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Abstract. Aircraft emissions of nitrogen oxides (NO,=NO+NO:), aerosols, and aerosol precursors provide a non-negligible
contribution to the climate impact of air traffic, and the uncertainty in their climate Effective Radiative Forcing (ERF) remains
significant. This study presents results from a new model intercomparison of the impact of aircraft emissions involving five
state-of-the-art global models including both tropospheric and stratospheric chemistry. Aircraft NOy increases ozone
photochemical production in the free troposphere throughout the year and decreases ozone chemical loss in the high-latitude
lowermost stratosphere during spring—early summer. The models generally agree on the spatial pattern of NOy, ozone, and
hydroxyl radical (OH) responses. The NOx net ERF is systematically positive with a model mean of 18.3 mW m, ranging
from 9.4 to 24.5 mW m? among the different models. This net NOy forcing is reduced by 35% and 43% accounting for the
negative forcing arising from the formation of nitrate and sulfate particles, respectively. Estimates of the aerosol direct ERF
are systematically negative and range between -6.5 and -17.8 mW m™, compensating most of the net NOx ERF albeit with
noticeable intermodel differences arising from the diversity in aerosol parameterizations. This work shows encouraging results
regarding our confidence in aviation NOy-induced ozone response because of a good model agreement. To a lesser extent,
some similarities in the results regarding aerosols are also encouraging, given the few existing model intercomparisons on this
topic. However, the results also highlight areas where further modeling experiments are needed, both with more models and
with dedicated sensitivity simulations to further understand the factors giving rise to the spread in model estimates of aviation
emission impacts on atmospheric composition and climate.

1. Introduction

Air traffic emissions play a non-negligible role in climate change (Arias et al., 2021; Szopa et al., 2021) and air quality (e.g.
Prashanth et al., 2022). As a long-lived species, carbon dioxide (CO) is the main climate forcer in the long term, and its
radiative effect is reasonably well-quantified (Boucher et al., 2021). Additionally, the radiative effect from aviation non-CO,
emissions has recently been evaluated to account for two-thirds of the total aircraft effective radiative forcing (ERF) from 1940
until 2018, but is characterized by uncertainties 8 times greater than for CO; (Lee et al., 2021). Consequently, when estimating
the benefit of aviation mitigation strategies, it is crucial to quantify and constrain both CO, and non-CO effects.
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Non-CO; emissions include a variety of chemically reactive gaseous and particulate compounds. The emitted species include
sulfur dioxide (SO») forming so-called sulfate (SO4) particles that tend to cool the surface by scattering the incoming solar
radiation, and black carbon (BC) — or soot — particles that tend to warm the atmosphere by absorbing the incoming solar
radiation. Aerosols also have an indirect effect on climate through aerosol-cloud interactions, but the large uncertainties do not
allow for a robust estimate in the case of aviation. Among the non-CO, gaseous components, water vapor (noted hereafter as
H,0) is the most abundantly emitted species. Its injection into the dry lowermost stratosphere (LMS), where its lifetime is
substantially longer than in the troposphere, induces a positive radiative forcing (Lee et al., 2021). H»O, together with soot
particles, also leads to the formation of contrail-cirrus, which is estimated to exert the largest individual contribution to positive
RF, but with large uncertainty (e.g. Lee et al., 2021; Wilhelm et al., 2021). Another of the non-CO, effects from aviation, still
surrounded by a large uncertainty, is induced by nitrogen oxides (NOx = NO + NO>), a necessary catalyzer for tropospheric
ozone (O3) production. Though emitted in lesser quantities from aircraft than from other transport modes (e.g. Righi et al.,
2023, Fig. 1), the injection directly into the free troposphere makes high-altitude NOx emissions more efficient in producing
ozone (e.g. Finney et al, 2016). It is linked both to the longer NOy lifetime in this region, and its lower NOx background.
Compared to lightning NO emissions that likely represent 2—-8 TgN/yr (Schumann and Huntrieser, 2007), aviation NOx
emissions are not negligible as they are currently near 1 TgN/yr, i.e. potentially up to 50% of the lightning emissions. Ozone
has been confirmed as one of the main greenhouse gases linked with anthropogenic activities (Stevenson et al., 2013).

Earlier studies show that the main ozone perturbation induced by aircraft NOy is located in the vicinity of the tropopause (e.g.
Brasseur et al., 2016) where changes in ozone cause the most important positive RF (Riese et al., 2012). Changes in NO and
ozone further modify the atmospheric oxidizing capacity by promoting the formation of the hydroxyl radical (OH), impacting
atmospheric chemistry and particularly methane oxidation. The increased abundance of OH in the troposphere causes the
reduction of atmospheric methane (CHy) lifetime, which induces a negative radiative forcing over about a decade following
the emission, thus partly counteracting the initial ozone-induced warming effect. Since methane is an ozone precursor in the
troposphere and a water vapor precursor in the stratosphere, its increased sink in the short term decreases the production of
these two species during the decade following the emission, thus increasing the cooling term due to methane destruction (e.g.
Myhre et al., 2011). Through the production of tropospheric OH, aircraft NO also promotes the formation of sulfate and nitrate
(NO3) particles (because of an enhanced oxidation of SO» and NOy), thus acting as an additional cooling factor (Brasseur et
al., 2016; Terrenoire et al., 2022). Based on the existing literature, Lee et al. (2021) estimated the net aviation NO impact to
exert an effective radiative forcing (ERF) of 17.5 [0.6-28.5] mW m for the year 2018, resulting from a positive ERF from
short-term ozone of 49.3 [33—76] mW m™ and a negative ERF from long-term methane decrease of -34.9 [-65 —-25] mW m"
2, thus highlighting high uncertainties for both processes. However, Lee et al. (2021) did not account for the NOy effect on
aerosol formation, as they point out the limited number of studies on this topic and the large associated uncertainties. Also, the
assessment by Lee et al. (2021) is based on an important set of modelling studies which have been harmonised regarding time
periods and aircraft emissions in order to account solely for inter-model differences in both chemistry and radiation. In this
study we revisit the aircraft NOy perturbations on chemistry and climate based on the latest generation of five global chemistry-
climate/transport models and on a common modelling protocol regarding surface and aircraft emissions and time period
covered. This further reduces the need for harmonisation of the model results as a post-treatment and allows to focus on the
inter-model differences in the treatment of chemistry and dynamics.

Several studies have conducted model intercomparisons to more robustly evaluate the impact of aircraft emissions on
atmospheric composition, and its consequences for climate (Hoor et al., 2009; Hodnebrog et al., 2011; Hodnebrog et al., 2012;
Olsen et al., 2013; Sevde et al., 2014; Brasseur et al., 2016). All these studies accounted for short-term ozone perturbation,
methane perturbation, and long-term O3 and stratospheric H>O perturbations. In the framework of the QUANTIFY project
(Quantifying the Climate Impact of Global and European Transport Systems), Hoor et al. (2009) found a net RF of 2.9 +/-2.3
mW m for the year 2003. Sgvde et al. (2014) obtained a range of 1-8 mW m™ for the year 2006 (4—8 mW m without the
most sensitive model regarding methane loss), with the REACT4C (Reducing Emissions from Aviation by Changing
Trajectories for the benefit of Climate) emission inventory (Matthes et al., 2012). In the framework of the ACCRI program,
Brasseur et al. (2016) derived a range of 6-36.5 mW m™ (resp. -12.3 — -8 mW m2) concerning the short-term ozone response
(resp. methane lifetime decrease) for the year 2006, with only one model accounting for the long-term ozone/H,O responses.
These estimates remain characterized by a high uncertainty due to the differences between models (with a standard deviation
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greater than 50%), and/or due to chemical processes not accounted for, as in Brasseur et al. (2016). The latter study also shows
the impact of aircraft on several gaseous and aerosol species, but not necessarily with the same models, thus limiting the
interpretation of the results. Last, the aviation impact on nitrate aerosol is relatively new in the literature, and most of all, there
is no model intercomparison regarding its perturbation due to aircraft emissions.

Here, we present results from a new multi-model intercomparison conducted under the framework of the EU project ACACIA
(Advancing the Science for Aviation and Climate). Simulations were performed with five up-to-date global chemistry-climate
models (CCMs) or chemistry-transport models (CTMs) with a common simulation protocol, notably imposing the recent
inventories used by CMIP6 for anthropogenic surface and aircraft emissions (Hoesly et al., 2018; Gidden et al., 2019), and for
biomass burning emissions (van Marle et al., 2017), using the same prescribed sea-surface temperatures (SSTs) and surface
methane concentrations, and nudging or forcing the horizontal wind speeds with reanalysis output (ERA-Interim or MERRA-
2). A companion paper is dedicated to the assessment of the model baseline performance using in-situ aircraft observations
(Cohen et al., 2025); in the present study, the focus is on the effect of aircraft NOy and, secondarily, aerosols and aerosol
precursor emissions on atmospheric composition and associated radiative forcings of climate. The objectives of this study are
(1) to provide an overview of the methodology of the harmonized multi-model study, (2) to present aviation-induced changes
in the concentration of reactive species and the extent to which models agree, as well as specific differences between individual
models, including an evaluation of the linearity of aviation induced effects. Thanks to the ancillary variables provided by two
of the models, our intercomparison is the first to suggest an explanation for the pattern of ozone changes in response to aircraft
NOx. Finally, (3) to provide estimates of the radiative effects of the simulated aviation-induced ozone, methane, and aerosol
changes.

Section 2 describes the models, input data, and methods, while Section 3 shows the changes in atmospheric composition due
to aviation emissions as simulated by the models. Section 4 provides the associated radiative forcing of climate. In Section 5,
we draw the conclusions of the current study.

2. The model intercomparison
2.1 Participating global models

Table 1 summarizes the general characteristics of the participating models, and Table 2 summarizes the aerosol
parameterization for the models that provide aerosol variables. For each model described in Table 2, the pairs of mixing states
correspond to the hydrophilic or hydrophobic state (with hydrophobic particles that can evolve into hydrophilic through ageing
processes), and the three mixing states for EMAC-aer also include a mixed-particles category. It applies to both black carbon
and organic carbon.
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Table 1: Description of the participating models. The acronyms and abbreviations are explained here. In the first column, the
abbreviations Horiz., Vert., Hom., Phot., Het., and BVOC denote horizontal, vertical, homogeneous, photolytic, heterogeneous, and
biogenic volatile organic compounds respectively. Among the aerosol categories, SO4, NO3, NH4, BC, OC, POM, Cl, and Na
represent sulfate, nitrate, ammonium, black carbon, organic carbon, primary organic matter, chlorine, and other marine
components (mainly sodium), respectively. In the references, G2001 represents Grewe et al. (2001), PR92 and P1997 represent Price
and Rind (1992) and Price et al. (1997), 02010 represents Ott et al. (2010), P1998 represents Pickering et al. (1998), and M2012
represents Murray et al. (2012).

Model EMAC-NOy LMDZ-INCA MOZARTS3 OsloCTM3 GEOS-Chem EMAC-aer
Institution (user) DLR LSCE (IPSL) MMU CICERO TU Delft DLR
Model type CCM CCM CT™M CT™M CT™M CCM

(CTM mode)  (CTM mode)
Reanalysis ERA-Interim  ERAS ERA-Interim  OpenlFS MERRA-2 ERA-Interim
GCM ECHAMS LMDZ - - - ECHAMS
Horiz. resolution  2.8° N x 1.3°Nx 2.8°Nx 2.25°Nx 2.0°Nx 2.8°Nx

2.8°E 2.5°E 2.8°E 225°E 2.5°E 2.8°E
Vert. levels 90 39 60 60 72 41
UTLS Vert. 15-20 25-40 20-30 25-30 30-45 20
resolution (hPa)
Top level (hPa) 0.010 0.012 0.10 0.10 0.010 5
Time period 2014-2018 2014-2018 2014-2018 2014-2017 2019 2006-2015
Chemistry
Total tracers 160 174 108 190 311 119
Aerosol tracers - 26 - 56 36 82
Hom. reactions 265 390 218 263 661 47
Phot. reactions 82 80 71 61 157 13
Het. reactions 12 39 18 18 97 0
Emissions
Lightning G2001 PR92; 02010  P1997;P1998 PR92; 02010 M2012 PR92
BVOCs ORCHIDEE POET MEGAN- MEGAN

MACC

Biomass burning BB4CMIP BB4CMIP BB4CMIP GFED4 BB4CMIP
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Table 2: Description of the aerosol parameterization in the four models providing aerosol output.

Model EMAC-aer LMDZ-INCA OsloCTM3 GEOS-Chem
Mixing 3 2 2 2
states
Size bins 3 3 BC/OC/SOA/SOj4: bulk scheme 1
(log-normal modes) NO3/NHg: 2 (fine and coarse mode)
Particle Yes Yes No No
number
Emission 91 % Aitken mode; Accumulation Bulk scheme Accumulation
mode 9 % accumulation mode mode mode
Aging Calculated explicitly based 1.2 day Different constant depending on 1.15 day
on aerosol microphysics latitude and season (for BC and OC)
Aerosol SO4, NO}, NH4, SO4, NO3, NH4, SO4, NO3, NH4, SO4, NO}, NH4,
types BC, POM, BC, POM, BC, POM, SOA, BC, POM,
dust, Na, Cl dust, sea-salt dust, sea-salt dust, sea-salt
2.1.1 EMAC

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry and climate simulation system that
includes sub-models describing tropospheric and middle atmosphere processes and their interaction with oceans, land, and
human influences (Jockel et al., 2010). It uses the second version of the Modular Earth Submodel System (MESSy2) to link
multi-institutional computer codes. As described in Jockel et al. (2016), MESSy is a software package providing a framework
for a standardized, bottom-up implementation of Earth system models with flexible complexity (Modular Earth Submodel
System). The core atmospheric model is the 5" generation European Centre Hamburg general circulation model (ECHAMS:
Roeckner et al., 2006). The physics subroutines of the original ECHAM code have been modularized and reimplemented as
MESSy submodels and have continuously been further developed. Only the spectral transform core, the flux-form semi-
Lagrangian large-scale advection scheme, and the nudging routines for Newtonian relaxation remain from ECHAM. For the
present study, we applied EMAC in two different configurations, for NOy and aerosol. Hereafter, we refer to them as EMAC-
NOx and EMAC-aer, respectively. EMAC-NOy is based on MESSy version 2.55.2 in the T42L90MA -resolution, i.e. with a
spherical truncation of T42 (corresponding to a quadratic Gaussian grid of approximately 2.8 by 2.8 degrees in latitude and
longitude) with 90 vertical hybrid pressure levels up to 0.01 hPa, whereas EMAC-aer is based on MESSy version 2.54.0 in the
T42L41DLR-resolution, with 41 levels up to 5 hPa (see Righi et al., 2023, for further details). In ECHAMS, the nudging
applies to vorticity, temperature, logarithm of the surface pressure, and divergence with a relaxation time being 6 h, 24 h, 24
h, and 48 h respectively. The NOy configuration was run in the so-called Quasi Chemistry-Transport Model mode (QCTM:
Deckert et al., 2011) enabling binary identical simulations with respect to atmospheric dynamics, so that perturbations in
chemistry can be detected with a high signal-to-noise ratio. This mode was not used for the aerosol configuration, since this
also includes aerosol-cloud interactions which are not compatible with this mode. Both model setups comprised the Module
Efficiently Calculating the Chemistry of the Atmosphere (MECCA) used for tropospheric and stratospheric chemistry
calculations with the possibility of extending to the mesosphere and oceanic chemistry (Sander et al., 2019). Reaction



165

170

175

180

185

190

195

200

205

mechanisms include ozone, methane, HOx, NOy, NMHCs, halogens, and sulfur chemistry for EMAC-NOy, while a simplified
chemical mechanism was used in EMAC-aer, comprising the NOx-HOx-CH4-CO-O3 chemistry and the tropospheric sulfur
cycle. Radiative transfer calculations are performed using the submodel RAD (Dietmiiller et al., 2016). EMAC-aer uses the
submodel MADE3 (Kaiser et al., 2019) for aerosol microphysics.

2.1.2 LMDZ-INCA

The LMDZ-INCA global chemistry-aerosol-climate model couples online the LMDZ general circulation model (Laboratoire
de Météorologie Dynamique, version 6: Hourdin et al., 2020) and the INCA model (INteraction with Chemistry and Aerosols,
version 6: Hauglustaine et al., 2004). In the present configuration, the model includes 39 hybrid vertical levels extending up
to about 80 km. The horizontal resolution is 1.25° in latitude and 2.5° in longitude. INCA initially included a state-of-the-art
CH4-NOx-CO-NMHC-0j3 tropospheric photochemistry (Hauglustaine et al., 2004; Folberth et al., 2006). Ammonia and nitrate
aerosols are considered as described by Hauglustaine et al. (2014). The model has been extended to include an interactive
chemistry in the stratosphere and mesosphere. Chemical species and reactions specific to the middle atmosphere were added
to the model. A total of 31 species were added to the standard chemical scheme, mostly belonging to chlorine and bromine
chemistry, with 66 gas-phase reactions and 26 photolytic reactions (Terrenoire et al., 2022; Pletzer et al., 2022). In this study,
meteorological data from the European Center for Medium-Range Weather Forecasts (ECMWEF) ERAS reanalysis have been
used to constrain the GCM meteorology. The relaxation of the GCM winds towards ECMWF meteorology is performed by
applying at each time step a correction term to the GCM zonal and meridional wind components with a relaxation time of 3.6
h. The ECMWF fields are provided every 6 hours and interpolated onto the LMDZ grid. The lightning NO, (LNOy)
parameterization is updated from Jourdain and Hauglustaine (2001). The flash frequency is determined by the cloud-top height
and the surface type (land or ocean), following Price and Rind (1992). As in Cohen et al. (2023), the number of flashes is
rescaled to the global mean frequency of 46.3 flash/s derived from Lightning Imaging Sensor and Optical Transient Detector
(OTD/LIS: Cecil et al., 2014). The vertical profile of LNOy emissions follows the parameterization in Ott et al. (2010).

2.1.3 MOZART3

Model for OZone And Related chemical Tracers, version 3 (MOZARTS3) is an offline, global chemical transport model,
extensively evaluated (Kinnison et al., 2007) and used for a range of various applications (Liu et al., 2009; Wuebbles et al.,
2011), including studies dealing with the impact of aviation emissions on atmospheric composition (Sevde et al., 2014;
Skowron et al., 2015). The horizontal resolution used in this study is T42 (2.8° x 2.8°) and vertically the model domain spans
60 layers between the surface and 0.1 hPa. The transport of chemical compounds as well as the hydrological cycle is driven
by the meteorological fields from ECMWF Interim 6-h reanalysis (ERA-Interim). The model reproduces detailed chemical
and physical processes from the troposphere through the stratosphere. The chemical mechanism consists of 108 species, 218
gas-phase reactions, 71 photolytic reactions including the photochemical reactions associated with organic halogen compound,
and 18 heterogeneous reactions involving four aerosol types: liquid binary sulfate, supercooled ternary solution, nitric acid tri-
hydrate, and water-ice. The kinetic and photochemical data is based on the NASA/JPL evaluation (Sander et al., 2006).
MOZART3 accounts for advection based on the flux-form semi-Lagrangian scheme (Lin et al., 1996), shallow and mid-level
convection (Hack et al., 1994), deep convective routine (Zhang et al., 1995), boundary layer exchanges (Holtslag et al., 1993),
or wet and dry deposition (Brasseur et al., 1998; Miiller et al., 1992). The parameterization of NOy emissions from lightning
follows the assumption that the lightning frequency depends on the convective cloud top height and the ratio of cloud-to-cloud
versus cloud-to-ground lightning depends on the cold cloud thickness (Price et al., 1997). The lightning NOx emissions are
distributed vertically through the convective column according to observed profiles based on Pickering et al. (1998). The
lightning source is scaled to provide a total of 4.7 Tg(N) yr’!, with daily and seasonal fluctuations based on the model
meteorology. The patterns of lighting NOy distribution in MOZART3 show a general agreement with LIS and OTD
climatology datasets (Skowron et al., 2021).
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2.1.4 OsloCTM3

OsloCTM3 is a global, offline chemical transport model, driven by 3-hourly meteorological forecast data from the European
Centre for Medium-Range Weather Forecasts (ECMWF) Open Integrated Forecast System (OpenlFS) model (Sevde et al.,
2012). The model is run in its default horizontal resolution of 2.25° x 2.25° with 60 levels, the uppermost centered at 0.1 hPa.
The OsloCTM3 treats comprehensive tropospheric and stratospheric chemistry (Berntsen and Isaksen, 1997; Stordal et al.,
1985), as well as the main anthropogenic and natural aerosol species (sulfate, nitrate/ammonium, black carbon, primary and
secondary organic aerosol, dust, and sea salt). The kinetics are based on JPL 2006 (Sander et al., 2006), while the
photodissociation coefficients are calculated online using the Fast-JX scheme (Prather, 2009). The numerical integration of
chemical kinetics is done by applying the Quasi Steady State Approximation (QSSA: Hesstvedt et al., 1978), using three
different integration methods depending on the chemical lifetime of the species. The aerosol schemes are described in more
detail in Lund et al. (2018a). Notably, 80 % of emitted BC is considered as hydrophobic and 20 % as hydrophilic, with an
aging that consists of a constant rate depending on the region and the season (Lund et al., 2012). Large-scale advection is
treated by the second-order moments (SOM) scheme (Prather, 1986), convective is based on Tiedtke (1989), and boundary
layer mixing is based on Holtslag et al. (1990). Scavenging covers dry deposition, i.e. uptake by soil or vegetation at the
surface, and washout by convective and large-scale rain (Sevde et al., 2012).

2.1.5 GEOS-Chem

GEOS-Chem is a chemistry-transport model with unified tropospheric-stratospheric oxidant-aerosol chemistry. The original
gas-phase tropospheric oxidant model of GEOS-Chem is described by Bey et al. (2001). Aerosol chemistry, modeling the SO4-
NO3-NHjy system, is described by Park et al. (2004). The ISORROPIA II thermodynamic module is used for the aerosol model
(Fountoukis and Nenes, 2007). Heterogeneous chemistry of nitrate acrosols is as described by Holmes et al. (2019). Aerosol
hygroscopicity is modeled as described by Latimer and Martin (2019), and cloud water pH as described by Shah et al. (2020).
The stratospheric chemistry model is described by Eastham et al. (2014). Emissions are implemented with the HEMCO module
described by Keller et al. (2014).

In this study, GEOS-Chem classic v13.3 is used, driven by the MERRA -2 reanalysis product (Gelaro et al., 2017). The model's
"fullchem" configuration is used, without the optional extensions for aerosol microphysics and complex SOA modeling.
Meteorology and emissions are for the year 2019. Timesteps are 10 min for transport and convection, and 20 min for chemistry
and emissions. The model is spun-up with runs of 21 months at 4° latitude by 5° longitude, followed by 3 months at the final
resolution.

Lightning NO, emissions are as described by Murray et al. (2012) to match OTD/LIS climatological observations of lightning
flashes. Biogenic VOC emissions in GEOS-Chem are from the MEGAN v2.1 inventory of Guenther et al. (2012) as
implemented by Hu et al. (2015). Leaf area indices (LAls) used in MEGAN v2.1 are from the Yuan et al. (2011) MODIS
product for 2005-2020. Dependence on CO, was added by Tai et al. (2013). Acetaldehyde emissions are from Millet et al.
(2010). Biogenic non-agricultural ammonia sources are from GEIA (Bouwman et al., 1997). Emissions from open fires for
individual years are from the GFED4.1s inventory.

2.2 Simulation set-up and emission inventories

Each participating model (see Sect. 2.1) generated a set of simulations following a common protocol, based on a perturbation
approach. As summarized in Table 3, each model provides at least one reference run including all emission sources and one
run without any aviation emissions. To evaluate the linearity of the chemical and radiative response versus aviation NOx
emissions, three of the models (LMDZ-INCA, MOZARTS3, and OsloCTM3) also provided a run with all aviation emissions
reduced by 20% (then the difference with the reference run is rescaled up to 100%). To provide a first estimate of the
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dependence on the NOy background, an additional pair of runs was made by MOZART3 without lightning emissions. Three
of the models (LMDZ-INCA, OsloCTM3, and GEOS-Chem) include aerosols, as well as EMAC in the EMAC-aer
configuration.

Each simulation is preceded by a 1-year spin-up and covers the period 2014-2018 (2014-2017 for OsloCTM3, and 2019 for
GEOS—-Chem), still considered as present-day when the protocol was designed. The wind horizontal velocities are directly
taken from reanalyses for CTMs, and nudged toward a reanalysis for CCMs (ERA-I for EMAC, ERAS for LMDZ-INCA)
using a quasi-CTM mode, i.e. without any feedback between chemistry and dynamics (except for EMAC-aer).

The historical anthropogenic emissions are taken from the Community Emissions Data System inventory CEDS (Hoesly et
al., 2018). Regarding aviation emissions (represented here by NOx, SO, and BC), these files resolve aviation emissions with
25 vertical levels (or injection heights) from the surface up to 15 km. For EMAC-NOy, LMDZ-INCA, MOZART3, and
OsloCTM3, a correction (Thor et al., 2023) has been applied to the initial CEDS aviation emissions. Historical biomass burning
emissions until 2014 are provided by the BB4CMIP inventory (van Marle et al., 2017), notably based on the Global Fire
Emissions Database (GFED4s: van der Werf et al., 2017), followed by emissions prescribed in the SSP3-7.0 scenario until
2018 (Gidden et al., 2019). For these years (2015-2018), the differences between the scenarios remain small (less than 6 %
for NOy), as are the differences with the year 2014 in the CEDS inventory, given that the scenarios data sets have been
harmonized with the historical data sets to ensure a consistent evolution before and after this transition year (further information
for the year 2019 in GEOS-Chem is available below). Other emissions, primarily from natural sources, are not prescribed by
the protocol and depend on the individual model. For example, biogenic volatile organic compounds (BVOC) emissions are
calculated using a different module for each model. Lightning flash rate is parameterized using the commonly used scheme
described in Price and Rind (1992) or Price et al. (1997) for most models (LMDZ-INCA, MOZART3, OsloCTM3, EMAC-
aer), or similar for EMAC-NOx (Grewe et al., 2001), and thus depends on the deep convection parameterization. The vertical
distribution of LNOy emission per flash is calculated using the scheme described in Ott et al. (2010) for LMDZ-INCA and
OsloCTM3, or in its former version described in Pickering et al. (1998) for MOZARTS3.

Table 3: List of the different runs used in this study.

Name Description

REF Present-day standard run (2014-2018)
SEN100 Same as REF, without aircraft emissions

SEN20 Same as REF, with all the aircraft emissions reduced by 20 %

Among the five models included in this paper, GEOS-Chem data is from pre-existing runs made for a different publication
(Quadros et al., 2025) and is thus less consistent with the protocol. For this model, the monthly-averaged aircraft emissions
are calculated from a list of all flights globally in the year 2019 provided by Flightradar24, as described by Quadros et al.
(2022). For each combination of aircraft type, origin and destination in the database, 3-d gridded fuel burn is calculated
using a time-in-mode approach for landing-and-takeoff operations (Stettler et al., 2011) and the Base of Aircraft Data
(BADA) 3.15 aircraft performance model for climb, cruise and descent phases of flight (Mouillet, 2019). Great-circle
trajectories between airports are used, with a lateral inefficiency factor based on Seymour et al. (2020) applied to adjust
for additional fuel used in actual trajectories. Constant cruise flight levels are used, with aircraft type specific values
determined from a subset of flights for which Flightradar24 provided altitude at the start of cruise, based on ADS-B data.
Emissions are calculated alongside with fuel burn using the Boeing Fuel Flow Method 2 (Baughcum et al., 1996), the
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FOA4 method for non-volatile particulate matter (ICAO, 2020), and data from the International Civil Aviation
Organization (ICAO) Engine Emissions Databank (ICAO, 2021).

The difference between Flightradar24 and CEDS emissions is well visible in the maps shown in Fig. S9 in Supplement, with
less NOy emitted in West hemisphere and more in East hemisphere with Flightradar24. In terms of altitude, Fig. S10 shows a
continuum in the vertical distribution in CEDS emissions (at 9—11 km) but two distinct peaks with Flightradar24, the most
important at 10 — 11 km (as with CEDS) and a secondary peak at 8—9 km, lower than most emissions in CEDS. Also, the runs
concern only the year 2019. As only three models included aerosol chemistry, and as the complexity of the aerosol
representation is substantially different through the models, we also added the aerosol output from the EMAC aerosol-climate
model published in Righi et al. (2023), called EMAC-aer in the present study. It has to be noted that the latter’s experimental
setup is substantially different, as it spans over 10 years (2006-2015) with emissions taken constantly at the same level as
2015 (from the SSP2 scenario), and as meteorology is influenced by atmospheric chemistry. To minimize the influence of
interannual variability, we average the output over the 10 years of simulation.

Apart from the current study, it is worth mentioning that other tests were designed by the same common protocol. More runs
have been made available to assess specifically the present-day impact of aviation NOy on aerosols (Bellouin et al., in prep.)
by reducing only NOy emissions, and the impact of future aviation emissions (Staniaszek et al., 2025).

2.3 Methodology

The requested monthly output from the 5 participating models is used to derive 5-year averages for each calendar month and
for the whole year. Following the perturbation approach, we calculate the chemical composition responses as the difference
between the reference run and the run without aviation emissions. For the runs with aviation emissions reduced by 20 %, we
apply a factor of 5 to the difference in order to make it comparable to the 100 % reduction case.

The aviation emissions provided as output by the models can be slightly different for two reasons. First, the regridding of the
emission files to the model native resolutions, which are all different. Second, the differences in the simulation years. For this
purpose, we apply a rescaling factor to each model result to ensure the same amount of aircraft emissions. For a given model
M, this factor is calculated as the Rw ratio following Eq. 1:

Rum = Envea (NOy)/ Em(NOy) (D

where Em(NOy) is the global aviation NOy emissions averaged over the whole simulation period from the M model. Emca(NOx)
is the corresponding emission for the LMDZ-INCA model, with a value of 1.12 TgN yr'!. This rescaling factor based on NOx
applies to the perturbation for all species, including aerosols and precursors. In most cases, this rescaling does not change the
results significantly, as NOx emissions range between 0.98 (EMAC-NO,) and 1.12 TgN yr'! (LMDZ-INCA and MOZART3).
We assume these differences to be small enough to neglect non-linearities in the chemical perturbation. One exception is
GEOS-Chem, as its 2019 emissions are substantially higher (1.40 TgN yr-!) than the average 2014-2018, so one has to keep
in mind that linear rescaling is less adequate.

To derive the radiative impact of aviation-induced atmospheric composition changes, we use concentration-based kernels to
calculate the stratospherically adjusted ozone RF and the instantaneous top-of-the-atmosphere RF due to aerosol-radiation
interactions (Skeie et al., 2020; Samset et al., 2011). To perform the RF calculations, ozone and aerosol data from all models
were interpolated to the kernel resolution (2.25° x 2.25° and 60 vertical levels). For the calculation of the ozone column for
each model, the air mass from OsloCTM3 was used, following the method in Skeie et al. (2020). The ozone RF calculations
from the kernel have been found to compare favourably against offline radiative transfer model calculations in LMDZ-INCA
and OsloCTM3. More generally, kernel-based estimates of ozone RF have been found to agree with those from full radiative
transfer in previous applications (Lund et al., 2021). The response of the methane volume mixing ratio and the associated
radiative forcing are calculated based on the modelled response in methane total lifetime for each simulation. It assumes, in

9



340

345

350

355

360

365

370

375

addition to the methane oxidation by OH, a stratospheric sink characterized by a 120-year lifetime and a soil sink
characterized by a 160-year lifetime. This calculation is combined with the methane feedback factor (referring to the CH,4
feedback on its own lifetime) and an emission non-steady state factor. This method is described in Berntsen et al. (2005),
Hodnebrog et al. (2012) and Terrenoire et al. (2022). The methane reference mixing ratio is fixed at 1834 ppb. The methane
feedback factor (f=1.45) is taken as the model mean from a recent model intercomparison (Sand et al., 2023). We use a non-
steady state factor to correct for the fact that due to its long lifetime, methane steady state is not reached, so assuming steady-
state to derive the radiative forcing overstates the response (Grewe and Stenke, 2008). This non-steady factor was recently
recalculated by Bellouin et al. (in prep.) to be 0.680 for present-day conditions. From this methane mixing ratio response, the
methane RF is calculated using the simplified equation from Etminan et al. (2016). The indirect long-term ozone and
stratospheric water vapour RFs are calculated based on the methane mixing ratio response adopting the normalized forcings
from a recent model intercomparison (Sand et al., 2023). For long-term ozone we use a normalized forcing of 0.180 W m?
ppbCH4 ! and, for stratospheric water, a normalized forcing of 0.058 W m ppbCH4™.

The calculated ozone and methane RFs are converted to ERFs based on the efficacies provided by Lee et al. (2021) (1.370
for the short-lived ozone forcing and 1.180 for the methane direct and indirect forcings). For aerosols, the kernel includes
rapid adjustments for BC, thus representing the ERF, while the ERF/RF ratio is assumed to be 1.0 for the scattering aerosols
due to lack of other information (Lee et al., 2021).

3. Impact of aviation emissions on atmospheric composition

On the global scale, and from 150 hPa down to the surface, Table 4 synthesizes the global burden perturbation for several
species, normalized by aircraft NOy emissions. For a given species S, the perturbation in the global burden is calculated as
follows:

AS = z Ap; ik (Vi jx )
Ljk

where p i« (S) is the mass density of the S species, and Vi is the volume of the gridcell (i, j, and k being the spatial indexes).
For gaseous species, in a gridcell characterized by a pressure P and a temperature T, the mass density is calculated from the
volume mixing ratio Xs, as follows:

p(S) = === Xg (3a)

where Mg is the molar mass of the S species, and R is the ideal gas constant.

For aerosols, the model output is provided as mass mixing ratios X’s. Thus, we derive the mass density similarly as Eq. 3a:

MairP !
p(S) = —ar X's (3b)

where My, = 29 g mol’! is the molar mass for dry air.
Lastly, global aviation NOy emissions ENOx (in Tg yr'!) are calculated by summing up the local emissions, expressed in molar
concentration increase rate 1 (in mol m= s™!), as follows:

ENOx = CMNZ- .kfli,j,k(Nox)Vi,j,k )
L],
where My = 14 g mol™! is the molar mass of nitrogen, and C = 3.16 107 is a constant converting g s into Tg yr'.

3.1 Gas-phase chemistry

As seen in Table 4, the global NO perturbation ranges between 0.60 % (EMAC-NOy) and 0.85 % (MOZART3) of the yearly
emitted NOy, in terms of nitrogen mass. Including the NOy reservoir species, the NOy perturbation spreads between 3.20 %
and 4.51 %, the main contributor being HNO3 (1.97-3.22 %), representing ~ 66—75 % of the NOy perturbation. Normalized to
1 TgN yr! of emitted NOx (called hereafter NEU, for NOy emission unit), the ozone perturbation ranges between 0.51 DU/NEU
(EMAC-NOy) and 0.90 DU/NEU (GEOS-Chem), i.e. between 5.6 and 10.0 TgOs/NEU. The values are similar between
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LMDZ-INCA and MOZART3. OsloCTM3 shows a higher mean sensitivity compared to EMAC-NOy although the
perturbation for EMAC-NOx mixing ratio reaches higher values (as seen later, in Fig. 5), which is due to the lower altitude of
the OsloCTM3 response (hence a greater mass perturbation) and to its wider vertical range. In comparison, Olsen et al. (2013)
and Brasseur et al. (2016) present the ozone burden sensitivity in 2006 to the NOx emissions from the Aviation Environmental
Design Tool (AEDT) inventory from the Federal Aviation Administration (FAA), with a spread between 2.8 and 11.2 Tg/NEU
from both offline and online models, and 6.7, 9.0 and 11.2 Tg/NEU from the three CTMs exclusively (respectively CAMS,
CAM4, and GEOS-Chem). Compared to the current study (5.6—10.0 Tg/NEU), the inter-model range is similar. The ozone
burden sensitivity is lower in our results than in these two studies, but the aviation NOx emission is 36 % greater in 2014-2018
(1.119 NEU) than in 2006 (0.812 NEU, as shown in Table 2 from Brasseur et al., 2016), thus leading the chemical conditions
closer to the NOy-saturated regime. Last, in both studies, GEOS-Chem is characterized by the highest response, with a higher
ozone sensitivity (11.2 Tg/NEU) than the current study (10.0 Tg/NEU).

Table 4: Ratios between the global burden perturbation and the NOx annual emissions. The aviation NOx emission unit (NEU) is
defined here as 1 NEU =1 TgN yr.

Unit EMAC-NOx LMDZ-INCA MOZART3 OsloCTM3  GEOS-Chem

ENOy NEU 0.982 1.119 1.105 1.084 1.402
AO3/ENOx Tg/NEU 5.59 8.32 7.84 6.71 10.0
AO3/ENOy DU/NEU 0.51 0.76 0.73 0.61 0.92

ANOy/ENO,x  TgN/NEU 3.20 102 4.42 10 3.75 10 3.94 10 4.51 10
ANO/ENOx  TgN/NEU 5.97 107 7.221073 8.47 107 7.17 107 7.32 107
AHNOs/ENOx  TgN/NEU 1.97 102 3.16 102 2.411072 3.03 1072 3.22 1072
Aerosols EMAC-aer
ABC/ENOy Tg/NEU 1.36 1073 0.335 - 0.184 0.331
ASO4/ENOx TgS/NEU 1.02 102 5.64 - 4.32 5.10
ANO3;/ENOyx  TgN/NEU 1.77 103 0.492 - 6.93 2.85

3.3.1 Seasonal cycles in the UTLS

Figure 1 displays Hovméller diagrams for several gaseous compounds. As the models can have different altitudes in the
maximum ozone response to aviation NOx emissions (as seen later for OsloCTM3 in Fig. 5), the vertical average is made
between 150 and 350 hPa to capture as much of the response for each model as possible. This section first describes the overall
features, then focuses on the model differences. The NOx response generally shows two seasonal maxima at northern
midlatitudes: a springtime maximum characterized by an impact extending northward into the Arctic, and a fall maximum. It
is worth noting that it contrasts with NOy emissions (Figs. S8—S10 in Supplement) with a winter minimum and a summer
maximum on average in the mid-latitudes. Depending on the model, the aviation-induced ozone response peaks between mid-
spring and early summer. Contrary to NOy, the mid-latitude OH response peaks during summer, which is consistent with the
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ozone response convoluted with moister conditions in the extratropical upper troposphere—lower stratosphere (Ex-UTLS)
during this season (e.g. Zahn et al., 2014; Cohen et al., 2025), and with more sunlight. At high latitudes, almost all the models
show a negative OH response concurrent with the poleward extent of the NOy response. The NOy response shows a springtime
maximum and a minimum during the end of summer. As for the global budget, the HNO3 response (not shown) contributes
the most to this NOy behavior, and, as a NOy reservoir, it might explain the summertime decrease in the NOy perturbation: as
the OH concentration reaches its maximum in summer, more NOy is converted into HNO;. The latter has a short lifetime
against scavenging, a sink likely increased in the lowermost stratosphere by mixing with the upper troposphere.
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Figure 1: Hovméller diagrams synthesizing the mean response of NOx, O3, OH and NOy (from top to bottom), for the five models
415 (from left to right). Each diagram consists of a vertical average between 150 and 350 hPa, the x and y axis displaying the months of
the year and the latitude, respectively. Please note the diverging colorbar for OH, as there are both positive and negative responses.

3.1.2 Geographical distributions in the UTLS
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Further details on the geographical distribution are available in Figs. 2 and 3, displaying the perturbations averaged between
150 and 350 hPa as in Fig. 1. We choose to display all the months that correspond to the minimum or maximum ozone
perturbation for at least one model, as shown in Fig. 1 where the ozone response is minimized in January for every model and
is maximized from April until June depending on the model. In the northern extratropics, the ozone perturbation is more
important in April for EMAC-NOy, in May for LMDZ-INCA, and in June for MOZART3, OsloCTM3, and GEOS-Chem.
Consistently between the five models, Fig. 2 shows that the NOy perturbation is located near the main emission zone above
North America, Europe, and the North Atlantic corridor, with a similar spatial pattern expected from the use of a similar
emission inventory, but with different magnitudes reflecting the intermodel variability in the chemical and physical background
conditions. These three areas mainly contribute to the midlatitude maximum highlighted in Fig. 1. The NOy perturbation
propagates eastward through the westerlies and/or the subtropical jet. Figure 3 shows a more homogeneous ozone perturbation
compared to NOy, as expected for a secondary pollutant. We still notice a geographical maximum above midlatitude Eurasia,
downwind from the main NOyx emission area. During May, the perturbation generally spreads northward to the pole. The
magnitude is stronger in LMDZ-INCA, MOZART3, and GEOS-Chem (on average: ~ 7 ppb, 8 ppb, and 7.5 ppb respectively)
than in EMAC-NOx (~ 4 ppb) and OsloCTM3 (~ 2.5 ppb) despite similar emission magnitudes, which is discussed later. In
April and May, the magnitude and distribution are particularly similar between LMDZ-INCA and MOZART?3 (with the same
local maximum near the Eurasian subtropical jet in April), then the responses diverge in June when the magnitude keeps
increasing for MOZART3 and decreases for LMDZ-INCA. The maximum response in OsloCTM3 is more localized and peaks
around 30°N above the Atlantic.
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Figure 2: Mean geographical distribution of NOx response to the aviation emissions averaged between 150 and 350 hPa, for January,
April, May and June (from left to right), for the models EMAC-NOyx, LMDZ-INCA, MOZART3, OsloCTM3, and GEOS-Chem

440  (from top to bottom). Geographical extrema are indicated in the bottom-left corner of each panel. The perturbation is rescaled with
respect to global aircraft NOx emissions for each model.
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Figure 3: Same as Fig. 2 for ozone.

3.1.3 Zonal cross sections

Vertical information is provided in Figs. 4, 5, and 6, which display the mean zonal cross section for NOy, ozone, and OH
perturbations respectively. In every species, the main perturbation takes place near the climatological altitude of the model
lapse-rate tropopause. In January, when the aviation-induced response is weakest, the perturbation is constrained around 40°N,
while in spring and summer months, the response includes the higher latitudes. The perturbation even peaks north from 40°N
for ozone, with the highest values generally in the lowermost stratosphere. An extension of the mean ozone perturbation is
visible at low latitudes (as for NOy, to a lesser extent), downward and equatorward, which can be linked to the aircraft
trajectories and to subsidence motions.
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Figure 6: Same as Fig. 4, but for OH.
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Some differences are well visible between the models. Contrasting with the ozone perturbation generally in the altitude range
of 8—12 km, the OsloCTM3 ozone response is located lower in the troposphere, in the range ~5—10 km. In June, these lower
altitudes in ozone perturbation are characterized by the strongest NOy perturbation in the LMS, with a zonal mean above 120
ppt at all latitudes beyond 45° N. By contrast, the other models do not reach 100 ppt (LMDZ-INCA, GEOS-Chem), or very
locally (EMAC-NOx, MOZART?3). In terms of mixing ratio, the maximum value of the ozone response ranges between 3.0
and 6.7 ppb in January, with three models relatively similar to each other (EMAC-NOy, LMDZ-INCA, and MOZARTS3, within
a range of 4.2-4.6 ppb). During the seasonal peak, the maximum value exhibits more discrepancies, with two models having
lower maxima (4.1 and 6.9 ppb for OsloCTM3 and EMAC-NOy respectively), two models having higher maxima (14.2 and
13.2 ppb for MOZART3 and GEOS-Chem), and one model having intermediate values (10.5 ppb for LMDZ-INCA). A
stronger summertime ozone perturbation with MOZART3 compared to EMAC-NOyx and OsloCTM3 has also been reported in
Sevde et al. (2014), with REACT4C emissions for 2006. Compared to the zonal cross sections shown in Fig. 5, we can compare
the ozone sensitivities between the two studies, after rescaling linearly the ozone perturbation in the former study to equalize
the NOy emissions with the CEDS emissions during 2014-2018. With MOZART3, the maximum ozone response during JJA
remains similar between the two studies, and 16 % lesser in DJF in the current study. With EMAC-NOy and OsloCTM3
however, still in the current study compared to Sevde et al. (2014), the maximum ozone response is substantially weaker in
both seasons (-38 % and -47 % in summer, and -39 % and -51 % in winter). Also, in the current study, the GEOS-Chem winter
and summer perturbations in ozone reach ~7 ppb in DJF and ~12 ppb in JJA, which compares well with Eastham et al. (2024).

In Fig. 6, each model shows a positive wintertime OH response centered at 30°N and located mainly below the tropopause. In
spring, the models generally exhibit a dipole structure with positive values centered near 40°N, mostly below the tropopause
as well, and a negative response at high latitudes in the LMS (further discussion on chemical mechanisms responsible for the
perturbation patterns is available below). The negative values are more pronounced with OsloCTM3, less pronounced with
EMAC-NOx, and insignificant with GEOS-Chem.

Concerning the studies that focus on the past decade (notably Sevde et al., 2014; Brasseur et al., 2016), one has to keep in
mind that the ozone perturbation does not increase linearly with the NOy emissions. This non-linearity can be explored with
ancillary runs from three models (LMDZ-INCA, MOZART3, and OsloCTM3) based on the same protocol, using a new
background run with 20% less aviation NOy emissions as described in Section 2.1. Table S2 in Supplement indicates the ratio
between the perturbation due to 100% of aviation emissions and to the upper 20% of aviation emissions, i.e. in the context of
a poorer and a richer NOx background, respectively. The ratio in the NOy response varies from 0.92 (MOZART?3) up to 1.04
(OsloCTM3), but the ratio for ozone is greater than 1 for all three models. It denotes a stronger sensitivity of about 10-20% of
03 to NOx emissions with the lower NOx background, which is consistent with a mostly NOy-limited regime. As a consequence,
Table S2 also shows that the aviation-induced decrease in methane lifetime is enhanced by a factor of 5% for OsloCTM3 and
9% for both LMDZ-INCA and MOZART3.

3.1.4 Involved chemical mechanisms

The causes for the spatial distribution of the ozone response have been investigated using the chemical production and loss
terms for ozone from the models that provided them as diagnostic output, i.e. EMAC-NOx and LMDZ-INCA. This paragraph
sums up the characteristics shown by most species represented in this study to discuss the processes that might explain the
ozone response. Figure S1 in Supplement shows the ozone production term reaching its maximum in the midlatitude UT where
the NOy emissions are the most important, and extending northward in spring-summer, but only in the UT. It excludes local
photochemical production as the source of the main O3 perturbation in the LMS, and suggests two other factors to explain this
pattern. First, the enhanced photochemical production in the UT tends to reduce the ozone vertical gradient (as background
ozone is less abundant in the UT than above) and, subsequently, the LMS O3 loss by cross-tropopause exchange through
turbulent mixing. Second, although the chemical loss term (Fig. S2, in Supplement) increases in the mid-troposphere as ozone
increases and water vapour remains relatively abundant (thus involving the reaction O('D) + H,O — 2 OH), the chemical loss
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term decreases in the high-latitude LMS during spring—early summer. The spatial correlation with OH (Fig. 6) suggests that
the ozone perturbation in the LMS is rather linked to lessened ozone destruction from the reaction O3 + OH — HO; + O,
despite the higher springtime ozone abundance due to the Brewer—Dobson circulation (e.g. Cohen et al., 2018). At these
altitudes, stratospheric ozone destruction is essentially caused by the HOx (= OH + HO) catalytic cycle (with a contribution
of ~ 80 % in June, see Brasseur and Solomon, 2005), involving the reactions:

O3+ 0OH — HO, + 0O, (Rl)

O3+ HO, — OH + 20, (RZ)

One can note that in the HOx catalytic cycle, Reaction R2 is specific to the lowermost stratosphere, as O('D) is too rare to
make the reaction O('D) + HO, — OH + O; significant, contrary to the middle and upper stratosphere. Concerning the OH
decrease in the LMS, we can relate it to the following reactions induced by the NOy injection:

NO + HO; — HNO; (R3)

NO, + OH — HNO; (R4)

These four reactions explain that aircraft NOy neutralizes the main ozone sink in this region. It is illustrated by enhanced NOy
levels extending into the polar LMS during the same season, and with HNOs increasing substantially (shown in Fig. S5 in
Supplement). As the primary pollutants emitted mainly in the midlatitudes have their response extending into the LMS in
winter as well (BC in Fig. 8, next section; SO» in Fig. S4, in Supplement), the wintertime confinement of the NOy response in
the midlatitudes cannot be due to transport only, which suggests a particularly short NOy chemical lifetime compared to the
poleward transport duration. During spring — summer, however, part of HNOj3 is photolyzed back to NOy, which can explain
the northward extension of the NO, response after the polar night.

3.1.5 Dependence on the chemical background

To explore the diversity in model responses to aviation NOy emissions further, the scatterplots shown in Fig. 7 display the
responses in ozone and OH versus the background concentrations of NOy, CHa, ozone, NOy, and H,O for each model. It
appears that the responses in ozone and OH in the UTLS are generally stronger in models with lower NOy (and lower NOy)
UTLS background, though this is not the only factor controlling O3 and OH sensitivities to NOx emissions. The OH response
is correlated with the ozone response, and with the H,O background if not for GEOS-Chem. It is higher with GEOS-Chem
notably because this model specifically does not show an OH negative response in the polar LMS. One possible explanation
comes from the spatial distribution in NOx emissions that differs between Flightradar24 and CEDS inventories as mentioned
in Section 2.2, leaving part of the emitted NOy evolving in different chemical regimes between GEOS-Chem and the other
models. On the opposite, the OH response is lower with EMAC-NOy as both the ozone response and the H>O background are
relatively low. The OH response is comparable between MOZART3 and OsloCTM3, because of their strong negative response
in the LMS, as seen in Fig. 6. The net OH response is higher with LMDZ-INCA (as expected from Fig. 6), characterized by a
stronger positive response in the mid-latitudes and a weaker negative response in the high-latitude LMS. This positive OH
response is consistent with the H>O tropospheric background being the greatest in LMDZ-INCA, though the hydroperoxyl
radical (HO») is another source of OH in the UT, which we did not investigate here. Last, we do not see any clear signal linking
the perturbations to the background in methane or ozone, at least with our method, as the interpretation of these scatterplots
remains limited. Concerning EMAC-NOy, we notice that, as indicated in the companion paper (Cohen et al., 2025), the UTLS
is the driest compared to the other models, though the LMS is the moistest. As done in Cohen et al. (2025), treating the UT
and LMS separately with a daily resolution could highlight some links between these chemical species.
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3.2 Aerosols

Four models investigated the impact of aircraft emissions on aerosols. The LMDZ-INCA and OsloCTM3 models share the
common protocol, GEOS-Chem follows a similar set-up (Quadros et al., 2025), while the EMAC-aer model is represented by
the output from Righi et al. (2023) with a substantially different simulation set-up (see Section 2.2). The contribution of
aviation to atmospheric aerosols is shown in Figs. 8—10. It is shown for the same months as for gaseous species for consistency,
though it is not optimal for every species. It is worth reminding that the EMAC-aer model is more accurate (as it is equipped
with a detailed two-moment aerosol microphysical scheme) than the other models (characterized by simpler aerosol
representations). Also, the EMAC-aer model is not used with a QCTM mode, hence the existence of negative values in BC
and SO4 due to changes in dynamics and physical processes. For these two species, the models generally show a maximum in
the UTLS as for NOx, in terms of zonal cross sections. OsloCTM3 has a much weaker response in the UTLS. For BC, all the
models exhibit a local maximum at the mid-latitude surface, due to the take-off and landing phases (in Northeast America,
Europe, and East Asia), and possibly to subsidence. The LMDZ-INCA and GEOS-Chem models show similar responses, with
amaximum in April. All the models except OsloCTM3 show a summertime minimum for BC. The sulfate perturbation reaches
its maximum at high latitudes in May with LMDZ-INCA and EMAC-aer, and in July with GEOS-Chem (shown in Fig. S7 in
Supplement). The SO4 seasonality is similar to the ozone seasonality, as photochemistry increases and promotes further the
conversion of sulfur dioxide (SO>) into SO4, thus enhancing the formation of sulfate aerosol, as explained in Terrenoire et al.
(2022) and Prashanth et al. (2022). For both BC and SO4, the EMAC-aer model has a much stronger response, in the UTLS
but also in the whole free troposphere. In this model, the maximum shifts from the lower free troposphere in winter up to the
UTLS in summer. Most differences between EMAC-aer and the other models are consistent as EMAC-aer is the only model
including the Aitken mode in the aerosol size distribution of aircraft emissions, and with an important proportion (91 % of
emitted soot, and of primary sulfate particles, as supported by observations: Petzold et al., 1999; Mahnke et al., 2024), except
the sulfate maximum in GEOS-Chem (July) that reaches higher levels than EMAC-aer.

The model diversity in aviation-induced aerosol abundances can be caused by a number of factors, such as the BC lifetime.
The global mean BC lifetime we calculate in this study (Table S1) is comparable between EMAC-aer (7.7 days) and LMDZ-
INCA (8.0 days). It is shorter in GEOS-Chem (5.1 days), and in OsloCTM3 (4.6 days), closer to the estimation of 5.5 days
proposed in Lund et al. (2018b) to minimize the bias in BC concentration in the Arctic, though it remains a first-order metric
which does not account for the important regional disparities, or the emission source. In the UTLS specifically, OsloCTM3
has the lowest background in BC, and also ammonia and SO> (Table S1), which tends to decrease further the SO4 and NO3
responses with this model. As OsloCTM3 performs well in reproducing CO and water vapour in the UT against [AGOS
measurements (Cohen et al., 2025) while the other models are generally biased low, transport from the surface is unlikely to
explain this discrepancy. It is rather linked to a stronger scavenging at high latitudes (Lund et al., 2018a). The global BC
background in the UTLS shown in Table S1 is one order of magnitude higher with LMDZ-INCA, with 38 Gg compared to
1.54-3.95 Gg, whereas the BC response is similar between LMDZ-INCA and GEOS-Chem, and lesser than EMAC-aer. This
discrepancy between LMDZ-INCA and the other models in the UTLS burden might be due to different parameterizations
regarding convection and precipitation for BC emitted at the surface, as well as different representations of the BC solubility
and size distribution, that control the BC transport up to the upper troposphere and deposition. The total burden is however
similar between EMAC-aer (0.166 Tg) and LMDZ-INCA (0.169 Tg), hence their comparable BC lifetimes. It is characterized
by a stronger burden in the UTLS and in the stratosphere for LMDZ-INCA compensated by a stronger burden in the lower
troposphere for EMAC-aer. Compared to observations from aircraft campaigns, most models participating to the AEROCOM
intercomparison project overestimate BC mass mixing ratios in the UTLS (Koch et al., 2009; Schwarz et al., 2013). Schwarz
et al. (2013) notably showed an overestimation by a factor 6-20 above 300 hPa, in global average, for the models participating
to the second phase of AEROCOM. Kaiser et al. (2019) concluded that EMAC with MADE3 (here EMAC-aer) was closer to
the observations in the UT than the AEROCOM II model average, though the ultrafine particle number concentration tends to
be overestimated at these altitudes.
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For NOs, three models (LMDZ-INCA, GEOS-Chem, and EMAC-aer) show a positive response with a vertical shape in the
midlatitude, along the whole tropospheric column, and with a peak in May, in the free troposphere. OsloCTM3 also exhibits a
positive NOs perturbation at the same latitudes, but only in the lowermost troposphere, and with a vertically broad peak in
January, centered on the middle troposphere. For LMDZ-INCA and EMAC-aer, the perturbation is characterized by a dipolar
structure, with negative values in the high-latitude lowermost stratosphere. According to the explanation provided by
Terrenoire et al. (2022) and Righi et al. (2023), both sulfate and nitrate combine with the background gaseous ammonia to
form aerosol, respectively via the formation of ammonium sulfate and ammonium nitrate. Given that NH3 is limited in the
UTLS, and that SOj4 reacts faster with ammonia than NOs, the (NH4)2SO4 formation in this region results in a decrease in
ammonium nitrate aerosols. On the contrary, in the lower troposphere, ammonia is abundant such that the SO4 perturbation is
not sufficient to compete with NOj in the aerosol formation.

In the literature, studies including aerosol perturbations from aviation are fewer than for the gas phase. Among the studies
using different models than this paper, Unger et al. (2013) present the same spatial pattern in annual means (in their Fig. S2(a)),
with a SO4 perturbation maximum in the UTLS and visible effects from subsidence, and a dipole in the NO3 perturbation.
Once rescaled up to 2014-2018, the values are higher than most of our models, with a cruise maximum between 14 and 28 ng
m™ for SO4 (6, 11, 13, and 23 ng m™ in our study) and between 70 and 140 ng m™ (-70 and -140 ng m™) for NO; in the
extratropical UT (in the high-latitude LMS). Concerning sulfur, Kapadia et al. (2016) uses the TOMCAT CTM and shows that
the impact of sulfur content in aircraft fuel increases SO4 in the high-latitude UTLS up to 6-7 ng m™ averaged over the year
2000, which would correspond to 7.9-9.2 ng m™ once rescaled up to the NOx emissions used in our study. It is comparable to
our intermodel range, in the lower part, but does not include the SO4 produced from non-aviation SO,.

It is worth mentioning the aviation impact on surface concentrations as represented by these models, shown in Figs. S11-S13.
The surface is represented by the lowermost level (up to ~60 m, 70 m, 20 m, and 130 m for EMAC-aer, LMDZ-INCA,
OsloCTM3, and GEOS-Chem respectively). As in Righi et al. (2023), we performed a t-test on EMAC-aer output in order to
assess the significance of the perturbation against the interannual variability. We choose to show only the gridcells where the
perturbation is characterized by a p-value lesser than 0.05, consistently with Righi et al. (2023). On average in the period of
interest, the BC seasonal maxima at the surface are located at the eastern and western coasts of the US, in Europe, and, to a
lesser extent, in East Asia (Fig. S11). These maxima are generally at ~1 ng m~ except for EMAC-aer, which maxima reach ~
4 ng m-3 in the eastern US, Europe and around the Mediterranean basin. The increase in the other two aerosol compounds is
more significant by mass. SO4 perturbation takes place in western Europe, US, and the subsidence regions as North Africa—
Middle East with a summertime average of ~35-45 ng m™ (70-90 ng m™ for EMAC-aer). For NO;, the impact is generally
stronger in winter in North America, western Europe, South Asia, and East Asia. The latter reaches wintertime NO3
perturbations of 100-460 ng m. As for the UTLS, the differences between EMAC-aer and the other models are large, which
suggests an important sensitivity of both climate and air quality impacts to the size of emitted aerosols (as discussed in
Gettelman and Chen, 2013; Righi et al., 2013), and highlights the need for another model intercomparison with a more accurate
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aerosol parameterization in the model ensemble.
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25



EMAC-aer - Jan
Pgg = 10
POl =0

50 50
? Pgg = 29

P()l =

100 100

EMAC-aer - Apr

50- EMAC-aer - May 50

ng =39
P[)]_ =0

EMAC-aer - June
ng = 36 20
POl = 0

100

© —_
& E
& £
© 200 200 200 200 o
5 107
£ 400 400 400 400 <
600 600 600 600
800 .l 800 i 800 ”800
1000%60- s B 60°N12%0 60cs  EQ 60°N1090 605  EQ 605 N 1000
50 LMDZ-INCA - Jan LMDZ-INCA - Apr 50 LMDZ-INCA - May
Pgg = 7 20
Po1 =
100
e 15E
& S
o 200 200 [
=1 107
z £
[} =
£ 400 400 | <
5
600 600 600
300 800 800
1000%¢0eg EQ 60°N %0 60°s EQ 60°N 1290 600 s 60° N 1000 60°S EQ 60°N
50 0sloCTM3 - 0sloCTM3 - Apr 50 ()slo(,T.\/LS - May
100
< =
A £
= &
© 200 200 @
2 E
0 =1
o =
£ 400 400 400 <
600 600
800 800 800
1000 0o s EQ 60°N 000" 6055 EQ 60°N 60°S EQ 60°N 60°S EQ 60°N
50 GEOS-Chem - GEOS-Chem - Apr GEOS-Chem - Ma GEOS-Chem - June
| 20
100
© 15~
[o¥ £
& £
o 200 200 o
5 107E
@ S
o =
£ 400 400 400 400 <
600 600 600 600
800 ! 800 800 800
1000%65es ro  60°N 1990 60°s Eo  60°N 190 60cs EQ  60°N1°%0760°s FO  60° N
Latitude Latitude Latitude Latitude
-~ O
2 3 4 5 7 10 13 18 25 35

SO4 change (ng/m?)
640  Figure 9: Same as Fig. 8, but for aerosol sulfate. Please note the logarithmic scale in the color bar.

26



EMAC-aer - Jan

EMAC-aer - Apr

EMAC-aer - May

EMAC-aer - June

50 50 50 = 50
Pgg = 0 Pgg = 13 Pgg = 53 " Pgg = 19 20
~P01 =-3 ,P()l =-13 P()l =-21 P01 =227
100 100 100 \ 100
= s
2% £
) =]
o 200 200 200 200 P
5 | <
1 3 =
o} =
£ 400 400 400 }400 <
4 5
600 600 ' 600 600
800 . 800 .. 800 ¥ lsoo
10007602 g EQ  60°N 100055 5 EQ 60°N 1000 055 EQ  60°N 0007600 5 EQ  60°N
LMDZ-INCA - Jan LMDZ-INCA - Apr LMDZ-INCA - May .. LMDZ-INCA - June
50 50 50 .50 3
Pgg = 0 Pgog =5 Pgg = 22 Pgg = 6 20
P01 =5 POl = -11 P01 = -13 P01 = -13
100 100 100 100
© 15
& £
) | =
o 200 200 200 200 Il o
5 10T
A =
[0} I 5
£ 400 400- 400 400 | <
5
600 600 600 600 I
800 800 800 800
1006 re 5 EQ 60°N 1000 e 05g EQ 60°N 10007 60eg EQ 60°N 100076555 EQ 60°N
OsloCTM3 - Jan 0sloCTM3 - Apr OsloCTM3 -May  _, OsloCTM3 - June
50 50 50 50 :
Pgg = 23 Pgg = 5 Pgo =4 Pgg = 6 20
Pp1 =0 Po1 =0 Po1 =-1 Por =0
100 100 100 1100
T 15~
: g
@ 200 200- 200 200 ®
E 107
w Pt
8 = < £
& 400 400 400 400 <
-
D
600 600- 600 600
800 | 800- y 800 800 'L
1000760: s EQ  60°N 120 60°s EQ 60°N1990 6ocs EQ 60°N1990 60°s EQ  60°N
GEOS-Chem - Jan GEOS-Chem - Apr GEOS-Chem - May ., GEOS-Chem - June
50 50 50 50
Pgg = 15 Pgg = 29 Pgg = 44 Pgg = 26 20
Ppy = -1 Py = -1 Po1 = -1 Eor =52
100 100- 100 100 :
= 115
3 E
o 200 200 200 1200 o
@\ 2 - =
& 400 400 400 400 <
5;
600 600 600 600
800 800- 800 v | 800
1000 o s 1000 % ~—no o 1000 s o 1000 2 5 T
60° S EQ 60° N 60° S EQ 60° N 60° S EQ 60° N 60° S EQ 60° N
Latitude Latitude Latitude Latitude
-51 -39 -26 -13 0 13 26 39 51

NOj3 change (ng/m?)

Figure 10: Same as Fig. 8, but for aerosol nitrate.
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4. Radiative impact of aviation emissions

Finally, we show the estimated radiative impact of the atmospheric composition responses described in Section 3. The
sensitivity of the radiative forcing to mixing ratio responses at different altitudes and locations is heterogeneous for both ozone
and aerosols, for example with the highest RF per DU response for ozone in the tropical upper troposphere (Skeie et al., 2020,
Fig. S1). Figure 11 shows the global annual average vertical profiles of the aerosol (aerosol-radiation interaction only) and
ozone instantaneous RFs (i.e. without ERF scaling). This provides additional information about how the responses in
concentration (e.g. Fig. 1) relate to the resulting radiative forcing. For ozone, the models show a similar vertical profile, but
with different magnitudes and small variations in the altitude of the peak ozone response (Fig. 11f). The high RF sensitivity to
ozone response in the upper troposphere (compared to the lowermost stratosphere) means that although the magnitude of ozone
concentration response in OsloCTM3 is lower than in EMAC-NOx (Fig. 5), the resulting RF is larger for OsloCTM3 since the
response occurs in a more sensitive region. Similarly, while the peak (June) ozone concentration responses are similar in
GEOS-Chem and MOZART, GEOS-Chem exhibits a stronger response to aviation emissions in most other months (Fig. 1)
resulting in a substantially stronger ozone forcing in the peak ozone response region.

For aerosols, there are substantial differences not only in magnitude but also in the relative role of individual aerosol species
across the models, as seen in the vertical profiles in Fig. 11a—e. These largely follow the model differences in underlying
aerosol concentrations, with large SO4 responses in EMAC-aer and NOs responses in OsloCTM3. The net NO3 responses in
EMAC-aer and LMDZ-INCA are smaller, likely due to a negative response in the high-latitude lowermost stratosphere that
compensates part of the NO; production. While the spread in ozone RF mainly arises from differences in the UTLS region,
there are important contributions to aerosol forcing and thus model diversity extending through the troposphere, particularly
for SO4 and NOs. The RFs shown in Fig. 11 and discussed in this section are converted to ERFs to enable comparison with
other studies in the following paragraphs (see Sect. 2.3). It is worth noting that in our modelling set-up, the nitrate particles
forcing is not only related to aircraft NOx emissions driving the formation of ammonium-nitrate particles (NH4NO3). It is also
affected by the oxidation of sulfur dioxide (SO,) into sulfate particles due to NOx-induced OH formation. This additional
sulfate then collides with ammonia to form ammonium-sulfate particles ((NH4)2SOs), thus competing with nitric acid to react
with ammonia, and thus to form nitrate aerosol. Terrenoire et al. (2022) show that the nitrate forcing is more negative (or less
positive) when one accounts for the aircraft NO, effect on aerosols. With this limitation in mind, we note that the nitrate forcing
reduces the net NOy forcing from a model mean of 18.3 mW m™2 to 11.9 mW m™.
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We estimate a global mean aviation NOy-induced ozone ERF between 28 and 56 mW m (Fig. 12a, Table S3). GEOS-Chem
shows the strongest response, while EMAC-NOx shows the weakest, which is consistent with the ozone concentration
responses shown in Figs. 1 and 5. Figure 12a also shows the global mean net NOy ERF due to the longer-term decreases in
CHa, ozone, and stratospheric H,O. The relative response of these forcers between models is similar to that for short-term
ozone, with the strongest ERF found for GEOS-Chem, although OsloCTM3, EMAC-NOy, and MOZART3 simulate more
similar long-term net NOx ERFs than for the short-term ozone. The estimated ERF due to aviation NOy-induced changes in
CHy4 ranges from -34 to -18 mW m2. The spread reflects differences in the modeled methane lifetime and mean OH
concentration (Table 5). The results from EMAC-NOx, MOZART3, and OsloCTM3 are close to each other, with a range of -
1.22 to -1.26 % (TgN yr!)! in methane lifetime. The sensitivity is ~30% higher with LMDZ-INCA, both because of a
substantially greater background in CH4 (744 TgC compared to 614-651 TgC from these three models, see Table S1 in
Supplement) and a stronger OH sensitivity (see Fig. 7). The GEOS-Chem sensitivity is ~90 % greater, with a lower methane
background outweighed by more OH production.

Overall, we estimate a positive net aviation NOx ERF in these model experiments, with a multi-model mean value of 18.3 mW
m2 and a range from 9.4 to 24.5 mW m™. The strongest ERF is estimated by MOZART3, despite the individual ozone and
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CHj4 contributions being strongest in GEOS-Chem, due to these effects partially cancelling each other. EMAC-NOy simulates
the weakest net NOx ERF, followed by OsloCTM3 and LMDZ-INCA.

x  Net NOx B Long-term ozone x  Net ERFari NO3
Short-term ozone WM Stratospheric H20 Em BC m S04
60 CH4 direct s OC
5_
40
. - - .. .
~N
! S
E 20 x
= x x % % -5
1S x -
—_
L 0 5 -10
& %
[ [ ]
= L .
EMAC-NOX LMDZ-INCA OsloCTM3 GEOS-Chem MOZART3 EMAC-aer  LMDZ-INCA  OsloCTM3  GEOS-Chem

Figure 12: Global mean ERF from aviation emissions in the present day for a) net NOx emissions, comprising short and long-term
ozone, methane and stratospheric water vapour, and b) aerosol-radiation interactions (ERFari), comprising contributions from BC,
OC, NOs and SO4.

Myhre et al. (2011) calculated a net NOy ERF of +6 + 5 mW m2 in the AIR experiment (100% reduction of year 2000 aviation,
four models), compared to our estimate of 18.3 [9.4; 24.5] mW m. Terrenoire et al. (2022) calculated an ERF of 14.8 mW m"
2 for 2018 total aviation fuel with the LMDZ-INCA model. Lee et al. (2021) derived an estimate of 17.5 mW m? (90%
likelihood range [0.6, 29] mW m™) from Lee et al. (2021) based on 18 models from 20 studies, normalized to 2018 levels.
When normalized to account for differences in NOx emissions, the corresponding values from Myhre et al. (2011), Terrenoire
et al. (2021), and Lee et al. (2021) are 8 £ 7 mW m2, 11.6 mW m™, and 13.7 [0.5, 23] mW m?, respectively. The modeled
range of net NOy ERF in this study is smaller than found by Myhre et al. (2011) and Lee et al. (2021), indicating that our five
models may not represent the full spread of model diversity, though implementing a common protocol contributes to the
reduction of this variability by eliminating some degrees of freedom. Also, normalizing with respect to the NOx emissions
does not account for nonlinearities in the NOx ERF, which might be significant between two years with substantially different
emissions (e.g. 2018 vs 2000).

Figure 12b shows the global mean component and net RF from aerosol-radiation interactions in the four models that provide
aerosol information (with values provided in Table S4). We estimate a multi-model mean ERF from aerosol-radiation
interactions (ERFari) of 2.9, -0.4, -7.8, and -6.3 mW m for BC, OC, SO4 and NO;, respectively. The mean net ERF,; from
these simulations is -11.6 mW m™, with large model diversity in magnitude and dominant aerosol species, as shown in Fig.
11. Lee et al. (2021) gave a best estimate of aviation BC ERF,yi of 0.94 mW m?, with a 90% likelihood range of 0.1-4.0 for
2018 emissions. This is close to our weakest estimate of 0.82 mW m™ (OsloCTM3), with our multi-model mean within their
range. Our estimated SO4 ERF,; is close to the best estimate of -7.4 mW m? from Lee et al. (2021). Fewer studies have
considered the effect of aviation nitrate. With a similar set-up as in the current work, Prashanth et al. (2021) calculated a net
RF of -0.67 mWm™ with GEOS-Chem, and Terrenoire et al. (2022) a net RF of 0.14 mWm™ with LMDZ-INCA. Among the
two studies mentioned in Brasseur et al. (2016) regarding NO3 RF in 2006 (that we rescale up to 2014-2018), Unger et al.
(2013) calculate a net RF of -4.0 £1 mW m2 (-5.5 +1.4 mW m) with the GISS-E2 model, and the IGSM model calculated a
net RF of -7.5 mW m? (-10.3 mW m). This low number of estimations and their high variability highlight the need for
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additional modelling experiments, with the most recent model versions, and with a constraining protocol for the simulation
setup.

We note that these are not complete estimates of aerosol radiative forcing: aerosol-cloud interactions are not included here.
Aerosol-cloud ERF currently has no best estimate due to high uncertainty in the underlying process representation in the
models. For the impact of aircraft particles on low-level clouds, Righi et al. (2013) found an RF range from -70 to -15 mW m~
2, depending on the assumptions on the size of the particles. A similar dependency was also found by Gettelman and Chen
(2013) who reported a range from -164 to -23 mW m. This effect also depends on sulfur emission altitudes (Kapadia et al.,
2016; Matthes et al., 2021). For soot-cloud interactions, uncertainties are even larger, with a wide range of values reported by
different studies, with disagreement both in magnitude and sign, including several studies reporting a statistically non-
significant effect (see Righi et al., 2021 and references therein). This depends on the models used, with different representation
of the ice formation process and different assumptions on the ice-nucleating properties of aviation soot. In a very recent model
study supported by laboratory measurements on the ice-nucleating properties of aviation soot, Righi et al. (2025) found a non-
statistically significant ERF for aviation soot-cloud interactions. Lastly, the other major component of the ERF from aviation
emissions here is contrail cirrus formation, which could not be simulated within the current capability of the models used in
this study. Lee et al. (2021) estimated the contrail cirrus ERF as 57.4 [17, 98] mW m™.

Table 5: Background values and perturbations (both absolute and normalized to the aviation NOx emissions) in the tropospheric
methane lifetime (TCHa4) and the OH concentration. As a reminder, we define the NOx-emission unit as 1 NEU = 1 TgN yr-l.

Model EMAC-NO, LMDZ-INCA MOZART3 OsloCTM3 GEOS-Chem
TCH, (year), REF 7.8 8.0 8.3 75 9.1

ATCH, (month)  -1.31 -1.75 -1.36 -1.23 -2.88
ATCH4/ENO, -1.26 -1.62 122 122 235

(% NEU™)

AOH (%) 1.6 2.7 1.8 1.7 3.4

(P > 50 hPa)

5. Summary and conclusion

In light of increasing air traffic, we perform and document a new multi-model assessment of the atmospheric composition
response to aviation NOx and aerosol/aerosol precursors emissions, and the associated radiative forcing of climate, notably
providing the first model intercomparison on the impact of aviation on nitrate aerosol. The purpose is to refine estimates of the
impact of aviation by limiting differences between the models in their implementations, for a better understanding of the
intermodel variability in the results. We present a model intercomparison involving five state-of-the-art chemistry-transport
models (CTM) or chemistry-climate models (CCM). For this study, each participating model provides a set of present-day
runs, including at least one reference run with all the anthropogenic emissions, and one perturbation run without aviation
emissions. The models use the same anthropogenic and biomass-burning emission inventories, and most of them use the same
aircraft emissions. The models used to estimate the impact of aviation-induced aerosols are also applied to the gaseous phase,
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thus maximizing the consistency between the estimates for gaseous and aerosol species. For all models, the effective radiative
forcings are calculated with the same radiative code, the same grid, and the same feedback factors.

Several similarities between the models are encouraging regarding our understanding of the chemical sensitivity to aircraft
emissions. For both gaseous and aerosol species, the main perturbation generally occurs at flight cruise altitude, in the
extratropical UTLS, around 10 km above sea level. For gaseous species, the NOx and ozone responses show a good agreement
across the models in terms of both seasonal and spatial patterns. Seasonally, the models show lower values in January and
higher values in spring—early summer, though the latter can take place in April, May, or June, depending on the model.
Geographically, all the models present a NOy response maximum (85—112 ppt) near the area of highest flight density (Europe,
North Atlantic corridor, and eastern US, all of them in the mid-latitudes), and a moderate perturbation (> 40 ppt) confined to
the northern mid-latitudes in winter, and expanding horizontally into the polar LMS in spring—early summer. Across the
models, an ozone response maximum is consistently simulated following the NOy perturbation (2.3-5.8 ppb in January, 3.8—
8.8 ppb in April-June), although the mechanism linking NOy to ozone differ between the upper troposphere and the lowermost
stratosphere. For each TgN of emitted NOy throughout the year, the response of global ozone burden ranges between 5.6 and
10.0 Tg, and the methane lifetime perturbation ranges between -1.2 and -2.9 months (-1.75 month without the most sensitive
model). Our results suggest that the different background composition at cruise altitudes across the models, notably in NOy
and humidity, is a relevant factor for explaining the different magnitudes of the model responses in OH concentration and
methane lifetime. Based on these experiments, we estimate a multi-model mean net aviation NOy ERF of 18.3 mW m™, with
a range from 9.4 to 24.5 mW m™. Using the same protocol applied to the models, our estimate and range of net NOx ERF,
along the relative contribution from ozone, methane, and water vapor changes, are consistent with previous studies when
normalized to present-day emissions. Thus, despite several studies and model development, robust assessment of the effects
of aviation NOyx emissions remains challenging and in need of novel strategies. The multimodel approach remains particularly
important as the model assessment in Cohen et al. (2025) emphasizes that no single model shows best skill in all the species
and regions.

Aerosol species show a larger variability across models than is the case of gaseous species, in terms of global burden responses
and distributions. It can be explained with the significantly larger spread in model complexity compared to the NO
experiments, as most of the models are characterized by a relatively simple aerosol scheme. The contribution from aviation
emissions to black carbon (BC) differs by up to a factor 8 across the models, and sulfate (SO4) varies by up to a factor of 2.
The combined radiative effects from these two species remain similar across the models, each species compensating for the
difference of the other one. Last, nitrate (NOs) varies substantially with a factor of 14 between the most and the least sensitive
models (reduced to a factor ~2 if excluding the model with the strongest response to aviation emissions). While the spatial
patterns of BC and SO, tend to be similar across models, with a noticeable impact on the UTLS (except one model), the NO3
patterns can differ radically across the models and, notably, only two of four models simulate a negative perturbation in the
polar LMS. A noticeable impact is identified on surface concentrations for SO4 and NO; for all the models, at least during one
season. The net aerosol ERF,y; varies between -6.5 and -17.8 mW m™ (multi-model mean of -11.6 mW m2), with the formation
of sulfate and nitrate particles that reduces the net NOy forcing by 43 % and 35 %, respectively. However, we also note that
there is a factor 8 difference between the highest and lowest NO; forcings estimated. Moreover, relatively few studies have so
far explored the role of aviation nitrate aerosols. While the direct effects of aerosols from aviation is sometimes argued to be
small, our multi-model mean estimate of aerosol forcing is close to but of opposite sign to the net NOx ERF. Further work to
increase the amount of data and improve the understanding of the spread in simulated aerosol distributions is needed to
constrain knowledge of the contribution from aerosols to the climate effect of aviation.

The discrepancies shown in this study highlight the need for a better understanding of gaseous components involving NO,
partitioning as it differs substantially through the models (Cohen et al., 2025), crucial to understand the role of oxidized
nitrogen in atmospheric chemistry and climate (Wei et al., 2025). It also highlights the need for further modeling experiments
on the aerosol parameterization as scavenging (depending on solubility and precipitation), their size distribution, the mixing
state, and heterogeneous chemistry that also involves scavenging, as nitric acid (HNO3) is a soluble precursor of nitrate aerosol.
Further observations are needed for an assessment of the background aerosol properties. Understanding and reducing spread
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in modeled atmospheric concentrations is also a key step in constraining estimates of the present-day aviation-induced climate
effects. This is increasingly important as proposed mitigation measures for the sector, such as alternative fuels, will affect not
only CO; but also non-CO; emissions. Understanding the current impact is critical for assessing the net effect of future
mitigation. Last, the future responses following several scenarios, along with sensitivity to the background chemical
composition, will be investigated in a companion paper (Staniaszek et al., 2025).

Code and data availability

The output of the simulations from the models EMAC-NOy, LMDZ-INCA, MOZARTS3, and OsloCTM3 is available at
https://doi.org/10.5281/zenodo.16949722 (Cohen, 2025). The output from EMAC-aer is available at
https://doi.org/10.528 1/zenodo.8134336 (Righi, 2023), and the output from GEOS-Chem is available at
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Author contributions

YC designed the study, and DH designed the modelling protocol shared by the models. The simulation output was provided
by SM and RT for EMAC-NOy, YC and DH for LMDZ-INCA, AS for MOZART3, MTL for OsloCTM3, MR for EMAC-
aer, and FQ and ID for GEOS-Chem. YC created the multimodel product used in this study. YC calculated the chemical
perturbations, and ZS calculated the associated effective radiative forcings. The paper was mainly written by YC (Section 4
was written by ZS) and reviewed, commented upon, edited, and approved by all co-authors.

Competing interests

The contact author has declared that none of the authors has any competing interests.

Acknowledgements

MTL acknowledges funding by the Research Council Norway (grant no. 300718 Aviate) and the resources from the National
Infrastructure for High-Performance Computing and Data Storage in Norway (grant no. NN9188K). The LMDZ-INCA
simulations at LSCE were performed using high-performance computing resources from GENCI (Grand Equipement
National de Calcul Intensif) under project nos. gen2201. The EMAC model simulations were computed at the German
Climate Computing Center (DKRZ). AS was also supported by the United Kingdom Department for Transport. We thank
the French government agency “France Travail” for funding YC, thus letting him the opportunity to publish this paper in
parallel with his position research.

Financial support

This research has been funded by the European Union Horizon 2020 Research and Innovation programme, within the
framework of the ACACIA (grant agreement no. 875036) project, by the German Federal Ministry for Economic Affairs and
Energy (formerly Federal Ministry for Economic Affairs and Climate Protection) via the Luftfahrtforschungsprogramm
(LuFo VI, FZK 20M2111A) for funding the D-KULT project. Wand by the Direction Générale de 1'Aviation Civile (DGAC,
grant agreement no. DGAC 382 N2021-39), under the ClimAviation project.

33


https://doi.org/10.5281/zenodo.16949722
https://doi.org/10.5281/zenodo.8134336
https://esd.copernicus.org/articles/14/835/2023/#bib1.bibx64
https://esd.copernicus.org/articles/14/835/2023/#bib1.bibx64
https://doi.org/10.4121/79395594-9c12-451a-9f59-081db67605e0

840

845

850

855

860

865

870

875

880

References

Arias, P., Bellouin, N., Coppola, E., Jones, R., Krinner, G., Marotzke, J., Naik, V., Palmer, M., Plattner, G.-K., Rogelj, J.,
Rojas, M., Sillmann, J., Storelvmo, T., Thorne, P., Trewin, B., Achuta Rao, K., Adhikary, B., Allan, R., Armour, K., Bala, G.,
Barimalala, R., Berger, S., Canadell, J., Cassou, C., Cherchi, A., Collins, W., Collins, W., Connors, S., Corti, S., Cruz, F.,
Dentener, F., Dereczynski, C., Di Luca, A., Diongue Niang, A., Doblas-Reyes, F., Dosio, A., Douville, H., Engelbrecht, F.,
Eyring, V., Fischer, E., Forster, P., Fox-Kemper, B., Fuglestvedt, J., Fyfe, J., Gillett, N., Goldfarb, L., Gorodetskaya, 1.,
Gutierrez, J., Hamdi, R., Hawkins, E., Hewitt, H., Hope, P., Islam, A., Jones, C., Kaufman, D., Kopp, R., Kosaka, Y., Kossin,
J., Krakovska, S., Lee, J.-Y., Li, J., Mauritsen, T., Maycock, T., Meinshausen, M., Min, S.-K., Monteiro, P., Ngo-Duc, T.,
Otto, F., Pinto, I., Pirani, A., Raghavan, K., Ranasinghe, R., Ruane, A., Ruiz, L., Sallée, J.-B., Samset, B., Sathyendranath, S.,
Seneviratne, S., Sorensson, A., Szopa, S., Takayabu, 1., Tréguier, A.-M., van den Hurk, B., Vautard, R., von Schuckmann, K.,
Zachle, S., Zhang, X., and Zickfeld, K.: Technical Summary, pp. 33—144, Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, https://doi.org/10.1017/9781009157896.002, 2021. [Climate Change 2021: The Physical
Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change: Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I.
Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelek¢i, R. Yu, and B. Zhou
(eds.)]

Baughcum, S. L., Tritz, T. G., Henderson, S. C., and Pickett, D. C.: Scheduled Civil Aircraft Emission Inventories for
1992: Database Development and Analysis, NASA CR-4700, p. 205, 1996.

Bellouin, N., Bickel, M., Burkhardt, U., Cohen, Y., Dedoussi, 1., Dollner, M., Fuglestvedt, J., Gettelman, A., Gierens, K.,
Grewe, V., Hahofer, J., Hauglustaine, D., Hendricks, J., Kanji, Z., Kércher, B., Krdmer, M., Lee, D., de Leon, R. R., Li, Y.,
Lohmann, U., Lund, M. T., Maruhashi, J., Matthes, S., Paoli, R., Penner, J., Petzold, A., Quaas, J., Quadros, F., Righi, M.,
Samset, B., Skowron, A., Terrenoire, E., Tesche, M., Unterstrasser, S., Voigt, C., and Weinzierl, B.: Assessment of the
uncertainty in the effective radiative forcing of aviation: nitrogen oxide emissions, contrail cirrus formation, and aerosol-cloud
interactions [to be submitted].

Berntsen, T. K., and I. S. A. Isaksen (1997), A global three-dimensional chemical transport model for the troposphere: 1.
Model description and CO and ozone results, J. Geophys. Res., 102(D17), 21239-21280, doi:10.1029/97JD01140.

Bey, L., D. J. Jacob, R. M. Yantosca, J. A. Logan, B. D. Field, A. M. Fiore, Q. Li, H. Y. Liu, L. J. Mickley, and M. G. Schultz
(2001), Global modeling of tropospheric chemistry with assimilated meteorology: Model description and evaluation, J.
Geophys. Res., 106(D19), 23073-23095, doi:10.1029/2001JD000807.

Boucher, Olivier and Borella, Audran and Gasser, Thomas and Hauglustaine, Didier: On the contribution of global aviation to
the CO, radiative forcing of climate, Atmos. Environ., 267, 118762, doi:10.1016/j.atmosenv.2021.118762, 2021.

Bouwman, A. F., D. S. Lee, W. A. H. Asman, F. J. Dentener, K. W. Van Der Hoek, and J. G. J. Olivier: A global high-
resolution emission inventory for ammonia, Global Biogeochem. Cycles, 11(4), 561-587, doi:10.1029/97GB02266, 1997.

Brasseur, G. P., D. A. Hauglustaine, S. Walters, P. J. Rasch, J.-F. Miiller, C. Granier, and X. X. Tie (1998), MOZART, a global
chemical transport model for ozone and related chemical tracers: 1. Model description, J. Geophys. Res., 103(D21), 28265—
28289, doi:10.1029/98JD02397.

34


https://doi.org/10.1029/97JD01140
https://doi.org/10.1029/2001JD000807
https://doi.org/10.1029/97GB02266
https://doi.org/10.1029/98JD02397

885

890

895

900

905

910

915

920

Brasseur, G. P., Gupta, M., Anderson, B. E., Balasubramanian, S., Barrett, S., Duda, D., Fleming, G., Forster, P. M.,
Fuglestvedt, J., Gettelman, A., Halthore, R. N., Jacob, D. S., Jacobson, M. Z., Khodayari, A., Liou, K.-N., Lund, M. T., Miake-
Lye, R. C., Minnis, P., Olsen, S., Penner, J. E., Prinn, R., Schumann, U., Selkirk, H. B., Sokolov, A., Unger, N., Wolfe, P.,
Wong, H.-W., Wuebbles, D. W., Yi, B., Yang, P., and Zhou, C.: Impact of Aviation on Climate: FAA’s Aviation Climate
Change Research Initiative (ACCRI) Phase II, B. Am. Meteorol. Soc., 97, 561-583, https://doi.org/10.1175/BAMS-D-13-
00089.1, 2016.

Cecil, D. J., Buechler, D. E., and Blakeslee, R. J.: Gridded lightning climatology from TRMM-LIS and OTD: Dataset
description, Atmos. Res., 135-136, 404414, https://doi.org/10.1016/j.atmosres.2012.06.028, 2014.

Community Emissions Data System (CEDS) v2 [data set], https://doi.org/10.25584/PNNLDataHub/1779095, 2021.

Cohen, Y., Hauglustaine, D., Sauvage, B., Rohs, S., Konjari, P., Bundke, U., Petzold, A., Thouret, V., Zahn, A., and Ziereis,
H.: Evaluation of modelled climatologies of O3, CO, water vapour and NO, in the upper troposphere—lower stratosphere using
regular in situ observations by passenger aircraft, Atmos. Chem. Phys., 23, 14973-15009, https://doi.org/10.5194/acp-23-
14973-2023, 2023.

Cohen, Y., Hauglustaine, D., Bellouin, N., Lund, M. T., Matthes, S., Skowron, A., Thor, R., Bundke, U., Petzold, A., Rohs,
S., Thouret, V., Zahn, A., and Ziereis, H.: Evaluation of O3, H>O, CO, and NO, climatologies simulated by four global models
in the upper troposphere—lower stratosphere with IAGOS measurements, Atmos. Chem. Phys., 25, 5793-5836,
https://doi.org/10.5194/acp-25-5793-2025, 2025.

Cohen, Y.: Perturbation simulations for aircraft NO and aerosol emissions in present day and future: multi-model data from
the ACACIA EU project [Data set]., Zenodo, https://doi.org/10.5281/zenodo.16949721

Deckert, R., Jockel, P., Grewe, V., Gottschaldt, K.-D., and Hoor, P.: A quasi chemistry-transport model mode for EMAC,
Geosci. Model Dev., 4, 195-206, https://doi.org/10.5194/gmd-4-195-2011, 2011.

Dietmiiller, S., Jockel, P., Tost, H., Kunze, M., Gellhorn, C., Brinkop, S., Fromming, C., Ponater, M., Steil, B., Lauer, A., and
Hendricks, J.: A new radiation infrastructure for the Modular Earth Submodel System (MESSy, based on version 2.51), Geosci.
Model Dev., 9, 2209-2222, https://doi.org/10.5194/gmd-9-2209-2016, 2016.

Eastham, S. D., Weisenstein, D. K., and Barrett, S. R.: Development and evaluation of the unified tropospheric—stratospheric
chemistry extension (UCX) for the global chemistry-transport model GEOS-Chem, Atmos. Environ., 89, 52-63,
https://doi.org/10.1016/j.atmosenv.2014.02.001, 2014.

Eastham, S. D., Chossiére, G. P., Speth, R. L., Jacob, D. J., and Barrett, S. R. H.: Global impacts of aviation on air quality
evaluated at high resolution, Atmos. Chem. Phys., 24, 2687-2703, https://doi.org/10.5194/acp-24-2687-2024, 2024.

Etminan, M., Myhre, G., Highwood, E. J., and Shine, K. P.: Radiative forcing of carbon dioxide, methane, and nitrous oxide:
A significant revision of the methane radiative forcing, Geophys. Res. Lett.,, 43, 12614-12623,
https://doi.org/10.1002/2016G1.071930, 2016.

35


https://doi.org/10.25584/PNNLDataHub/1779095
https://doi.org/10.5281/zenodo.16949721
https://doi.org/10.5194/gmd-9-2209-2016
https://doi.org/10.1016/j.atmosenv.2014.02.001
https://doi.org/10.1016/j.atmosenv.2014.02.001
https://doi.org/10.1002/2016GL071930
https://doi.org/10.1002/2016GL071930

925

930

935

940

945

950

955

960

965

Finney, D. L., Doherty, R. M., Wild, O., Young, P. J., and Butler, A.: Response of lightning NOx emissions and ozone
production to climate change: Insights from the Atmospheric Chemistry and Climate Model Intercomparison Project, Geophys.
Res. Lett., 43, 5492-5500, https://doi.org/10.1002/2016GL068825, 2016.

Folberth, G. A., Hauglustaine, D. A., Lathi¢re, J., and Brocheton, F.: Interactive chemistry in the Laboratoire de Météorologie
Dynamique general circulation model: model description and impact analysis of biogenic hydrocarbons on tropospheric
chemistry, Atmos. Chem. Phys., 6, 2273-2319, https://doi.org/10.5194/acp-6-2273-2006, 2006.

Fountoukis, C. and Nenes, A.: ISORROPIA II: a computationally efficient thermodynamic equilibrium model for K*—Ca?"—
Mg?*-NHs"~Na'-S04> -NO; —CI —-H,O aerosols, Atmos. Chem. Phys., 7, 4639-4659, https://doi.org/10.5194/acp-7-4639-
2007, 2007.

Gelaro, R., and Coauthors: The Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2). J.
Climate, 30, 5419-5454, https://doi.org/10.1175/JCLI-D-16-0758.1, 2017.

Gettelman, A. and Chen, C.: The climate impact of aviation aerosols, Geophys. Res. Lett., 40, 2785-2789,
https://doi.org/10.1002/¢rl.50520, 2013.

Gidden, M. J., Riahi, K., Smith, S. J., Fujimori, S., Luderer, G., Kriegler, E., van Vuuren, D. P., van den Berg, M., Feng, L.,
Klein, D., Calvin, K., Doelman, J. C., Frank, S., Fricko, O., Harmsen, M., Hasegawa, T., Havlik, P., Hilaire, J., Hoesly, R.,
Horing, J., Popp, A., Stehfest, E., and Takahashi, K.: Global emissions pathways under different socioeconomic scenarios for
use in CMIP6: a dataset of harmonized emissions trajectories through the end of the century, Geosci. Model Dev., 12, 1443—
1475, https://doi.org/10.5194/gmd-12-1443-2019, 2019.

Granier, C., Lamarque, J.-F., Mieville, A., Muller, J.-F., Olivier, J., Orlando, J., Peters, J., Petron, G., Tyndall, G., and Wallens,
S.: POET, a database of surface emissions of ozone precursors [data set],
http://www.aero.jussieu.fr/projet/ ACCENT/POET.php, last access: 2022-05-12, 2005.

Grewe, V., Brunner, D., Dameris, M., Grenfell, J. L., Hein, R., Shindell, D., and Staehelin, J.: Origin and variability of upper
tropospheric  nitrogen oxides and ozone at northern mid-latitudes, Atmos. Environ., 35, 3421-3433,
https://doi.org/10.1016/S1352-2310(01)00134-0, 2001.

Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T., Duhl, T., Emmons, L. K., and Wang, X.: The Model of
Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN2.1): an extended and updated framework for modeling
biogenic emissions, Geosci. Model Dev., 5, 1471-1492, https://doi.org/10.5194/gmd-5-1471-2012, 2012.

Hack, J. J.: Parameterization of moist convection in the National Center for Atmospheric Research community climate model
(CCM2), J. Geophys. Res., 99(D3), 5551-5568, doi:10.1029/93JD03478, 1994.

Hauglustaine, D. A., Hourdin, F., Jourdain, L., Filiberti, M.-A., Walters, S., Lamarque, J.-F., and Holland, E. A.: Interactive
chemistry in the Laboratoire de Météorologie Dynamique general circulation model: Description and background tropospheric
chemistry evaluation, J. Geophys. Res., 109, D04314, doi:10.1029/2003JD003957, 2004.

Hauglustaine, D. A., Balkanski, Y., and Schulz, M.: A global model simulation of present and future nitrate aerosols and their
direct radiative forcing of climate, Atmos. Chem. Phys., 14, 11031-11063, https://doi.org/10.5194/acp-14-11031-2014,2014.

36


https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1002/grl.50520
https://doi.org/10.5194/gmd-12-1443-2019
https://doi.org/10.1016/S1352-2310(01)00134-0
https://doi.org/10.1029/93JD03478
https://doi.org/10.1029/2003JD003957

970

975

980

985

990

995

1000

1005

1010

Hesstvedst, E., Hov, O., and Isaksen, I. S. A.: Quasi-steady-state approximations in air pollution modeling: Comparison of two
numerical schemes for oxidant prediction, Int. J. Chem. Kinetics, 10, 971-994, https://doi.org/10.1002/kin.550100907, 1978.

Hodnebrog, ., Berntsen, T. K., Dessens, O., Gauss, M., Grewe, V., [saksen, I. S. A., Koffi, B., Myhre, G., Olivié, D., Prather,
M. J., Pyle, J. A., Stordal, F., Szopa, S., Tang, Q., van Velthoven, P., Williams, J. E., and @demark, K.: Future impact of non-
land based traffic emissions on atmospheric ozone and OH — an optimistic scenario and a possible mitigation strategy, Atmos.
Chem. Phys., 11, 11293—-11317, https://doi.org/10.5194/acp-11-11293-2011, 2011.

Hodnebrog, 0., Berntsen, T. K., Dessens, O., Gauss, M., Grewe, V., Isaksen, L. S. A., Koffi, B., Myhre, G., Olivié, D., Prather,
M. J., Stordal, F., Szopa, S., Tang, Q., van Velthoven, P., and Williams, J. E.: Future impact of traffic emissions on atmospheric
ozone and OH based on two scenarios, Atmos. Chem. Phys., 12, 12211-12225, https://doi.org/10.5194/acp-12-12211-2012,
2012.

Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-Maenhout, G., Pitkanen, T., Seibert, J. J., Vu, L., Andres, R. J.,
Bolt, R. M., Bond, T. C., Dawidowski, L., Kholod, N., Kurokawa, J.-1., Li, M., Liu, L., Lu, Z., Moura, M. C. P., O’Rourke, P.
R., and Zhang, Q.: Historical (1750-2014) anthropogenic emissions of reactive gases and aerosols from the Community
Emissions Data System (CEDS), Geosci. Model Dev., 11, 369408, https://doi.org/10.5194/gmd-11-369-2018, 2018.

Holmes, C. D., Bertram, T. H., Confer, K. L., Graham, K. A., Ronan, A. C., Wirks, C. K., & Shah, V.: The role of clouds in
the tropospheric NO, cycle: A new modeling approach for cloud chemistry and its global implications. Geophysical Research
Letters, 46, 4980-4990, https://doi.org/10.1029/2019GL081990, 2019.

Holtslag, A. A. M., De Bruijn, E. I. F., and Pan, H.-L.: A high resolution air mass transformation model for short-range weather
forecasting, Mon. Weather Rev., 118, 1561-1575, https://doi.org/10.1175/1520-0493(1990)118<1561:AHRAMT>2.0.CO;_2,
1990.

Hoor, P., Borken-Kleefeld, J., Caro, D., Dessens, O., Endresen, O., Gauss, M., Grewe, V., Hauglustaine, D., Isaksen, I. S. A.,
Jockel, P., Lelieveld, J., Myhre, G., Meijer, E., Olivie, D., Prather, M., Schnadt Poberaj, C., Shine, K. P., Stachelin, J., Tang,
Q., van Aardenne, J., van Velthoven, P., and Sausen, R.: The impact of traffic emissions on atmospheric ozone and OH: results
from QUANTIFY, Atmos. Chem. Phys., 9, 3113-3136, https://doi.org/10.5194/acp-9-3113-2009, 2009.

Hourdin, F., Musat, 1., Bony, S. et al.: The LMDZ4 general circulation model: climate performance and sensitivity to
parametrized physics with emphasis on tropical convection. Clim Dyn 27, 787813, https://doi.org/10.1007/s00382-006-0158-
0, 2006.

ICAO: ICAO Aircraft Engine Emissions Databank, EASA, International Civil Aviation Organization, Montreal,

2021, https://www.easa.europa.cu/domains/environment/icao-aircraft-engine-emissions-databank (last access: 13-01-
2021).

ICAO: Airport Air Quality Manual (Doc 9889), Second Edition, International Civil Aviation Organization, Montreal,
2020, https://www.icao.int/publications/doc-9889 (last access: 20-03-2026).

Jockel, P., Kerkweg, A., Pozzer, A., Sander, R., Tost, H., Riede, H., Baumgaertner, A., Gromov, S., and Kern, B.: Development
cycle 2 of the Modular Earth Submodel System (MESSy2), Geosci. Model Dev., 3, 717-752, https://doi.org/10.5194/gmd-3-
717-2010, 2010.

37


https://doi.org/10.5194/gmd-11-369-2018
https://doi.org/10.1029/2019GL081990
https://doi.org/10.1007/s00382-006-0158-0
https://doi.org/10.1007/s00382-006-0158-0
https://www.easa.europa.eu/domains/environment/icao-aircraft-engine-emissions-databank
https://www.icao.int/publications/doc-9889
https://doi.org/10.5194/gmd-3-717-2010
https://doi.org/10.5194/gmd-3-717-2010

1015

1020

1025

1030

1035

1040

1045

1050

1055

Jockel, P., Tost, H., Pozzer, A., Kunze, M., Kirner, O., Brenninkmeijer, C. A. M., Brinkop, S., Cai, D. S., Dyroff, C., Eckstein,
J., Frank, F., Garny, H., Gottschaldt, K.-D., Graf, P., Grewe, V., Kerkweg, A., Kern, B., Matthes, S., Mertens, M., Meul, S.,
Neumaier, M., Niitzel, M., Oberlander-Hayn, S., Ruhnke, R., Runde, T., Sander, R., Scharffe, D., and Zahn, A.: Earth System
Chemistry integrated Modelling (ESCiMo) with the Modular Earth Submodel System (MESSy) version 2.51, Geosci. Model
Dev., 9, 1153-1200, https://doi.org/10.5194/gmd-9-1153-2016, 2016.

Jourdain, L. and Hauglustaine, D. A.: The global distribution of lightning NO, simulated on-line in a general circulation model,
Physics and Chemistry of the Earth, Part C: Solar, Terrestrial & Planetary Science, 26, 585-591,
https://doi.org/10.1016/S1464-1917(01)00051-4, 2001.

Kaiser, J. C., Hendricks, J., Righi, M., Jockel, P., Tost, H., Kandler, K., Weinzierl, B., Sauer, D., Heimerl, K., Schwarz, J. P.,
Perring, A. E., and Popp, T.: Global acrosol modeling with MADE3 (v3.0) in EMAC (based on v2.53): model description and
evaluation, Geosci. Model Dev., 12, 541-579, https://doi.org/10.5194/gmd-12-541-2019, 2019.

Kapadia, Z. Z., Spracklen, D. V., Arnold, S. R., Borman, D. J., Mann, G. W., Pringle, K. J., Monks, S. A., Reddington, C. L.,
Benduhn, F., Rap, A., Scott, C. E., Butt, E. W., and Yoshioka, M.: Impacts of aviation fuel sulfur content on climate and
human health, Atmos. Chem. Phys., 16, 10521-10541, https://doi.org/10.5194/acp-16-10521-2016, 2016.

Kinnison, D. E., et al.: Sensitivity of chemical tracers to meteorological parameters in the MOZART-3 chemical transport
model, J. Geophys. Res., 112,1D20302, doi:10.1029/2006JD007879, 2007.

Keller, C. A., Long, M. S., Yantosca, R. M., Da Silva, A. M., Pawson, S., and Jacob, D. J.: HEMCO v1.0: a versatile, ESMF-
compliant component for calculating emissions in atmospheric models, Geosci. Model Dev., 7, 1409-1417,
https://doi.org/10.5194/gmd-7-1409-2014, 2014.

Latimer, R. N. C. and Martin, R. V.: Interpretation of measured aerosol mass scattering efficiency over North America using
a chemical transport model, Atmos. Chem. Phys., 19, 2635-2653, https://doi.org/10.5194/acp-19-2635-2019, 2019.

Lee, D., Fahey, D., Skowron, A., Allen, M., Burkhardt, U., Chen, Q., Doherty, S., Freeman, S., Forster, P., Fuglestvedt, J.,
Gettelman, A., De Leon, R., Lim, L., Lund, M., Millar, R., Owen, B., Penner, J., Pitari, G., Prather, M., Sausen, R., and Wilcox,
L.: The contribution of global aviation to anthropogenic climate forcing for 2000 to 2018, Atmos. Environ., 244, 117834,
https://doi.org/10.1016/j.atmosenv.2020.117834, 2021.

Lin, S., and R. B. Rood, 1996: Multidimensional Flux-Form Semi-Lagrangian Transport Schemes. Mon. Wea. Rev.,124,2046—
2070, https://doi.org/10.1175/1520-0493(1996)124<2046:MFFSLT>2.0.CO:2.

Liu, Y., Liu, C. X., Wang, H. P., Tie, X. X., Gao, S. T., Kinnison, D., and Brasseur, G.: Atmospheric tracers during the 2003—
2004 stratospheric warming event and impact of ozone intrusions in the troposphere, Atmos. Chem. Phys., 9, 2157-2170,
https://doi.org/10.5194/acp-9-2157-2009, 2009.

Lund, M. T. and Berntsen, T.: Parameterization of black carbon aging in the OsloCTM2 and implications for regional transport
to the Arctic, Atmos. Chem. Phys., 12, 6999—-7014, https://doi.org/10.5194/acp-12-6999-2012, 2012.

38


https://doi.org/10.5194/gmd-9-1153-2016
https://doi.org/10.1016/S1464-1917(01)00051-4
https://doi.org/10.5194/gmd-12-541-2019
https://doi.org/10.5194/acp-16-10521-2016
https://doi.org/10.1029/2006JD007879
https://doi.org/10.1175/1520-0493(1996)124%3C2046:MFFSLT%3E2.0.CO;2
https://doi.org/10.5194/acp-12-6999-2012

1060

1065

1070

1075

1080

1085

1090

1095

1100

Lund, M. T., Myhre, G., Haslerud, A. S., Skeie, R. B., Griesfeller, J., Platt, S. M., Kumar, R., Myhre, C. L., and Schulz, M.:
Concentrations and radiative forcing of anthropogenic aerosols from 1750 to 2014 simulated with the Oslo CTM3 and CEDS
emission inventory, Geosci. Model Dev., 11, 49094931, https://doi.org/10.5194/gmd-11-4909-2018, 2018a.

Lund, M.T., Samset, B.H., Skeie, R.B. et al.: Short Black Carbon lifetime inferred from a global set of aircraft observations.
Clim Atmos Sci 1, 31 (2018Db). https://doi.org/10.1038/s41612-018-0040-x

Mahnke, C., Gomes, R., Bundke, U., Berg, M., Ziereis, H., Sharma, M., Righi, M., Hendricks, J., Zahn, A., Wahner, A., and
Petzold, A.: Properties and Processing of Aviation Exhaust Aerosol at Cruise Altitude Observed from the IAGOS-CARIBIC
Flying Laboratory, Environ. Sci. Technol., 58, 6945—-6953, https://doi.org/10.1021/acs.est.3c09728, 2024.

Matthes, S., Schumann, U., Grewe, V., Fromming, C., Dahlmann, K., Koch, A., and Mannstein, H.: Climate optimized air
transport, in: Atmospheric Physics: Background — Methods — Trends, edited by: Schumann, 877, Springer, Berlin/Heidelberg,
Germany, https://doi.org/10.1007/978-3-642-30183-4 44, 2012.

Matthes, S., Lim, L., Burkhardt, U., Dahlmann, K., Dietmiiller, S., Grewe, V., Haslerud, A. S., Hendricks, J., Owen, B., Pitari,
G., Righi, M., and Skowron, A.: Mitigation of Non-CO2 Aviation's Climate Impact by Changing Cruise Altitudes, Aerospace,
8, 36, https://doi.org/10.3390/aerospace8020036, 2021.

Millet, D. B., Guenther, A., Siegel, D. A., Nelson, N. B., Singh, H. B., de Gouw, J. A., Warneke, C., Williams, J., Eerdekens,
G., Sinha, V., Karl, T., Flocke, F., Apel, E., Riemer, D. D., Palmer, P. 1., and Barkley, M.: Global atmospheric budget of
acetaldehyde: 3-D model analysis and constraints from in-situ and satellite observations, Atmos. Chem. Phys., 10, 3405-3425,
https://doi.org/10.5194/acp-10-3405-2010, 2010.

Miiller, J.-F.: Geographical distribution and seasonal variation of surface emissions and deposition velocities of atmospheric
trace gases, J. Geophys. Res., 97(D4), 3787-3804, doi:10.1029/91JD02757, 1992.

Murray, L. T., D. J. Jacob, J. A. Logan, R. C. Hudman, and W. J. Koshak: Optimized regional and interannual variability of
lightning in a global chemical transport model constrained by LIS/OTD satellite data, J. Geophys. Res., 117, D20307,
doi:10.1029/2012JD017934, 2012.

Myhre, G., Shine, K. P., Rédel, G., Gauss, M., Isaksen, L. S. A., Tang, Q., Prather, M. J., Williams, J. E., van Velthoven, P,
Dessens, O., Koffi, B., Szopa, S., Hoor, P., Grewe, V., Borken-Kleefeld, J., Berntsen, T. K., and Fuglestvedt, J. S.: Radiative
forcing due to changes in ozone and methane caused by the transport sector, Atmos. Environ., 45, 387-394,
https://doi.org/10.1016/j.atmosenv.2010.10.001, 2011.

Olsen, S. C., et al.: Comparison of model estimates of the effects of aviation emissions on atmospheric ozone and methane,
Geophys. Res. Lett., 40, 6004-6009, doi:10.1002/2013GL.057660, 2013.

Ott, L. E., K. E. Pickering, G. L. Stenchikov, D. J. Allen, A. J. DeCaria, B. Ridley, R.-F. Lin, S. Lang, and W.-K. Tao:
Production of lightning NO, and its vertical distribution calculated from three-dimensional cloud-scale chemical transport
model simulations, J. Geophys. Res., 115, D04301, doi:10.1029/2009JD011880, 2010.

39


https://doi.org/10.1038/s41612-018-0040-x
https://doi.org/10.1021/acs.est.3c09728
https://doi.org/10.1007/978-3-642-30183-4_44
https://doi.org/10.3390/aerospace8020036
https://doi.org/10.1029/91JD02757
https://doi.org/10.1029/2012JD017934
https://doi.org/10.1016/j.atmosenv.2010.10.001
https://doi.org/10.1016/j.atmosenv.2010.10.001
https://doi.org/10.1002/2013GL057660
https://doi.org/10.1029/2009JD011880

1105

1110

1115

1120

1125

1130

1135

1140

1145

Park, R. J., D. J. Jacob, B. D. Field, R. M. Yantosca, and M. Chin: Natural and transboundary pollution influences on sulfate-
nitrate-ammonium aerosols in the United States: Implications for policy, J. Geophys. Res., 109, DI15204,
doi:10.1029/2003JD004473, 2004.

Petzold, A., Dopelheuer, A., Brock, C. A., and Schroder, F.: In situ observations and model calculations of black carbon
emission by aircraft at cruise altitude, J. Geophys. Res.-Atmos., 104, 2217122181, https://doi.org/10.1029/1999JD900460,
1999.

Pickering, K. E., Y. Wang, W.-K. Tao, C. Price, and J.-F. Miiller: Vertical distributions of lightning NOy for use in regional
and global chemical transport models, J. Geophys. Res., 103(D23), 31203-31216, doi:10.1029/98JD02651, 1998.

Pletzer, J., Hauglustaine, D., Cohen, Y., Jockel, P., and Grewe, V.: The climate impact of hydrogen-powered hypersonic
transport, Atmos. Chem. Phys., 22, 14323-14354, https://doi.org/10.5194/acp-22-14323-2022, 2022.

Prashanth, P., Eastham, S. D., Speth, R. L., and Barrett, S. R. H.: Aerosol formation pathways from aviation emissions,
Environ. Res. Comm., 4, 021 002, https://doi.org/10.1088/2515-7620/ac5229, 2022.

Prather, M. J.: Numerical advection by conservation of second-order moments, J. Geophys. Res., 91(D6), 6671-6681,
doi:10.1029/JD091iD06p06671, 1986.

Prather, M. J.: Fast-JX version 6.5, http://www.ess.uci.edu/~prather/fastJX.html, last access: 01-09-2009, 2009.

Price, C., and D. Rind: A simple lightning parameterization for calculating global lightning distributions, J. Geophys. Res.,
97(D9), 9919-9933, doi:10.1029/92JD00719, 1992.

Price, C., J. Penner, and M. Prather: NO, from lightning: 1. Global distribution based on lightning physics, J. Geophys. Res.,
102(D5), 5929-5941, doi:10.1029/96JD03504, 1997.

Quadros, Flavio D. A., Snellen, Mirjam, Sun, Junzi, and Dedoussi, Irene C.: Global Civil Aviation Emissions Estimates for
2017-2020 Using ADS-B Data, Journal of Aircraft 59:6, 1394-1405, https://doi.org/10.2514/1.C036763, 2022.

Quadros, Flavio D. A. and Nelen, Rick and Snellen, Mirjiam and Dedoussi, Irene C.: Global air quality and human health
impacts of growing aircraft emissions, 2025 [preprint].

Quadros, Flavio D. A. and Nelen, Rick and Snellen, Mirjam and Dedoussi, Irene C.: Data underlying the publication "Global
air quality and human health impacts of growing aircraft emissions". Version 1. 4TU.ResearchData. Dataset [last access: 23-
03-2026], https://doi.org/10.4121/79395594-9¢12-451a-9f59-081db67605¢0.v1, 2026.

Riese, M., F. Ploeger, A. Rap, B. Vogel, P. Konopka, M. Dameris, and P. Forster: Impact of uncertainties in atmospheric
mixing on simulated UTLS composition and related radiative effects, J. Geophys. Res., 117, D16305,
doi:10.1029/2012JD017751, 2012.

Righi, M., Hendricks, J., and Sausen, R.: The global impact of the transport sectors on atmospheric aerosol: simulations for
year 2000 emissions, Atmos. Chem. Phys., 13, 9939-9970, https://doi.org/10.5194/acp-13-9939-2013, 2013.

40


https://doi.org/10.1029/2003JD004473
https://doi.org/10.1029/1999JD900460
https://doi.org/10.1029/98JD02651
https://doi.org/10.1029/JD091iD06p06671
https://doi.org/10.1029/92JD00719
https://doi.org/10.1029/96JD03504
https://doi.org/10.2514/1.C036763
https://doi.org/10.4121/79395594-9c12-451a-9f59-081db67605e0.v1
https://doi.org/10.1029/2012JD017751
https://doi.org/10.5194/acp-13-9939-2013

1150

1155

1160

1165

1170

1175

1180

1185

Righi, M., Hendricks, J., and Beer, C. G.: Exploring the uncertainties in the aviation soot—cirrus effect, Atmos. Chem. Phys.,
21, 17267-17289, https://doi.org/10.5194/acp-21-17267-2021, 2021.

Righi, M., Hendricks, J., and Brinkop, S.: The global impact of the transport sectors on the atmospheric aerosol and the
resulting climate effects under the Shared Socioeconomic Pathways (SSPs), Earth System Dynamics, 14, 835-859,
https://doi.org/10.5194/esd-14-835-2023, 2023.

Righi, M., Testa, B., Beer, C. G., Hendricks, J., and Kanji, Z. A.: Aviation soot is unlikely to impact natural cirrus clouds,
EGUsphere [preprint], https://doi.org/10.5194/egusphere-2025-2589, 2025.

Roeckner, E., and Coauthors: Sensitivity of Simulated Climate to Horizontal and Vertical Resolution in the ECHAMS
Atmosphere Model. J. Climate, 19, 3771-3791,_https://doi.org/10.1175/JCL13824.1, 2006.

Samset, B. H., and G. Myhre: Vertical dependence of black carbon, sulphate and biomass burning aerosol radiative forcing,
Geophys. Res. Lett., 38, 124802, doi:10.1029/2011GL049697, 2011.

Sand, M., Skeie, R.B., Sandstad, M. et al.: A multi-model assessment of the Global Warming Potential of hydrogen. Commun
Earth Environ 4, 203, https://doi.org/10.1038/s43247-023-00857-8, 2023.

Sander, S. P., Golden, D. M., Kurylo, M. J., Moortgat, G. K., Wine, P. H., Ravishankara, A. R., Kolb, C. E., Molina, M. J.,
Finlayson-Pitts, B. J., Huie, R. E., Orkin, V. L., Friedl, R. R., and Keller-Rudek, H.: Chemical kinetics and photochemical data
for use in atmospheric studies : Evaluation Number 15, https://doi.org/2014/39839, last access: 06-09-2006, 2006.

Sander, R., Baumgaertner, A., Cabrera-Perez, D., Frank, F., Gromov, S., GrooB, J.-U., Harder, H., Huijnen, V., Jockel, P.,
Karydis, V. A., Niemeyer, K. E., Pozzer, A., Riede, H., Schultz, M. G., Taraborrelli, D., and Tauer, S.: The community
atmospheric chemistry box model CAABA/MECCA-4.0, Geosci. Model Dev., 12, 1365-1385, https://doi.org/10.5194/gmd-
12-1365-2019, 2019.

Schumann, U. and Huntrieser, H.: The global lightning-induced nitrogen oxides source, Atmos. Chem. Phys., 7, 3823-3907,
https://doi.org/10.5194/acp-7-3823-2007, 2007.

Schwarz, J. P., Samset, B. H., Perring, A. E., Spackman, J. R., Gao, R. S., Stier, P., Schulz, M., Moore, F. L., Ray, E. A., and
Fahey, D. W.: Global-scale seasonally resolved black carbon vertical profiles over the Pacific, Geophys. Res. Lett., 40, 5542—
5547, https://doi.org/10.1002/2013GL057775, 2013.

Seymour, K.; Held, M.; Georges, G.; Boulouchos, K. Fuel Estimation in Air Transportation: Modeling global fuel consumption
for commercial aviation. Transp. Res. Part D Transp. Environ., 88, 102528, 2020.

Shah, V., Jacob, D. J., Moch, J. M., Wang, X., and Zhai, S.: Global modeling of cloud water acidity, precipitation acidity, and
acid inputs to ecosystems, Atmos. Chem. Phys., 20, 12223-12245, https://doi.org/10.5194/acp-20-12223-2020, 2020.

Skeie, R.B., Myhre, G., Hodnebrog, . et al.: Historical total ozone radiative forcing derived from CMIP6 simulations. npj
Clim Atmos Sci 3, 32. https://doi.org/10.1038/s41612-020-00131-0, 2020.

41


https://doi.org/10.5194/egusphere-2025-2589
https://doi.org/10.1175/JCLI3824.1
https://doi.org/10.1029/2011GL049697
https://doi.org/10.1038/s43247-023-00857-8
https://doi.org/10.1002/2013GL057775
https://doi.org/10.1038/s41612-020-00131-0

1190

1195

1200

1205

1210

1215

1220

1225

1230

Skowron, A., Lee, D. S., and De Leon, R. R.: Variation of radiative forcings and global warming potentials from regional
aviation NOy/emissions, Atmos. Environ., 104, https://doi.org/10.1016/j.atmosenv.2014.12.043, 2015.

Skowron, A., Lee, D.S., De Le6n, R.R. ef al.: Greater fuel efficiency is potentially preferable to reducing NO, emissions for
aviation’s climate impacts. Nat Commun 12, 564, https://doi.org/10.1038/s41467-020-20771-3, 2021.

Sevde, O. A., Prather, M. J., Isaksen, 1. S. A., Berntsen, T. K., Stordal, F., Zhu, X., Holmes, C. D., and Hsu, J.: The chemical
transport model Oslo CTM3, Geosci. Model Dev., 5, 1441-1469, https://doi.org/10.5194/gmd-5-1441-2012, 2012.

Sevde, O. A., Matthes, S., Skowron, A., lachetti, D., Lim, L., Owen, B., Hodnebrog, @., Di Genova, G., Pitari, G., Lee, D. S.,
Myhre, G., and Isaksen, I. S.: Aircraft emission mitigation by changing route altitude: A multi-model estimate of aircraft NOx
emission impact on O3 photochemistry, Atmos. Env., 95, 468—479, https://doi.org/10.1016/j.atmosenv.2014.06.049, 2014.

Staniaszek, Z., Hauglustaine, D. A., Cohen, Y., Skowron, A., Matthes, S., Thor, R., and Lund, M. T.: Impact of future aircraft
NOx emissions on atmospheric composition and climate: dependence on background conditions, EGUsphere [preprint],
https://doi.org/10.5194/egusphere-2025-5914, 2025.

Stettler, M., Eastham, S., and Barrett, S.: Air quality and public health impacts of UK airports. Part I: Emissions, Atmos.
Environ., 45, 5415-5424, doi:10.1016/j.atmosenv.2011.07.012, 2011.

Stevenson, D. S., Young, P. J., Naik, V., Lamarque, J.-F., Shindell, D. T., Voulgarakis, A., Skeie, R. B., Dalsoren, S. B.,
Myhre, G., Berntsen, T. K., Folberth, G. A., Rumbold, S. T., Collins, W. J., MacKenzie, I. A., Doherty, R. M., Zeng, G., van
Noije, T. P. C., Strunk, A., Bergmann, D., Cameron-Smith, P., Plummer, D. A., Strode, S. A., Horowitz, L., Lee, Y. H., Szopa,
S., Sudo, K., Nagashima, T., Josse, B., Cionni, I., Righi, M., Eyring, V., Conley, A., Bowman, K. W., Wild, O., and Archibald,
A.: Tropospheric ozone changes, radiative forcing and attribution to emissions in the Atmospheric Chemistry and Climate
Model Intercomparison Project (ACCMIP), Atmos. Chem. Phys., 13, 3063—3085, https://doi.org/10.5194/acp-13-3063-2013,
2013.

Stordal, F., I. S. A. Isaksen, and K. Horntveth: A diabatic circulation two-dimensional model with photochemistry: Simulations
of ozone and long-lived tracers with surface sources, J. Geophys. Res., 90(D3), 5757-5776, doi:10.1029/JD090iD03p05757,
1985.

Szopa, S., Naik, V., Adhikary, B., Artaxo, P., Berntsen, T., Collins, W., Fuzzi, S., Gallardo, L., Kiendler-Scharr, A., Klimont,
Z., Liao, H., Unger, N., and Zanis, P.: Short-Lived Climate Forcers, pp. 817—922, Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, https://doi.org/10.1017/9781009157896.008, 2021. [Climate Change 2021: The
Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change: Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb,
M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekg¢i, R. Yu, and B.
Zhou (eds.)]

Tai, A. P. K., L. J. Mickley, C. L. Heald, and S. Wu: Effect of CO, inhibition on biogenic isoprene emission: Implications for
air quality under 2000 to 2050 changes in climate, vegetation, and land use, Geophys. Res. Lett., 40, 3479-3483,
doi:10.1002/¢rl.50650, 2013.

42


https://doi.org/10.1038/s41467-020-20771-3
https://doi.org/10.1029/JD090iD03p05757
https://doi.org/10.1002/grl.50650

1235

1240

1245

1250

1255

1260

1265

1270

1275

Terrenoire, E., Hauglustaine, D. A., Cohen, Y., Cozic, A., Valorso, R., Lefévre, F., and Matthes, S.: Impact of present and
future aircraft NO, and aerosol emissions on atmospheric composition and associated direct radiative forcing of climate,
Atmos. Chem. Phys., 22, 1198712023, https://doi.org/10.5194/acp-22-11987-2022, 2022.

The International GEOS-Chem User Community: geoschem/GCClassic: GEOS-Chem v13.3.3: Updated release candidate for
GEOS-Chem, Version 13.3.3, Zenodo, https://doi.org/10.5281/zenodo.5748260, 2021.

Thor, R. N., Mertens, M., Matthes, S., Righi, M., Hendricks, J., Brinkop, S., Graf, P., Grewe, V., Jockel, P., and Smith, S.: An
inconsistency in aviation emissions between CMIP5 and CMIP6 and the implications for short-lived species and their radiative
forcing, Geosci. Model Dev., 16, 1459-1466, https://doi.org/10.5194/gmd-16-1459-2023, 2023.

Tiedtke, M.: A comprehensive mass flux scheme for cumulus parameterization in large-scale models, Mon. Weather Rev.,
117, 1779 — 1800, https://doi.org/10.1175/1520-0493(1989)117<1779:ACMFSF>2.0.CO;2, 1989.

Unger, N.: Global climate impact of civil aviation for standard and desulfurized jet fuel, Geophys. Res. Lett., 38, L20803,
doi:10.1029/2011GL049289, 2011.

Unger, N., Y. Zhao, and H. Dang (2013), Mid-21st century chemical forcing of climate by the civil aviation sector, Geophys.
Res. Lett., 40, 641-645, doi:10.1002/grl.50161, 2013.

van der Werf, G. R., Randerson, J. T., Giglio, L., van Leeuwen, T. T., Chen, Y., Rogers, B. M., Mu, M., van Marle, M. J. E.,
Morton, D. C., Collatz, G. J., Yokelson, R. J., and Kasibhatla, P. S.: Global fire emissions estimates during 1997-2016, Earth
Syst. Sci. Data, 9, 697720, https://doi.org/10.5194/essd-9-697-2017, 2017.

van Marle, M. J. E., Kloster, S., Magi, B. 1., Marlon, J. R., Daniau, A.-L., Field, R. D., Arneth, A., Forrest, M., Hantson, S.,
Kehrwald, N. M., Knorr, W., Lasslop, G., Li, F., Mangeon, S., Yue, C., Kaiser, J. W., and van der Werf, G. R.: Historic global
biomass burning emissions for CMIP6 (BB4CMIP) based on merging satellite observations with proxies and fire models
(1750-2015), Geosci. Model Dev., 10, 3329-3357, https://doi.org/10.5194/gmd-10-3329-2017, 2017.

Wei, N., Marais, E. A., Lu, G., Ryan, R. G., and Sauvage, B.: Characterization of reactive oxidized nitrogen in the global upper
troposphere using recent and historic commercial and research aircraft campaigns and GEOS-Chem, Atmos. Chem. Phys., 25,
7925-7940, https://doi.org/10.5194/acp-25-7925-2025, 2025.

Wilhelm, L., Gierens, K., and Rohs, S.: Weather Variability Induced Uncertainty of Contrail Radiative Forcing, Aerospace, 8,
https://doi.org/10.3390/aerospace8110332, 2021.

World Meteorological Organization (WMO), Definition of the tropopause, World Meteorol. Org. Bull., 6, 136 pp., 1957.

Wuebbles, D. J., Patten, K. O., Wang, D., Youn, D., Martinez-Avilés, M., and Francisco, J. S.: Three-dimensional model
evaluation of the Ozone Depletion Potentials for n-propyl bromide, trichloroethylene and perchloroethylene, Atmos. Chem.
Phys., 11, 2371-2380, https://doi.org/10.5194/acp-11-2371-2011, 2011.

Yuan, H., Dai, Y., Xiao, Z., Ji, D., & Shangguan, W.: Reprocessing the MODIS Leaf Area Index products for land surface and
climate modelling. Remote Sensing of Environment, 115(5), 1171-1187, https://doi.org/10.1016/j.rse.2011.01.001, 2011.

43


https://doi.org/10.5281/zenodo.4437679
https://doi.org/10.5281/zenodo.5748260
https://doi.org/10.1029/2011GL049289
https://doi.org/10.1002/grl.50161
https://doi.org/10.1016/j.rse.2011.01.001

1280 Zahn, A., E. Christner, P. F. J. van Velthoven, A. Rauthe-Schéch, and C. A. M. Brenninkmeijer: Processes controlling water
vapor in the upper troposphere/lowermost stratosphere: An analysis of 8 years of monthly measurements by the IAGOS-
CARIBIC observatory, J. Geophys. Res. Atmos., 119, 11,505-11,525, do0i:10.1002/2014JD021687, 2014.

44


https://doi.org/10.1002/2014JD021687

