the observations discussed above. Differences from the ESM2-REPRO climatology are
smallest for the ARP7-REPRO simulation. It is worth noting that the EAC4 climatology spans 2003-2014, which may partially
explain the positive bias over southern high latitudes in September and October. However, the even less pronounced O3 hole in

the ARP7-RACM simulation suggests a potential deficiency in this case. Overall, the 1990-1999 climatologies for the ARP7

11
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Figure 2. Monthly zonal TCO (m) climatologies over 1990-1999, following Michou et al. (2020a) Fig. 5. Absolute values are shown for
the ESM2-REPRO simulation, while differences (simulation minus ESM2-REPRO) are presented in the following order: EAC4 reanalysis,
and the ARP7-REPRO, ARP7-RELACS, and ARP7-RACMOBUS simulations. Note that the EAC4 climatology covers a different period

(2003-2014).
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simulations with lower TCO in the tropics and higher O3 elsewhere compared to the ESM2-1 simulation lead to a reduction in
the biases identified in Michou et al. (2020a) across all latitudes and seasons.

Zonal mean climatologies (1979-2014) of Os in the stratosphere (300 to 1 hPa) are shown in Fig. 3 for March and in
Appendix Fig. A2 for September. Differences from the ESM2-REPRO simulations are generally similar across all simulations,
with the largest deviations occurring at high northern latitudes in spring and around the O3 concentration peak near 10 hPa,
where the difference represents between 5 and 10 % of ozone mixing ratios. The same pattern is observed in September, likely
due to variations in the strength of the polar vortices between the CNRM-ESM2-1 and ARPEGE-Climat 7.0.1 models, as well
as greater model variability at these latitudes. A significant negative bias at 1 hPa compared to observations, falling outside the
range of all CCM Val-2 models, was previously identified in Michou et al. (2011) and attributed to excessive upper-stratospheric
warming. In the simulations presented here, this negative bias at 1 hPa has been eliminated in the ARP7-REPRO and ARP7-
RELACS simulations (though the exact diagnostics from Michou et al. (2011) are not shown), while it remains, albeit to a
lesser extent, in the ARP7-RACM simulation. Since temperatures are very similar across all ARP7 simulations, they cannot be

solely responsible for this negative bias of ARP7-RACM.
3.1.2 Water vapor and methane

The spatial and temporal distributions of CH,4 in the ARP7-REPRO and ARP7-RELACS simulations are very similar from
1 hPa down to 100 hPa (see Fig. 3), although their entry levels in the tropical lower stratosphere differ due to the level of GHG
relaxation, with higher entry levels for ARP7-REPRO (see Section 3.3.2). The CHy4 oxidation process that results in strato-
spheric moistening leads to a very similar CH4/H,O equilibrium throughout most of the stratosphere in both ARP7-REPRO
and ARP7-RELACS. In ARP7-RACM, however, the moistening is lower: with the same H,O entry level in the equatorial
lower stratosphere constrained by temperature (see Fig. 4), H,O and CH4 concentrations are lower in ARP7-RACM com-
pared to the other ARP7 simulations. The chemical production of H,O appears less efficient in ARP7-RACM, with more CHy
entering from the troposphere, similar H,O entry at the cold point tropopause (see Fig. 4) and, ultimately, less water in the
entire stratosphere. Keeble et al. (2021) explore the expected and observed relationship HoO = 7.0 — 2.0 x CH4 (Eyring V.
and Waugh, 2010; Archibald et al., 2020a) for six CMIP6 models and find a wide range of results. In the CNRM-ESM2-1
model, H,O increases by more than two molecules for every molecule of CH, oxidized, although there is a negative bias in
H,O to observations, as is the case in most CMIP6 climate models (18 models provided H,O outputs). The production of H,O
through CH,4 oxidation remains an open question (Keeble et al., 2021). However, we note in Fig. 4 a clear improvement in the
equatorial temperature at 100 hPa, transitioning from the CNRM-ESM2-1 model to the ARPEGE-Climat 7.0.1 model, with

higher temperatures, more in line with those of the other CMIP6 models.
3.1.3 Other species

The similarities in the zonal distributions of ARP7-REPRO and ARP7-RELACS, previously observed for CH4 and H,O, also

extend to N,O and HCI,; this resemblance is however less pronounced for NO, and HNOj concentrations (see Figs. 5 and 6).
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Figure 3. Mean zonal climatology (1979-2014, 300 to 1 hPa) of various species, in March (see September in the Annex). Each set consists of
two lines: O3 (ppm), H>O (ppm), and CH4 (ppm). The first line presents absolute values for, in order, ESM2-REPRO, ARP7-REPRO, ARP7-
RELACS, and ARP7-RACM simulations. The second line shows the differences (simulation minus ESM2-REPRO) for the ARP7-REPRO,
ARP7-RELACS, and ARP7-RACM simulations. 14
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Figure 4. Annual cycles of H,O mixing ratio (mol mol ') at 70 hPa and temperature (K) at 100 hPa, within the 15S-15N latitude band (as in
Keeble et al. (2021)), for the ARP7-RACM (in orange), ARP7-RELACS (in green), ARP7-REPRO (in blue), and ESM2-REPRO (in black)
simulations, along with other CMIP6 model AMIP simulations (in grey).

For HNOj3, the concentrations in all three ARP7 simulations are lower than those of ESM2-REPRO at high latitudes, with
larger negative biases for ARP7-RELACS and even greater negative biases for ARP7-RACM. These negative biases are even
more pronounced in the southern latitudes in September (see Fig. A3). Differences between ESM2-REPRO and ARP7-REPRO,
with the same chemistry scheme, could be linked to polar temperatures. Indeed, lower polar temperatures may lead to the
formation of more PSCs, resulting in enhanced uptake and sedimentation of HNO3. However, this is not what we observe
in model temperature (not shown) with ARPEGE-Climat 7.0.1 having higher polar stratospheric temperatures than CNRM-
ESM2-1 in all seasons. Since there are only small temperature differences between ARP7-RELACS and ARP7-RACM, the
discrepancies in HNOj3 concentrations likely point to differences in the denitrification scheme. We further compared our results
with those of Michou et al. (2011), who analyzed annual cycles from models and observations at various altitudes and latitudinal
bands. We find that the EMS2-REPRO and ARP7-REPRO simulations consistently fall within the observed range, even at 200
hPa between 40S and 60S, an area previously highlighted by Michou et al. (2011) as problematic. However, ARP7-RELACS
and ARP7-RACM exhibit notably lower concentrations than ESM2-REPRO, with annual cycles significantly weaker than the
observations presented in Michou et al. (2011). More recently, Archibald et al. (2020a), in their evaluation of the Strat-Trop
chemical mechanism in the UK Earth System Model, noted that satellite observations from 2004-2013 revealed considerably
higher stratospheric HNOj3 concentrations compared to the older satellite dataset used in Michou et al. (2011). This suggests
that the evolution of HNOjs in the stratosphere within the ARP7-RELACS and ARP7-RACM simulations warrants further
investigation.

The distributions of NO, in March and September capture some of the characteristics cited in Teyssedre et al. (2007) for
the NO, species, including a vertical gradient with maxima around 5 hPa. Negative biases compared to ESM2-REPRO are
observed in most of the stratosphere (except for the tropical upper stratosphere) for all three ARP7 simulations, with larger

biases for ARP7-RACM. A problematic NO, concentration at 1 hPa was highlighted in the conclusions of Michou et al.
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Figure 5. As in Fig. 3 for HNO3 (ppb) and NO; (ppb).

(2011), where the hypothesis was that too warm temperatures in this part of the stratosphere resulted in much too high NO,
compared to observations. In ARPEGE-Climat 7.0.1, with a colder upper stratosphere than that of Michou et al. (2011), NO,
at 1 hPa remains too high (not shown), although ARP7-RACM NO; is now within the spread of the CCMVal-2 models shown
in Michou et al. (2011).

N,O distributions in the ESM2-REPRO, ARP7-REPRO, and ARP7-RELACS simulations are largely similar, except in
the tropical latitudes of the middle stratosphere. This tropical bias, also observed in the CHy distribution, may stem from
differences in stratospheric transport between the CNRM-ESM2-1 and ARPEGE-Climat 7.0.1 climate models, particularly
regarding mixing across the subtropical barriers. The negative bias in ARP7-RACM compared to ESM2-REPRO, already
noted for CHy4, extends throughout the stratosphere, indicating a lower stratospheric entry level. This is further confirmed in

Fig. 17, which shows the N,O trend across the entire simulation period (1979-2014). The entry-level concentration appears
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Figure 6. As in Fig. 3 for N,O (ppb) and HCI (ppb).
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too low compared to observations (e.g., 319 ppb in 2005 observations (Strong et al., 2008) vs. 313 ppb in ARP7-RACM),
highlighting the need for further investigation.

For HCI, the distributions of the ARP7-REPRO and ARP7-RELACS outputs are similar, with the largest differences ob-
served in the spring high latitudes, around 40 hPa, where they show higher concentrations compared to ESM2-REPRO. This
suggests either lower sequestration of HCI on PSCs in winter, possibly due to smaller PSC areas (this can be confirmed by
higher polar temperatures in the ARPEGE-Climat 7.0.1 model compared to CNRM-ESM2-1), and/or a reduced transformation
of HCl sequestered in PSCs into more reactive chlorine species upon the return of sunlight. The negative bias of ARP7-RACM
throughout the stratosphere results in values in the upper stratosphere being too low given the maximum total chlorine imposed
by CMIP6. We confirm these too low values for ARP7-RACM with plots at 1 hPa (not shown), as presented in Michou et al.
(2011). This deficiency is undoubtedly linked to an insufficient amount of HCl entering the stratosphere, likely due to excessive

scavenging of this species in the troposphere (not shown).
3.2 Evaluation of tropospheric air composition

The following analysis focuses on key atmospheric components, O3, CO, NO,, OH, HNO3, and PAN, which are commonly
evaluated in climate models with tropospheric chemistry (e.g., O’Connor et al. (2014a); Archibald et al. (2020a); Williams
et al. (2022)). We outline below key aspects that illustrate the close interconnections between these chemical species.
Tropospheric Os is a critical atmospheric component, acting both as a greenhouse gas and an air pollutant (Young et al.,
2018). It primarily forms through photochemical reactions between precursor gases, such as NO, and NMVOC:s, in the presence
of sunlight. Its concentrations, which can reach up to 100 ppb, are highest in the lower to middle troposphere and vary by region,
season, and altitude. O3 is also closely linked to OH, which plays a crucial role in its production and destruction. Other key
influences on its tropospheric budget include stratospheric transport, and dry deposition. NO, species originate mainly from
anthropogenic sources, such as fossil fuel combustion, but also from natural sources like lightning. Their chemistry is complex
(Seinfeld and Pandis, 2006): the photolysis of NO, leads to O3 formation, while NO rapidly destroys Os;. However, in the
presence of other radicals NO, is quickly regenerated. Major sinks for NO, include the production of HNO3 via reactions
with NO; and the formation of PAN. OH is a highly reactive species at the core of atmospheric chemistry, often referred to
as “the atmosphere’s cleansing agent” (Naik et al., 2013). It serves as the primary oxidant for trace gases such as CHy, CO,
and NMVOC:s, regulating their removal. NO, in general influences OH levels in opposing ways, generating OH, but in highly
polluted environments, NO, becomes a dominant sink for OH through HNOj3 formation (Stevenson et al., 2020). HNOj is one
of the most significant acidic air pollutants, reaching several ppb in polluted air and a few tens of ppt in clean air. CO is another
key atmospheric component, emitted primarily from incomplete combustion, making it a useful tracer of anthropogenic activity
(Fain et al., 2025). It also acts as a precursor to tropospheric O3 and, due to its longer lifetime (~two months compared to a few
days for NMVOCs), is more abundant. Additionally, CO is a major sink for OH, directly affecting the oxidizing capacity of the
troposphere. Among primary tropospheric pollutants, CO is one of the most extensively monitored on a global scale via satellite
observations (Froidevaux et al. (2025) and references therein). PAN primarily forms through the reaction of NMVOC-derived

radicals with NO; and acts as a temporary reservoir for NO,, facilitating its long-range transport, particularly in the cold upper
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Figure 7. Time series (1979-2014) of monthly and annual global mean mixing ratios (mol mol™') at 850 hPa. In the following order: O3,
CO, OH, NO,, HNOs3, and PAN. EAC4 reanalysis in black (2003-2014), ARP7-RACM simulation in orange, ARP7-RELACS in green,
ARP7-REPRO in dark blue, ESM2-REPRO in cyan. Note that PAN is not a species of the REPROBUS scheme (ESM2-REPRO simulation).
CMIP6 model AMIP simulations (outputs depending on the species) other than ESM2-REPRO in grey.

troposphere (Fiore et al., 2018). Since its lifetime greatly increases at lower temperatures, it is found in larger amounts in the
free troposphere. Under warmer conditions, PAN undergoes thermal decomposition, releasing NO,.

In addition to insights from the published literature, we enhance our study by incorporating outputs, primarily O3 ones, from
additional CMIP6 models processed using the ESMValTool package (Righi et al., 2020).

3.2.1 Trends and variability of various species

Fig. 7 is aimed at identifying large trends over the 179-2014 period, as well as annual and interannual variability. It shows time
series of global mean concentrations at 850 hPa for the six chemical species listed above. In all the line plots, our reference
dataset, the EAC4 reanalysis, is in black, while data from CMIP6 models appear in light grey, and the four ARPEGE-Climat
7.0.1 simulations are presented in other colours.

Some characteristics are common to all species: in particular, the REPROBUS scheme produces similar concentrations in
both the ARPEGE-Climat 7.0.1 model and the CNRM-ESM2-1 model. Time series in this case show no trend, and much
smaller variability compared to the time series from the reanalysis or the other two chemistry schemes. As by essence the

REPROBUS scheme computes chemical concentrations of transported species below 560 hPa using relaxation rather than a
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chemistry solver (see Michou et al. (2020a)), some REPROBUS time series at 850 hPa appear coherent with the reanalysis
time series (e.g., for HNOj3). Other species diverge significantly (e.g., NO,) because REPROBUS attributes a quasi-null mixing
ratio value to non-transported species below 560 hPa. Another feature of these time series is that the RELACS and the RACM
time series differ in their mean for Oz, CO, HNO3 and PAN.

For O3, RACM is closer to EAC4 than RELACS, noting that the dispersion of the CMIP6 model time series is very large
and encompasses all ARPEGE-Climat 7.0.1 time series. For CO, no CMIP6 dataset could be processed with ESM ValTool.
However, the ARP7-RELACS time series is found to closely align with the reanalysis, whereas the ARP7-RACM values appear
too low. Additionally, the ARP7-RELACS and ARP7-RACM CO time series closely have the same interannual variations. The
case of nitrogen-containing compounds (i.e., NO,, HNO3 and PAN) is particularly interesting. While the monthly means of
NO; for ARP7-RACM and ARP7-RELACS are close to those of the reanalysis during half of the year, around the northern
hemisphere summer, these monthly means differ significantly during the remainder of the year, see also the mean annual cycles
of NOj in Figure 13). However, none of the NO, time series exhibit a marked trend. A similar winter concentration bias for
NO, was identified in Teyssedre et al. (2007), which also found a positive bias in HNO3 concentrations in the lower part of the
troposphere, a pattern also observed in the ARP7-RELACS concentrations here. Teyssedre et al. (2007) had already identified
this winter-time overestimation, and two of the hypotheses made at that time, namely how the various species within the NO,
family are handled and the absence of heterogeneous loss of N2Oj5 on tropospheric aerosols, remain valid. The case of the PAN
time series will be discussed further in section 3.2.4.

Regarding trends, a clear positive trend in ozone (O3) is observed in all of our simulations, the reanalysis, and most CMIP6
models, over the whole 1979-2014 period. On the other hand, the negative trend for carbon monoxide (CO) is more pro-
nounced in the reanalysis, and much less so in the ARP7-RELACS and ARP7-RACM simulations. This trend warrants further
investigation, as the assimilation of column data (specifically from the MOPITT instrument) tends to be less effective near the
surface (Wagner et al., 2021). In the case of HNOs, its concentration increases significantly in the ARP7-RACM and ARP7-
RELACS simulations, while it remains constant in the reanalysis. We attribute this clear positive trend in the global time series
to significant trends in the India-China region (not shown), which are linked to positive NO, trends in that area (Hoesly et al.,
2018). Differences in physical removal processes between our simulations and the reanalysis may be influencing this behavior,

warranting further investigation.
3.2.2 Ozone

Fig. 8 presents the zonal mean (2003-2014) distribution in the troposphere (from the surface to 100 hPa) from the EAC4
reanalysis as well as from the ESM2 and ARPEGE-Climat 7.0.1 simulations, along with the absolute differences of the four
AMIP simulations, listed in Table 1, with respect to the reanalysis. The two simulations using the REPROBUS scheme show
comparable differences with EAC4 in the southern hemisphere but larger negative differences for the ESM2-REPRO simulation
in the northern hemisphere upper troposphere. This clearly reflects differences in stratosphere to troposphere exchanges, likely
linked to higher stratospheric O3 levels in the ARP7-REPRO simulation. Biases in the lower troposphere, below 500 hPa, are

smaller in the simulations with the tropospheric schemes than in those with the REPROBUS scheme, with the best performance
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seen in the ARP7-RACM simulation. Higher O3 levels in the northern hemisphere in both ARP7-RELACS and ARP7-RACM
could be due to larger stratospheric downwelling, or to higher O3 precursor concentrations. The first hypothesis should be
viewed with caution, given uncertainties regarding this phenomenon (Young et al., 2018), and since it does not extend further
up in the troposphere. As for the second hypothesis, while higher NO, concentrations for ARP7-RACM and ARP7-RELACS
simulations compared to EAC4 are evident in Fig. 12, the same is not true for CO concentrations (see Fig. 10). We note that
this positive bias of O3 over major polluted regions is a common feature in climate models (see Sekiya et al. (2025) and
references therein, Young et al. (2018)). Additionally, the EAC4 surface Oj3 is biased low compared to four other reanalyses
across most continental regions (Jones et al., 2025), which helps to contextualize the positive biases of ARP7-RACM and
ARP7-RELACS. A final striking difference between the ARP7-RELACS and ARP7-RACM simulations concerns the southern
high latitudes of the UTLS region. In this region the two schemes yield very different O3 concentrations, possibly reflecting
higher transfer of O3 from the stratosphere to the troposphere in the ARP7-RACM simulation, in line to its slightly higher
stratospheric concentrations. This is however consistent with Griffiths et al. (2021a) Fig. 2, which indicates that inter-model
variability peaks in the Southern Hemisphere between 100 and 250 hPa. Finally, not surprisingly, the overall zonal distributions
of the simulations with full tropospheric chemistry, with for instance higher levels of O3 in the northern hemisphere, align more
closely with the multi-model mean of Griffiths et al. (2021b), compared to the simulations with the REPROBUS scheme.

Annual cycles of O3 at 250, 500 and 700 hPa, and over two latitudinal bands in the northern hemisphere and two in the
southern one, as presented in Griffiths et al. (2021a), are shown in Fig. 9. General features of these annual cycles are as
follows: in all cases, the annual cycles of the ARP7-RACM and ARP7-RELACS simulations follow closely each other, while
the annual cycles of the two REPROBUS simulations (ESM-2-REPRO and ARP7-REPRO) exhibit distinct values and at
700 hPa show flat annual cycles because of the chemical scheme itself. Focusing on ARP7-RACM and ARP7-RELACS, the
annual cycles replicate those of the reanalysis more accurately in the southern hemisphere than in the northern hemisphere.
In the southern hemisphere, they show an adequate phase in all cases although the peak in October at 250 and 500 hPa is not
marked enough. Notably, in the southern extratropics, a few of CMIP6 models (grey lines) have seasonal cycles anti-correlated
with the EAC4 reanalysis, similarly to both of our REPROBUS simulations, this would suggest models without tropospheric
chemistry. In the northern hemisphere, ARP7 outputs at 700 hPa are outside the range of the CMIP6 models in the winter
months, and specifically in the extratropics both ARP7-RACM and ARP7-RELACS show a second peak in October which is
not present in the reanalysis. This issue may be related to the annual cycle of NO, which also shows problems in the northern
extratropics (see section 3.2.4). Additionally, the spring peak in the northern extratropics occurs one or two months earlier
in the ARP7 simulations, which could be associated to a prematurely occurring peak in the annual cycle of CO (see section
3.2.3). This peak is better reproduced by the ARP7-REPRO simulation at 500 hPa. ARP7-REPRO also shows better agreement
than ARP7-RACM and ARP7-RELACS with the reanalysis at 250 hPa northern tropics. In contrast, both ARP7-RACM and
ARP7-RELACS fail to reproduce the seasonality of the reanalysis at both at 500 and at 250 hPa in the northern tropics.

To contextualize our results, some deficiencies identified here were also observed in Teyssedre et al. (2007) Fig. 19 and 20,
such as the too early spring peaks at 500 hPa (e.g., in stations like Sofia, Wallops Island or Churchill) or the second seasonal
peak in autumn (e.g., at Wallops Island). Furthermore, Jones et al. (2025) report that, at 500 hPa, the largest discrepancies
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Figure 8. Mean (2003-2014) zonal climatology of tropospheric (surface to 100 hpa) O3 (ppb). First column: EAC4 reanalysis (absolute
values, scale as in Griffiths et al. (2021a)), second column ESM2-REPRO, ARP7-REPRO, ARP7-RELACS and ARP7-RACM simulations,

third column differences (simulation minus EAC4).
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Figure 9. Mean annual cycles (2003-2014) of O3 (ppb) at 250 hPa (first row), 500 hPa (second row) and 700 hPa (third row), over four
latitudinal bands (from left to right: 90 to 30S, 30S to 0, 0 to 30N and 30N to 90N), as in Griffiths et al. (2021a). EAC4 reanalysis in black,
ESM2-REPRO simulation in cyan, ARP7-RACM in orange, ARP7-RELACS in green, ARP7-REPRO in dark blue. Additional CMIP6
models in grey. No plotting at 250 hPa in the extratropics, as in Griffiths et al. (2021a).

between five chemical reanalyses, including EAC4, are observed in regions of the northern tropics. Finally, over the northern
hemisphere extratropical continents (40N—70N), EAC4 typically exhibits seasonal biases in monthly mean O3, with a negative
bias in winter and a positive bias in summer (Wagner et al., 2021). In the free troposphere (750-350 hPa), however, EAC4 does
not show any discernible bias. In the tropics, Wagner et al. (2021) reports a systematic overestimation of Oz in EAC4, both in
the free troposphere (750-200 hPa) compared to ozonesondes and aircraft observations, and at the surface compared to in situ

measurements.
3.2.3 Carbon monoxide

Fig. 10 presents the mean zonal distributions of CO, analogous to Fig. 8. Similar to O3, the CO distributions of the REPROBUS
simulations are very similar, with hemispheric differences compared to the reanalysis: negative in the northern hemisphere
and positive in the southern hemisphere. This reflects the fact that CO remains relatively constant throughout the tropo-
sphere in both the ESM2-1-REPRO and ARP7-REPRO simulations. In contrast, the CO distributions of the ARP7-RACM

and ARP7-RELACS simulations show more significant differences, with particularly pronounced negative biases for ARP7-
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Figure 10. Mean (2003-2014) zonal climatology of tropospheric (surface to 100 hpa) CO (ppb). Same presentation as in Fig. 8.
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Figure 11. Mean annual cycles (2003-2014) of CO (ppb) at 250 hPa (first line), 500 hPa (second line) and 700 hPa (third line), over four
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RACM throughout the troposphere. The biases for ARP7-RELACS are generally smaller than those for ARP7-RACM, and
their signs (negative in the northern hemisphere and positive in the southern hemisphere) are consistent with those reported in
the literature (Shindell et al., 2006).

The differences in CO between ARP7-RACM and ARP7-RELACS may be due to differences in sources or sinks. Fain et al.
(2025) provides a synthesis of the carbon monoxide modern budget: primary emissions (mostly from fossil fuel combustion,
with the remainder from biomass burning) and secondary production (primarily from CHy4 oxidation, with the remainder from
NMVOC:s oxidation) each accounts to 50% of CO sources, whereas oxidation by OH accounts for 93% of the CO sink, with the
rest being removed through dry deposition. Since primary emissions are the same in all our ARPEGE-Climat 7.0.1 simulations,
we can hypothesize that secondary production might differ, possibly due to slightly different CH4 concentrations throughout
the troposphere (see, for instance, Fig. 17) or due to differences in the COVs reactivity as the COVs lumping differs between
RELACS and RACMOBUS (Crassier et al., 2000). Indeed, Tilmes et al. (2016) observed in the CCMI simulations of the
CESM1 CAM4-chem model an underestimation of the CO tropospheric column over most latitudes and time of the year, as
we observe in the ARP7-RACM simulations. They indicated that, in the absence of any other straightforward evidence, a large

underestimation of ethane concentrations likely contributed to this bias. The underestimation of CO in the northern hemisphere
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Figure 12. Mean (2003-2014) zonal climatology of tropospheric (surface to 100 hpa) NO, (ppb). Same presentation as in Fig. 8.
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image, and at 700 hPa the ESM2-REPRO concentrations are not shown because of their very low values (~ 1e—20).

is common in models and has been treated either as a cause or an effect of a general overestimation of OH (Strode et al.
(2015); Zhao et al. (2023) and references herein). However, as OH and CO are major losses for each other, this complicates the
determination of how much CO bias drives OH bias versus OH bias driving CO bias. Strode et al. (2015) performed several
sensibility analyses to investigate the low bias in CO that could put some light on the results we get in the ARP7-RACM
simulations. They show the importance of the meteorology and of the CO emissions, but in our case this cannot explain the
difference we get between ARP7-RACM and ARP7-RELACS. They also highlight the OH latitudinal distribution but we have
similar ones in ARP7-RACM and ARP7-RELACS (see Fig. 15). So further work is required to understand and correct the too
low CO concentrations we get in the ARP7-RACM simulations.

The annual cycles of CO are presented in Fig. 11, similarly as Oz appears in Fig. 9. Besides the previously discussed
biases in ARP7-RACM, the cycles in both simulations with tropospheric chemistry align well with the EAC4 reanalysis.
The ESM2-REPRO and the ARP7-REPRO lines, generally overlapping, have very flat annual cycles as no emissions are
considered by the REPROBUS chemistry scheme. ARP7-RELACS has not only the smallest but also non-systematic positive

or negative biases. This runs counter to results in which models systematically underestimated concentrations in the northern
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hemisphere (Shindell et al., 2006). Shindell et al. (2006) attributed this underestimation to too low anthropogenic emissions in
the northern hemisphere. Our ARP7-RELACS results appear in line with the conclusions of Fain et al. (2025) who analysed
surface concentrations of CO of 16 CMIPS5 and 7 CMIP6 models in high latitudes against ice archive reconstructions. Fain et al.
(2025) conclude in improved CO emissions in the CMIP6 exercise, both of anthropogenic and of biomass burning sources.
In the northern extratropics, the annual peak occurs two months early at 700 and 500 hPa, while in the southern latitudes the
timing and intensity of the peak is correct, although during the rest of the year ARP7-RELACS overestimates the reanalysis.
The annual cycles in the tropics at 250 hPa match rather well those presented in Froidevaux et al. (2025) Fig. 11, with peaks
in October (respectively April) for the southern (respectively northern) hemisphere, in link with biomass burning injection and
its subsequent transport towards the upper troposphere.

The evaluation of EAC4 against aircraft measurements and surface observations in Wagner et al. (2021) indicates that EAC4
generally underestimates CO mixing ratios in the free troposphere by 10 to 20%, so this provides overall good confidence in
the RELACS tropospheric values. At the surface over both Europe and East Asia EAC4 also shows a negative bias while in
contrast surface validation over North America reveals partially positive biases. These surface biases appear to be primarily
driven by emissions, as inferred from comparisons with a previous ECMWF reanalysis (MACC), which operated with different
or unscaled CO emissions (Wagner et al., 2021). While the hypothesis of emissions being the primary driver of biases is often
suggested, it does not seem to apply in the specific case of ARP7-RACM. Despite using the same emissions, ARP7-RELACS
and ARP7-RACM produce CO fields that exhibit a nearly constant difference throughout the year.

3.2.4 Nitrogen species

Fig. 12 presents the zonal distributions of NO, from our simulations and their biases relative to the EAC4 reanalysis. NO; is a
relatively short-lived species, and its emissions are tightly linked to anthropogenic sources. Consequently, its zonal distribution
is maximal at mid-latitudes in the northern hemisphere. This is well captured with the ARP7-RELACS and ARP7-RACM
simulations while in parallel the REPROBUS-based simulations show a clear negative bias over these latitudes. However,
we observe lower concentrations in the model between 40S and 40N close to the surface which could be attributed to lower
biomass burning emissions in this region. In contrast, the RELACS and RACMOBUS schemes produce too much NO, over
the northern high latitudes, up to 600 hPa. The positive bias is more pronounced in ARP7-RELACS than in ARP7-RACM. We
analyse further differences between RELACS and RACM below when discussing the NO, annual cycles.

In the free troposphere, the biases with the reanalysis have opposite signs in the 40S-40N band, with negative biases inside
and positive biases outside of it. This could result from differences in NO, emissions from ligthning, which are a major
primary source over the tropics and southern mid-latitudes or from aircraft emissions which can dominate in northern mid-
latitudes depending on the season (Shah et al., 2023). Note that lightning emissions have been here adjusted (see section 3.3.1)
and that aircraft emissions are not considered. We could not find any specific details on how the reanalysis deals with these
types of emissions in Inness et al. (2019a). The differences observed between our simulations and the reanalysis may also be

the signature of diverse NO, sources from the stratosphere.
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Here again, as for CO, the diversity of ARPEGE-Climat NO, zonal distributions can only be attributed to the chemistry
scheme or to quantity transported from the stratosphere, as all other contributions are the same. The higher ARP7-RELACS
NO, concentrations at 700 hPa appear consistent with larger ARP7-RELACS O3 concentrations at these levels, where the
chemical regime is expected to be NO, limited.

Annual cycles of NO, are shown in Fig. 13. At 700 hPa, in all four latitude bands, the annual cycles from the reanalysis
are flatter than those from our simulations, with winter maxima in the extratropics much larger in the ARP7-RELACS and
ARP7-RACM simulations. Undoubtedly, the higher NO, emissions in our simulations from the CEDS inventory contribute to
this. Furthermore, as we noted in section 3.2.1, Teyssédre et al. (2007) had related such a bias to the lack of heterogeneous
loss of N2Oj5 on tropospheric aerosols. Interestingly, Inness et al. (2019a) also show the positive impact of this reaction which
requires coupling between a gaseous chemistry scheme and an aerosol scheme. Additionally, Young et al. (2018) conclude that
gas-aerosol interactions and heterogeneous chemistry are recent advances in understanding that have yet to be incorporated into
most models. Meanwhile, measurements from the WINTER campaign showed that NoO5 hydrolysis accounted for 58% of the
chemical loss of NO, (see Williams et al. (2022) and references therein). At 700 hPa in the southern hemisphere, the annual
peaks coincide with biomass burning activity, with the highest concentrations observed in the ARP7-RELACS simulation.

Concentrations of the reanalysis are lower at 500 hPa than at 700 hPa, but higher at 250 than at 500 hPa. This pattern
is not present in the ARP7-REPRO and ARP7-RELACS simulations. The shape of their annual cycles at 500 hPa in the
extratropics clearly shows the influence of the concentrations at 700 hPa, particularly during the November to February period
in the northern extratropics, and their values are quite close to those of the reanalysis for most months. In contrast, at 250
hPa almost nearly each line of annual cycles appears to have its own distinct pattern. For example, in the extratropics at 250
hPa the reanalysis and the REPROBUS simulations exhibit clear annual cycles, though peaking 5 months apart. Meanwhile,
the ARP7-RELACS and ARP7-RACM simulations show almost no annual cycle. The annual cycles from the REPROBUS
simulations are also noteworthy in this context.

Regarding two additional aspects of the EAC4 reanalysis, Inness et al. (2019a) note that the NO, columns are generally
underestimated, particularly in winter. However, the assimilation of this quantity has led to improved columns, especially during
winter when the lifetime of NO; is longer, compared to reanalyses that did not incorporate such data. They also emphasize
the need for further validation of the NO, fields, highlighting the lack of representative observations at the EAC4 grid scale,
to determine whether the wintertime underestimation stems from persistent model deficiencies or inaccuracies in emissions.
Very recently, Horner et al. (2024) confirmed the critical lack of routine observations of the vertical distribution of tropospheric
nitrogen oxides. They developed global tropospheric vertical profiles using four years of satellite data from the TROPOMI
instrument, covering five discrete vertical layers. These profiles were used to evaluate the representation of the global vertical
distribution of tropospheric NO, in the GEOS-Chem chemical transport model. Such a dataset would be invaluable for assessing
both the strengths and weaknesses of reanalysis products and ARPEGE-Climat NO, concentrations.

Neither PAN nor HNO; are assimilated species in the EAC4 reanalysis. However, since they serve as good tracers of total
nitrogen oxides, we analyse them in comparison to the reanalysis. Figure 14 presents their zonal distributions in the ARP7-

RELACS and ARP7-RACM simulations.
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Figure 14. Mean (2003-2014) zonal climatology of tropospheric (surface to 100 hpa) PAN (ppb), first two rows, and HNOs3, last two rows.
First column: EAC4 reanalysis (absolute values), second column ARP7-RELACS and ARP7-RACM simulations, third column differences

(simulation minus EAC4).
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The spatial distributions in both the reanalysis and simulations exhibit similar patterns for PAN. As expected, PAN mixing
ratios are higher in the Northern Hemisphere, where pollution levels are greater, and in the tropical mid-troposphere, where it
is transported to upper levels and lower temperature lengthens its lifetime. However, the maximal values appears close to the
surface in the reanalysis and not in our simulations. Moreover, mixing ratios vary significantly across the three zonal plots.
In the northern hemisphere, up to 500 hPa, ARP7-RACM mixing ratios are approximately twice those of the reanalysis and
ARP7-RELACS values are four to five times higher. While these elevated mixing ratios may seem problematic, several studies
provide context. For instance, in-situ mountain sites have measured climatological PAN mixing ratios exceeding 200 ppt year-
round, and even surpassing 1000 ppt in winter when NMVOCs accumulate under low-photochemistry conditions (Fiore et al.
(2018)). Model simulations struggle to reproduce these observed values, with some underestimating them significantly and
others overestimating them (see Fiore et al. (2018), Fig. S1). Comparatively, the climatological annual cycles of ARP7-RACM
are within the range of the 14 models presented in Fiore et al. (2018) at five mountain sites, whereas ARP7-RELACS exhibits
too large PAN concentrations of about 1200-1400 ppt (not shown) at the sites with altitudes around 3000 m. Regarding its
zonal distribution, HNO3 in ARP7-RELACS shows higher concentrations in the boundary layer compared to ARP7-RACM
(as also noted in the time series at 850 hPa; see Fig. 7), while mixing ratios are similar throughout the rest of the atmosphere.

To our knowledge, PAN and HNO; from the RELACS scheme have not been evaluated in any published studies. However,
the RACMOBUS scheme has been extensively analysed in Williams et al. (2022) over the United States. Williams et al.
(2022) evaluated outputs, including PAN and HNOj3, from three chemical schemes embedded in the IFS model, among which
the RACMOBUS scheme. We note that in this study RACMOBUS had undergone several updates compared to our version,
particularly in terms of heterogeneous NO, chemistry. Their findings highlight that differences among the three schemes are
most pronounced during winter for both PAN and HNOj3. They report an overall underestimation of PAN formation due to
insufficient organic precursors in summer, whereas in winter, RACMOBUS overestimates PAN concentrations relative to other
chemistry modules due to excessive PAN stability. They also emphasize the need for further measurements to better constrain
wintertime variations and acknowledge the significant uncertainty in wintertime NoOs conversion into HNOj3, which leads
to a general overestimation of HNOj3. Furthermore, Williams et al. (2022) note that HNO3; modelling performs better in the

reanalysis than in the three updated chemistry schemes.
3.2.5 Hydroxyl radical

The zonal mean climatology of OH in the troposphere is shown in Fig. 15. ARP7-RACM and ARP7-RELACS overestimate
the reanalysis from the surface up to 600 hPa, and underestimate it aloft, with negative biases larger than positive one. Biases
are more pronounced in the tropical troposphere where OH concentrations are the highest. Similar biases had been identified
for the RELACS scheme in Teyssedre et al. (2007). Negative biases in the lower troposphere in the REPROBUS simulations
reveal the absence of chemistry there.

Apart from the uncertainties in OH diagnostics inherent to its very short lifetime, the following studies shed some light on
OH modelling. Using a novel approach based on OH precursor observations and a box model, Zhao et al. (2023) concluded

that the overestimation of OH in models is primarily due to their underestimation of CO and total ozone column (TOC), as well
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Figure 15. Mean (2003-2014) zonal climatology of tropospheric (surface to 100 hpa) OH (ppt). Same presentation as in Fig. 8.
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as their overestimation of NO,. However, at the regional scale, they noted that biases in H,O can lead to even larger OH biases
than those induced by CO. Despite these insights, their study does not provide a clear path forward for improving our OH
fields. In fact, despite similar TOC but significantly different CO levels, ARP7-RELACS and ARP7-RACM produce relatively
similar OH fields.

Many other studies have investigated OH modelling, particularly its sensitivity to different atmospheric species, though a
comprehensive understanding remains elusive (Stevenson et al. (2020) and references therein). For instance, when analysing
ACCMIP simulations, Voulgarakis et al. (2013) found that MOCAGE, using a version of the RACMOBUS scheme similar
to that in ARPEGE-Climat 7.0.1, had the highest OH concentrations among all ACCMIP models. They attributed this to
the model’s exceptionally high NMVOC emissions, whereas Naik et al. (2013) suggested that such high NMVOC emissions
should lead to a greater OH sink. Wild et al. (2020) reported that model intercomparison studies reveal substantial variability
in OH estimates, reflecting underlying uncertainties. However, they noted that little progress has been made in identifying the
root causes of these discrepancies or the weaknesses in process representation that could lead to improved models. In their
sensitivity study, they examined key variables to quantify the sources of model diversity in tropospheric O3 and OH. While
they identified clear sensitivities for O3, they concluded that the large inter-model differences in OH reactivity remain a major

challenge, requiring further investigation.
3.3 Sensitivity studies
3.3.1 Tropospheric ozone and lightning NO, emissions

The tropospheric ozone burden remains a key metric for model evaluation, as it provides a reliable indicator of the oxidizing
capacity of the troposphere. For both the RELACS and RACMOBUS mechanisms, we carried out paired simulations in which
lightning NO, emissions were varied from 2.5 Tg(N) yr—!, the value used throughout the rest of this study, to the more
commonly adopted value of 5 Tg(N) yr~!. This sensitivity test was designed to evaluate the model’s response to lightning NO,
emissions, which are known to significantly influence the free troposphere, where the ozone production regime is typically
NO,-limited (Verma et al., 2021). We calculated the tropospheric ozone burden using the inclusive pressure definition, in
accordance with the methodology described by Griffiths et al. (2021b). This approach involves summing the ozone mass in
all grid cells located entirely below the tropopause, as well as those intersected by it. The tropopause pressure was diagnosed
online using the temperature lapse-rate method, consistent with the WMO definition. Figure 16 illustrates the evolution of
the tropospheric ozone burden throughout the simulation period (1979-2014). It also includes burden estimates from several
multi-model studies, namely ACCMIP (Young et al., 2013) and CMIP6 (Griffiths et al., 2021b), as well as the estimate from
the Tropospheric Ozone Assessment Report (TOAR, Gaudel et al., 2018).

The time series of tropospheric ozone burden in the 2.5 Tg(N)-yr~! simulations, ARP7-RELACS and ARP7-RACM, show
good agreement with other modeling studies and literature estimates, and successfully reproduce the observed positive trend.
The ARP7-RELACS burden is slightly higher than that of ARP7-RACM, due to enhanced ozone concentrations in the lower
troposphere, as shown in Fig. 8. Both ARP7-RELACS and ARP7-RACM burdens lie at the lower end of the CMIP6 model
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Figure 16. Time-series of the O3 tropospheric burden (in Tg) for different ARPEGE-Climat 7.0.1 simulations, using the RELACS, RAC-
MOBUS and REPROBUS chemical schemes, for two different totals of lightning NO, emissions (2.5 and 5 Tg(N) yr~*, respectively in solid
lines and dotted lines). The estimates, presented as points, are from TOAR, along with ACCMIP and CMIP6 multi-model means (see text

for more details).

range for 2014; however, it is worth noting that Griffiths et al. (2021b) reported a general positive bias in CMIP6 models
relative to the most recent observationally constrained estimates of the tropospheric ozone burden.

In the sensitivity simulations using 5 Tg(N)-yr~! lightning NO, emissions, tropospheric ozone burdens increase by approx-
imately 40 Tg compared to the 2.5 Tg(N)-yr—! simulations. Although 5 Tg(N)-yr—! is the most commonly used estimate
for annual lightning NO, emissions, in our case, it results in an overestimation of the tropospheric ozone burden. Since the
2.5 Tg(N)-yr~! value remains within the accepted uncertainty range (543 Tg(N)-yr—1), it appears appropriate for continued use
in ARPEGE-Climat, though this calibration may need to be revised when future versions include aircraft emissions (estimated
at 0.7 Tg(N)-yr—! around the year 2000, with 60% emitted above 700 hPa (Terrenoire et al., 2022)).

Our findings highlight the strong sensitivity of the tropospheric ozone burden to lightning NO, emissions. This is consistent
with results from Archibald et al. (2020a), who reported substantial sensitivity in their model, where a pronounced positive
ozone bias aligned with regions of intense lightning NO, emissions, based on a total of 6 Tg(N)-yr~!. Given the inherent
uncertainties in estimating lightning NO, emissions, calibrating total annual emissions within the accepted range offers a
promising approach to better constrain the troposphere’s oxidizing capacity.

Finally, we evaluated the tropospheric ozone burden in the simulations including only upper-tropospheric and stratospheric
chemistry (ARP7-REPRO and ESM2-REPRO). As expected, in the absence of emissions, these simulations fail to capture
the observed positive trend. Their tropospheric burdens exhibit a positive bias, although they remain within the range of the
5 Tg(N)-yr~! simulations discussed previously. This level of bias is acceptable for a model configuration that does not include
tropospheric processes, despite the lack of realistic spatial distributions or seasonal variability. The ARP7-REPRO simulation

shows the largest bias, which is linked to higher ozone mixing ratios in the lower stratosphere—particularly in the northern
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hemisphere (see Fig. 3). In this setup, ozone concentrations in the lower troposphere are nudged towards values representative

of the upper troposphere, which are themselves predominantly influenced by stratosphere—troposphere exchange processes.
3.3.2 Sensitivity to the model level relaxation for CH,4

Figure 17 presents sensitivity tests on the relaxation level of well-mixed gases in the troposphere, including GHGs and ODSs.
The global mean concentrations of CH4 and N, O at 1000 hPa and 850 hPa are shown for the ESM2-REPRO and ARP7-REPRO
simulations, where the relaxation level is set at 560 hPa (model level 66), and for the ARP7-RELACS and ARP7-RACM
simulations, where it is set at the model level 80 (i.e., 900 hPa in a standard atmosphere). Additionally, two extra RELACS
simulations are included: one where the relaxation level is set at the lowest model level (91, or ~1013 hPa), a setting typically
used in ESMs (F. O’Connor, personal communication), and another simulation where the relaxation level is also level 91 but
includes CH, emissions.

Several conclusions emerge: First, ARPEGE-Climat 7.0.1 exhibits clear malfunctions when the relaxation level is set at 1013
hPa, as evidenced by the rapid decline in both CH4 and N,O concentrations within a few years. Second, CH4 concentrations
in ARP7-RELACS are lower than in ESM2-REPRO, with the difference partially reduced when CH4 emissions are included
(red line). However, since ARP7-RELACS is considered a concentration-driven simulation, and the methane levels obtained
in ARP7-RELACS appear satisfactory without signs of drift, we chose not to include CH, emissions in this simulation. In the
ARP7-RACM simulations the choice was made to consider CH, emissions in order to get a more realistic CH4 zonal gradient
and possibly improve the CO distribution, but this had only a minor impact in the end. This explains why ARP7-RACM CHy
values are higher than those of ARP7-RELACS. Finally, Figure 17 shows that although N,O concentrations at 1000 and 850
hPa in ARP7-RACM quickly reach equilibrium within a few months, this equilibrium level appears too low, warranting further
investigation. These too low concentrations had already been underlined in the analysis of stratospheric N,O (see Section

3.1.3).

4 Conclusions

This paper aims at evaluating and comparing three chemistry schemes of various complexity implemented in the latest ver-
sion of the CNRM atmospheric climate model, ARPEGE-Climat 7.0.1, which is based on the operational NWP model at
Meétéo-France and will be used for future scientific applications. These schemes include the upper tropospheric-stratospheric
REPROBUS scheme and two tropospheric-stratospheric schemes of increasing complexity, RELACS and RACMOBUS.

We conducted AMIP-type simulations (1979-2014) using these three schemes, called ARP7-REPRO, ARP7-RELACS, and
ARP7-RACM, with all CMIP6 forcings, and we evaluated several key chemical species. The model setup was selected based
on sensitivity tests, particularly regarding lightning emissions (2.5 Tg(N) yr—!) and the relaxation level of GHGs and ODSs
(900 hPa), which we present in this paper.

In the stratosphere, we evaluated our simulations against the AMIP CMIP6 simulation of the CNRM-ESM2-1 model (Mi-
chou et al., 2020a; Séférian et al., 2019; Voldoire et al., 2019; Roehrig et al., 2020; Decharme et al., 2019), which used the
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Figure 17. Global mean time series of CHy (first row) and N>O (second row), at 1000 hPa (left column) and at 850 hPa (right column) for
the ESM2-REPRO (in cyan), ARP7-REPRO (in dark blue), ARP7-RELACS (in green), ARP7-RACM (in orange) simulations, along with

two sensitivity tests, one relaxing GHGs and ODSs at 1000 hPa (in yellow green), and another at 900 hPa considering CH4 emissions (in
red). See text for details.

REPROBUS scheme and has been extensively documented. This simulation, referred to here as ESM2-REPRO, provides a
useful benchmark.

Total column ozone (TCO) in ARPEGE-Climat 7.0.1 is well represented, both in terms of trends across different latitudinal
bands and in its zonal climatology (1990-1999). Notably, two biases identified in the ESM2-REPRO simulations, excessive
TCO in the tropics and underestimated TCO at northern latitudes, are reduced in all three ARP7 simulations, likely due
to improved stratospheric circulation in the climate model. Additionally, the increasing influence of the tropospheric ozone

column on TCO is satisfactorily captured. The zonal climatology of O3 is also improved in the top of the stratosphere in
ARP7-REPRO and ARP7-RELACS.
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Regarding H,O, the new simulations exhibit greater stratospheric moistening, with more water vapor entering the strato-
sphere due to higher cold point tropopause temperatures, an improvement. However, differences in the CH4 oxidation process
between the ARP7-RELACS and ARP7-RACM simulations require further investigation.

Other stratospheric species in ARPEGE-Climat 7.0.1 also require further investigation. In both ARP7-RELACS and ARP7-
RACM, the zonal climatology of HNOj at high latitudes is problematic. Moreover, the REPROBUS scheme produces un-
expectedly diverse HNO3 evolutions in the three ARP7 simulations, despite the underlying climatology being very similar.
Additionally, N,O and HCI in ARP7-RACM are consistently underestimated throughout the stratosphere, possibly due to
conservation treatments and excessive tropospheric scavenging of HCI.

For the troposphere, we used the EAC4 CAMS reanalysis as a reference dataset, analyzing time series, climatological
zonal means, and annual cycles at different altitudes and latitudinal bands. The RELACS and RACMOBUS schemes result in
significantly different CO and PAN concentrations across the troposphere.

In particular, CO is systematically underestimated in the ARP7-RACM simulation, displaying a persistent negative bias
throughout the evaluation period. We ruled out low emissions as the cause of this bias, since ARP7-RACM and ARP7-RELACS
use identical emissions, and CO concentrations in ARP7-RELACS are satisfactory. Other potential factors, such as OH distri-
butions, were also examined, but they appear similar in both simulations and do not exhibit major biases. However, OH remains
a key source of model variability and an area requiring further understanding. Additional work is needed to resolve the CO
distribution issue in ARP7-RACM.

Regarding nitrogen species, the mean annual climatologies of ARP7-RACM and ARP7-RELACS show excessive concen-
trations in the lower troposphere at high northern latitudes, reaching up to 600 hPa. Analysing time series and annual cycles
reveals that while model concentrations align well with reanalysis data from April to October, they become significantly over-
estimated during the rest of the year, with even larger biases in the ARP7-RELACS simulation. This issue had already been
identified specifically for the RELACS chemical scheme and was attributed, at least in part, to the absence of heterogeneous
loss of NoOs on tropospheric aerosols. Addressing this limitation provides a clear avenue for model improvement. Higher up
in the troposphere, we observed the influence of localized emissions, such as those from lightning, and emphasized the need
for better observational constraints on the vertical distribution of NO,, beyond just column measurements. PAN concentrations
in the ARP7-RELACS simulation also exhibit problematic behaviour, requiring further investigation.

Moreover, regarding tropospheric O3, both tropospheric schemes produce similarly satisfactory concentrations throughout
the troposphere, though some differences arise, notably due to stratosphere-to-troposphere transport. Time series at 850 hPa
closely follow those of the reanalysis, particularly in the ARP7-RACM simulation. This is also true for climatological an-
nual cycles in the southern hemisphere, while in the northern hemisphere, our simulations appear reliable, considering the
deficiencies identified in the EAC4 reanalysis.

Finally, an evaluation was conducted in terms of tropospheric burden of ozone, in addition to a sensitivity test to the amount
of NO, emitted from lightning. It was found that both the RACMOBUS and RELACS tropospheric schemes manage to repro-
duce the performances of other models and latest literature on tropospheric ozone, and even more so when scaling down the

lightning NO, emissions from 5 to 2.5 Tg(N).yr~!.
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In summary, this work builds on a community-wide interest in exploring atmospheric composition resulting from chemistry
schemes of varying complexity embedded within a single climate model framework. In our case, using “cousin” schemes, we
obtain broadly similar climatological ozone characteristics in both the stratosphere and troposphere. However, the climatolog-
ical features of several species involved in ozone chemistry differ significantly. These discrepancies may be partially attributed
to the varying levels of chemical complexity, but also to the intrinsic non-linearity of atmospheric chemistry, as well as poten-
tial compensating biases or errors within the model components themselves. Brown-Steiner et al. (2018), who analysed three
chemical mechanisms of differing complexity within the CESM climate model, reached conclusions closely aligned with ours:
while their schemes produced comparable large-scale patterns of surface ozone, this consistency did not extend to nitrogen
oxides or CO, particularly during winter and in regions with strong biogenic emissions. They also emphasized that model
development choices can have lasting impacts on simulation results, something that may also apply to our case. Importantly,
Brown-Steiner et al. (2018) highlight the scientific value of evaluating and using chemistry schemes of differing complexity
within a shared modelling framework.

In line with this perspective, our study represents a substantial advancement in the representation of atmospheric chemistry in
the CNRM climate model compared to previous versions. We have shown that this chemistry is well suited to the challenges of
representing chemistry-climate interactions in an Earth system model, and we have identified key areas for future development
that will further improve the model. Additionally, coupling the outputs of gaseous chemistry to the aerosol scheme TACTIC
(Michou et al., 2020b), which is also embedded in ARPEGE-Climat 7.0.1, would enhance interactivity. Future developments
could further incorporate interactive biogenic emissions, for example through the use of the MEGAN model (Guenther et al.,
2012). Furthermore, with the explicit representation of CH4 sinks via tropospheric oxidation, ARPEGE-Climat 7.0.1 now
supports CH4 emission-driven simulations, in which emissions are prescribed instead of surface concentrations. However, this
increased complexity comes with higher computational costs. Moreover, as Young et al. (2018) point out, "it is unclear whether
the implementation of complex chemistry schemes would improve the representation of global-scale ozone distributions and

the chemistry relevant to climate.". We will carefully evaluate these factors in our future development efforts.
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Figure A1. Emissions fluxes of NO, from lightning (kg m~2 s~1). Top row: vertically integrated. Bottom row: zonally averaged. Note that

the two plots use different logarithmic scales.

770 Code availability. Météo-France belongs to the ACCORD consortium (http://www.accord-nwp.org/, last access 22 April 2025) for the de-
velopment of forecasting systems for numerical weather prediction (NWP), within which it cooperates on the development of a shared system
of model codes. ACCORD was established in 2021 and initially brought together members of the consortia ALADIN, LACE, and HIRLAM.
The newly developed ARPEGE-Climat code forms part of the shared system of model codes. According to the ACCORD Memorandum
of Understanding and in particular its annexes IX and X, for non-commercial research purposes, code can be distributed upon signature of

775 a licence agreement (see http://www.accord-nwp.org/?ACCORD-MoU-2021-2025, for conditions, last access: 22 April 2025). The newly
surface developed code will be included in the next official version of SURFEX v9.0. The official release of SURFEX v8.1 offline is available
at https://www.umr-cnrm.fr/surfex/spip.php?rubrique141 (last access: 22 April 2025).

Data availability. The CAMS reanalysis can be downloaded on the Atmosphere Data Store (https://ads.atmosphere.copernicus.eu/). Forcing

datasets as well as CNRM-ESM2-1 and other CMIP6 simulations are available through the ESGF platform (https://esgf-node.ipsl.upmc.fr/search/cmip6-
780 ipsl/). The simulation output (netcdf files) used in this paper are available in open access on the IPSL thredds platform (https://thredds-

su.ipsl.fr/thredds/catalog/ESM2025/Simulations/Cussac2025/catalog.html).

Appendix A: Additional figures
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Figure A2. Mean zonal climatology (1979-2014, 300 to 1 hPa) of various species, in September (see March in main text). First line: O3
(ppm), second line: H,O (ppm), third line: CH4 (ppm). First column ESM2-REPRO simulation (absolute values) and subsequent colums
differences (simulation minus ESM2-REPRO), for the ARP7-REPRO, ARP7-RELACS, and ARP7-RACMOBUS simulations.
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Figure A3. Mean zonal climatology (1979-2014, 300 to 1 hPa) of various species, in September (see March in main text). First line: HNO;
(ppb), second line: NO, (ppb), third line: N,O (ppb), fourth line: HCI (ppb). First column ESM2-REPRO simulation (absolute values) and
subsequent colums differences (simulation minus ESM2-REPRO), for the ARP7-REPRO, ARP7-RELACS, and ARP7-RACM simulations.
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