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Abstract. We quantify the contributions of emissions from the transport sector to tropospheric ozone and the
hydroxyl radical (OH) by means of model simulations with a global chemistry-climate model equipped with a
source attribution method. For the first time we applied a method which also allows for quantifying contributions
to OH which is invariant upon disaggregation or recombination and additive. Based on these quantified contri-
butions, we analyse the ozone radiative forcing (RF) and methane lifetime reductions attributable to emissions
from the transport sectors. The contributions were analysed for each transport sector separately and for 2015 as
well as for 2050 under the Shared Socioeconomic Pathways (SSPs) SSP1-1.9, SSP2-4.5, and SSP3-7.0. In line
with previous publications using the source attribution approach, we quantify ozone RF attributable to emis-
sions from land transport, shipping, and aviation for the year 2015 of 121, 60, and 31 mWm−2, respectively. At
the same time, we diagnose a relative reduction in methane lifetime due to transport emissions of 14.3 % (land
transport), 8.5 % (shipping), and 3.8 % (aviation). These reductions are significantly larger than reported by pre-
vious studies due to the application of the source attribution method. Compared to 2015, only SSP1-1.9 shows
a strong decrease in ozone RF and methane lifetime reduction attributable to the entire transport sector in 2050.
For the projections of SSP2-4.5, we find similar effects of the total transport sector as for 2015, while the effects
in SSP3-7.0 increase compared to 2015. This small change in the effects for the two projections compared to
2015 is caused by two main factors. Firstly, aviation emissions are projected to increase in SSP2-4.5 (increase of
107 %) and SSP3-7.0 (+86 %) compared to 2015, resulting in projected ozone RF of 55 mWm−2 (+78 %) and
50 mWm−2 (+61 %) for the year 2050 from aviation emissions. Secondly, the non-linear effects of atmospheric
chemistry in polluted regions such as Europe and North America lead to rather small reductions in ozone and
OH in response to emission reductions, especially from land transport emissions. In addition, the increase in
emissions from land transport in other parts of the world, particularly in South Asia, leads to an increased contri-
bution of ozone and OH. In particular, ozone formed by land transport emissions from South Asia causes strong
RF that partially offsets the reductions in Europe and North America. Moreover, our results show that besides
the non-linear response, lack of international cooperation, as in the SSP3-7.0 projection, hinders mitigation of
ground-level ozone.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Emissions from the transport sector, i.e. land transport, ship-
ping, and aviation, affect climate and air quality. The climate
is influenced by emissions of both the long-lived greenhouse
gas carbon dioxide (CO2) and short-lived climate forcers
such as nitrogen oxides (NOx=NO+NO2) or particles (Szopa
et al., 2021). In contrast to the effects of the CO2 emissions
on the climate, non-CO2 effects heavily depend on the atmo-
spheric conditions at their emission point and their further
transport and chemical transformation in the atmosphere. Ex-
amples for such complex processes are the formation of tro-
pospheric ozone or secondary aerosols (Seinfeld and Pandis,
2006) and aerosol–cloud interactions (Bellouin et al., 2020).
Tropospheric ozone is a greenhouse gas which also affects
air quality and is harmful to humans and vegetation (Monks
et al., 2015; Fleming et al., 2018; Mills et al., 2018). More-
over, tropospheric ozone levels are closely linked to the tro-
pospheric oxidation capacity, which determines the lifetime
of methane, which also affects climate (e.g. Stevenson et al.,
2013).

Tropospheric ozone is formed by photochemical reac-
tions from precursor emissions such as NOx, carbon monox-
ide (CO), methane (CH4), and volatile organic compounds
(VOCs). The formation of tropospheric ozone depends on
the meteorological conditions and on the ratio of NOx to
VOC concentrations in a non-linear way (e.g. Sillman, 1995;
Archibald et al., 2020). Typically, two ozone formation
regimes are distinguished: the so-called NOx-limited regime,
in which ozone production increases with increasing NOx
concentrations, and the VOC-limited regime, in which ozone
production increases with increasing VOC concentrations
but decreases with increasing NOx concentrations. Due to
this non-linear behaviour, a relatively large reduction in pre-
cursor emissions will often only result in a relatively small
reduction in ozone concentration. Depending on the prevail-
ing chemical regime, emission reductions can even lead to
an increase in O3 in specific regions. Examples of this phe-
nomenon could be observed during the emission reductions
as a consequence of the countermeasures against the COVID-
19 pandemic: although NOx emissions were greatly reduced,
measurements and results of model simulations showed only
a slight decrease in O3 or, in some cases, regionally increas-
ing O3 values (e.g. Mertens et al., 2021; Matthias et al., 2021;
Grange et al., 2021; Putero et al., 2023).

The emissions of the transport sector are an important
source of ozone precursors and other species affecting cli-
mate and air quality. Due to various efforts to reduce the
effect of the transport sector on climate and air quality, for
example shifts towards electric vehicles, the emissions of the
transport sector will likely undergo large changes in the fu-
ture. When designing such mitigation measures for the trans-
port sector, these non-linear processes in atmospheric chem-
istry need to be considered. In this study, we therefore anal-
yse the contributions of emissions from the three transport

sectors – land transport (including road, rail, and inland ship-
ping), aviation, and shipping – to the mixing ratios of ozone
and the hydroxyl radical (OH) abundance in the troposphere.
We analyse the present-day (2015) conditions and three fu-
ture projections for 2050 and focus on non-linear changes in
ozone and OH caused by emission changes. The year 2050
is chosen because it reflects a time horizon over which large
changes in the transport sector are plausible, without exceed-
ingly large speculations into the far future. For the future pro-
jections we selected three scenarios among the Shared So-
cioeconomic Pathways Riahi et al. (SSPs; 2017): a “green”
scenario (SSP1; van Vuuren et al., 2017), a middle-of-the-
road scenario (SSP2; Fricko et al., 2017), and a scenario of
regional rivalry with low mitigative capacities (SSP3; Fuji-
mori et al., 2017). We choose these scenarios as they span a
broad range of possible future emission developments. In ad-
dition, the differences in the emission totals are large enough
to yield different chemical regimes. Hence, we will not focus
on the details of the socioeconomic backgrounds and tech-
nological pathways behind the chosen scenarios. Rather, we
will use the scenarios as a tool to study the chemical effects
of transport emissions in different emission scenarios and to
derive possible consequences for mitigation strategies. Here,
we want to focus on three scientific questions:

– How large are the contributions of transport emissions
to tropospheric ozone, and what is their effect on cli-
mate?

– How do transport emissions influence the atmospheric
oxidation capacity and with this the methane lifetime?

– How do these effects change under different future
emission scenarios?

For the analyses, we apply the chemistry-climate model
ECHAM/MESSy (European Centre Hamburg general cir-
culation model–Modular Earth Submodel System) Atmo-
spheric Chemistry (EMAC), which is equipped with a tag-
ging technique for source attribution of ozone and ozone
precursors including HOx (Grewe et al., 2017; Rieger et al.,
2018). We performed simulations for 2015 and for the three
considered SSPs. Each simulation covers 5 years and sim-
ulates the same present-day meteorology. Accordingly, the
influence of climate change on atmospheric composition is
not considered, but the effects on the results are discussed in
detail.

This paper adds to the findings of Mertens et al. (2018).
In the aforementioned article, a source appointment method,
considering NOx and VOC at the same time, was applied for
the first time to quantify the contribution of land transport
and shipping emissions to tropospheric ozone. Here, we ex-
pand on those findings by adding the following important up-
dates:

– We use a more recent emission inventory including also
consistent projections of the emissions for 2050 accord-
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ing to CMIP6 (Coupled Model Intercomparison Project
Phase 6).

– We integrate the aviation sector to compare the effects
of all transport sectors in a consistent way using the
same methods.

– We analyse the effects from land transport emissions of
different regions.

– We apply a new tagging approach of OH and the hy-
droperoxyl radical HO2 (Rieger et al., 2018) to also ac-
count for the contributions of transport emissions to OH
and their effects on the methane lifetime.

Accordingly, the paper presents, to our knowledge, the first
consistent analyses of the effects of transport emissions on
tropospheric ozone using a source attribution approach con-
sidering all transport sectors and the effects on OH and the
methane lifetime.

In this paper, we first describe the model system, the model
set-up, and the applied source attribution method in detail
and provide a short model evaluation in Sect. 2, followed by
a summary of the transport emissions in the SSPs in Sect. 3.
Subsequently, we discuss the contribution of the emissions
from the three transport sectors to tropospheric ozone (in
Sect. 4) and the instances of transport-related ozone radiative
forcing (Sect. 5). In Sect. 6, we investigate the contributions
of the transport emissions to OH and to the methane lifetime.
Finally, limitations of the study are discussed in Sect. 7.

2 Model description, numerical experiments, and
evaluation

In the following sections, the EMAC model, the source at-
tribution model, and the numerical experiments will be de-
scribed in detail. In addition, we will discuss the transport
emissions of the three considered SSP narratives.

2.1 The chemistry-climate model EMAC

For the present study, we applied the EMAC chemistry-
climate model (Jöckel et al., 2006, 2010, 2016). EMAC uses
the second version of the Modular Earth Submodel Sys-
tem (MESSy2) to link multi-institutional computer codes.
The core atmospheric model is the fifth-generation Euro-
pean Centre Hamburg general circulation model (ECHAM5;
Roeckner et al., 2006). We utilized EMAC (ECHAM5 ver-
sion 5.3.02, MESSy version d2.54.0.3-pre2.55-02-2077) in
the T42L90MA resolution, i.e. with a spherical truncation of
T42 (corresponding to a quadratic Gaussian grid of approx.
2.8°× 2.8° in latitude and longitude) with 90 vertical hybrid
pressure levels up to 0.01 hPa.

The simulation set-up is very similar to the RC1SD-base-
10a simulation described in detail by Jöckel et al. (2016)
alongside an evaluation of the resulting model simulations.

Therefore, we describe here only the most important details
of the set-up and differences compared to RC1SD-base-10a:

– The applied gas-phase mechanism in the submodel
MECCA (Module Efficiently Calculating the Chemistry
of the Atmosphere; Sander et al., 2011) incorporates the
chemistry of ozone, methane, and odd nitrogen. Alka-
nes and alkenes are considered up to C4, while the
oxidation of isoprene (C5H8) and some non-methane
hydrocarbons (NMHCs) are described with the Mainz
Isoprene Mechanism, version 1 (von Kuhlmann et al.,
2004). The mechanisms of MECCA are part of the Sup-
plement.

– Heterogeneous reactions in the stratosphere (submodel
MSBM, Jöckel et al., 2010) as well as aqueous-phase
chemistry and scavenging (submodel SCAV, Tost et al.,
2006) are included. Photolysis rates are calculated using
JVAL (Sander et al., 2014).

– Emissions of methane (CH4), the long-lived greenhouse
gases (CO2, N2O, etc.), and the ozone-depleting sub-
stances (ODSs) are not considered explicitly. Instead,
pseudo-emissions of these emissions are calculated us-
ing the submodel TNUDGE (Kerkweg et al., 2006).
TNUDGE relaxes mixing ratios in the lowest model
layer towards prescribed mixing ratios using Newtonian
relaxation (see also Jöckel et al., 2016).

– Dry deposition is considered via the submodel DDEP
(described as DRYDEP by Kerkweg et al., 2006). It is
based on the big-leaf approach by Wesely and Hicks
(2000).

– The emissions of lightning NOx depend on the meteo-
rology and are parameterized after Grewe et al. (2001),
resulting in global total emissions of ≈ 4.5 Tg (N)a−1.
This value is well in the range of the best estimate given
by Schumann and Huntrieser (2007) that is based on a
review of observational and modelling approaches.

– Emissions of NOx from soil and biogenic C5H8 emis-
sions also depend on the meteorology and are calculated
using the MESSy submodel ONEMIS (Kerkweg et al.,
2006), following the parameterizations by Yienger and
Levy (1995) for soil NOx and Guenther et al. (1995) for
biogenic C5H8.

– The radiation is largely based on the original radiation
scheme from ECHAM5 (Roeckner et al., 2003) but has
been restructured and expanded with additional features
such as multiple diagnostic calls as described by Diet-
müller et al. (2016).

– The land surface model and the boundary layer
implementation are modularized versions (see also
Jöckel et al., 2016) of the original implementations of
ECHAM5 described in detail by Roeckner et al. (2003).

https://doi.org/10.5194/acp-24-12079-2024 Atmos. Chem. Phys., 24, 12079–12106, 2024
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2.2 Source attribution method

The TAGGING method has been applied in numerous studies
to quantify the effects of the transport sectors on tropospheric
ozone (Mertens et al., 2018, 2020a, b; Matthes et al., 2021;
Mertens et al., 2021; Maruhashi et al., 2024). The concept
of the source attribution methods (also known as tagging or
labelling methods) fundamentally differs from the concept
of perturbation methods (also known as zero out, brute force,
etc.; Wang et al., 2009; Grewe et al., 2010; Clappier et al.,
2017; Mertens et al., 2020b).

In this study, ozone and its precursors are attributed to 18
source categories which are listed in Table 1. Most of these
categories refer to specific emission sectors, but some oth-
ers (for example the production of ozone in the stratosphere)
do not refer to such sectors. For land transport and anthro-
pogenic non-traffic emissions we differentiate between five
different geographical source regions (see Sect. S8 in the
Supplement for detailed definition). These are

– Europe (EU)

– North America (NA)

– South Asia (SA)

– East Asia (EA)

– rest of the world (ROW).

For better readability, we denote absolute contributions as su-
perscripted abbreviations. For example, OSHP

3 and OHSHP de-
note the absolute contributions of shipping emissions to O3
and OH mixing ratios, respectively. In addition to the abbre-
viations given in Table 1, we define the abbreviation “TRA”,
indicating the contribution of land transport emissions from
all regions (i.e. the sum of land transport from Europe, North
America, East Asia, South Asia, and the rest of the world).
Relative contributions are defined as the mixing ratios of a
specific category (e.g. OSHP

3 ) divided by the total mixing ra-
tio of the species (e.g. O3). Since the budget of the tagged
species is closed, the relative contribution of the sum over
all categories for each considered species yields 100 %. For
example, the relative contribution of shipping emissions to
ozone, denoted as CSHP(O3), in percent, is defined as

CSHP(O3)= 100 ·
O3

SHP

O3
. (1)

2.3 Radiative forcing calculations

Based on the diagnosed ozone contributions, we calculate the
contribution of each category to the radiative flux (strato-
spherically adjusted) at the top of the atmosphere during
model runtime using multiple diagnostic calls of the radia-
tion routines (submodel RAD, Dietmüller et al., 2016). In the

following, we refer to this contribution to the radiative flux
as the “radiative forcing (denoted as RF) of the respective
emission category”. As discussed in detail by Mertens et al.
(2018) our definition of the RF does not take into account the
change in ozone since pre-industrial times (see Forster et al.,
2021), as we do not perform a pre-industrial simulation. In-
stead, the ozone RF in each simulation is decomposed into
the respective contributions from the 18 source categories for
present-day and future conditions (see also Dahlmann et al.,
2011). The change in ozone attributed to natural sources be-
tween pre-industrial and present-day levels caused by the in-
crease in anthropogenic emissions and the respective effects
on the ozone chemistry is not considered (see a detailed dis-
cussion in the Supplement of Mertens et al., 2018).

A detailed description of the procedure to calculate the RF
is given by Mertens et al. (2018). Here we recall only the
most important aspects, exemplarily for the shipping (SHP)
sector.

1. 1O3
SHP = O3 – OSHP

3 is calculated.

2. Stratospherically adjusted radiative fluxes are calculated
at every radiation time step (i.e. every third model time
step) for O3 and 1O3

SHP.

3. In post-processing, the radiative contribution is calcu-
lated by subtracting the radiative flux (rflux) at the top
of the atmosphere:

RFSHP
O3 = rflux(O3)−rflux(1O3

SHP). (2)

It is important to note that neither the radiative fluxes from
O3 nor the ozone contributions (e.g. OSHP

3 ) feed back onto
the dynamics. Instead, prescribed climatologies are used for
the forcing of the dynamics (as described in Sect. 2.4).

2.4 Numerical experiments and emissions

For the present study, four different numerical experi-
ments were performed as summarized in Table 2. Each
simulation has been conducted for the period July 2012–
December 2017. The year 2012 is considered spin-up, and
the years 2013–2017 are analysed. The chemical tracers, the
tagging tracers, and water vapour are initialized in all simu-
lations from a 1.5-year-long spin-up simulation. This initial-
ization is the same in each simulation.

EMAC is nudged by Newtonian relaxation of temperature,
divergence, and vorticity and the logarithm of surface pres-
sure (Jöckel et al., 2006) towards ERA-Interim reanalysis
data (Dee et al., 2011). Furthermore, the sea surface tem-
perature and sea ice coverage are prescribed as transient time
series from ERA-Interim.

To allow for identical, even binary-identical, meteoro-
logical conditions in all simulations, the quasi chemistry-
transport model mode (QCTM mode; Deckert et al., 2011)
of EMAC is used. The use of QCTM mode enables us to

Atmos. Chem. Phys., 24, 12079–12106, 2024 https://doi.org/10.5194/acp-24-12079-2024
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Table 1. Overview of the categories for the tagging source attribution applied in this study. Detailed definitions of the categories are given
by Grewe et al. (2017). IPCC: Intergovernmental Panel on Climate Change.

Name Abbreviation Description

Anthropogenic non-traffic Europe IN∗-EU Anthropogenic emissions not related to transport from Europe
Anthropogenic non-traffic North America IN-NA Anthropogenic emissions not related to transport from North America
Anthropogenic non-traffic South Asia IN-SA Anthropogenic emissions not related to transport from South Asia
Anthropogenic non-traffic East Asia IN-EA Anthropogenic emissions not related to transport from East Asia
Anthropogenic non-traffic ROW IN-ROW Anthropogenic emissions not related to transport from the

rest of the world (ROW)
Land transport Europe LT-EU Land transport emissions from Europe
Land transport North America LT-NA Land transport emissions from North America
Land transport South Asia LT-SA Land transport emissions from South Asia
Land transport East Asia LT-EA Land transport emissions from East Asia
Land transport ROW LT-ROW Land transport (IPCC codes 1A3b_c_e) emissions from the rest of the world
Land transport total TRA The category is not tagged individually but calculated as the sum of

LT-EU, LT-NA, LT-SA, LT-EA, and LT-ROW
Shipping SHP Global shipping emissions (IPCC code 1A3d)
Aviation AIR Global aviation emissions
Stratosphere STR Downward transport from the stratosphere (more specifically,

production of ozone by O2)
Biogenic SOIL Biogenic emissions and soil NOx
Biomass burning BB Emissions from biomass burning
CH4 CH4 Degradation of CH4 as a source of NMHCs
N2O N2O Degradation of N2O as a source of NOy
Lightning LIG Emissions of lightning NOx

∗ The abbreviation IN stands for industry, but the category anthropogenic non-traffic contains all non-traffic-related activities, i.e. industry, households, energy, and agriculture
including agricultural waste burning.

Table 2. Overview of the performed numerical simulations.
PD: present day.

Emission Emission
Name scenario year Meteorology

PD SSP2-4.5 2015 Jul 2012–Dec 2017
SSP1-1.9 SSP2-4.5 2050 Jul 2012–Dec 2017
SSP2-4.5 SSP1-1.9 2050 Jul 2012–Dec 2017
SSP3-7.0 SSP3-7.0 2050 Jul 2012–Dec 2017

quantify signals also for very small emission perturbations,
which otherwise (i.e. with a full coupling of chemistry and
dynamics) would be hard to detect in a statistically signifi-
cant way or would need very long integration times. In this
mode, mixing ratios of the radiatively active trace gases are
prescribed for the radiation calculations. This means that in
each simulation the same instances of radiative forcing by the
prescribed mixing ratios are considered. Furthermore, mix-
ing ratios of the chemical species are prescribed for the pro-
cesses responsible for the coupling of the chemistry with the
hydrological cycle. The prescribed mixing ratios are monthly
averages taken from a previous model simulation performed
with the PD set-up but with full coupling of chemistry and
dynamics.

The simulations are performed as time slices, meaning that
prescribed monthly emissions for 2015 or 2050 are repeated

every year. For each simulation, the emissions of short-
lived chemical species (NOx, NH3, SO2, CO, and VOC)
from biomass burning, anthropogenic non-traffic sources,
land transport, shipping, and aviation sectors are taken from
the respective emission scenarios. The emissions of longer-
lived species (including methane) and ozone-depleting sub-
stances, which are nudged as described in Sect. 2.1, are taken
from the SSP2-4.5 emission inventory for 2015. Emissions
of soil NOx, biogenic isoprene, and lightning NOx are calcu-
lated online, driven by the meteorological conditions, and are
therefore identical in each simulation. The transport emis-
sions in the simulations are discussed in detail in Sect. 3,
including an analysis of the NOx emission totals. More in-
formation on the applied emissions (also for CO and VOC)
is given in Sect. S1 in the Supplement.

2.5 Model evaluation

The EMAC model has been extensively evaluated in the past.
Jöckel et al. (2016) present a detailed evaluation of vari-
ous atmospheric variables, including tropospheric and strato-
spheric ozone. From these evaluations we know that EMAC
has a positive bias for tropospheric ozone and a negative bias
for carbon monoxide. Estimates of the methane lifetime sim-
ulated by EMAC are typically at the lower end of the range
of values estimated by other models. However, multi-model
inter-comparisons show that the biases compared to observa-

https://doi.org/10.5194/acp-24-12079-2024 Atmos. Chem. Phys., 24, 12079–12106, 2024
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tional data of EMAC are within the range of those of com-
parable models (Naik et al., 2013; Stevenson et al., 2013;
Voulgarakis et al., 2013; Young et al., 2013).

Given these extensive previous evaluation efforts, we re-
duce the evaluation of our model results to a minimum. In
a first step we compare the ozone mixing ratios of the re-
sults from our PD simulation with the results of the RC1SD-
base-10a simulation discussed by Jöckel et al. (2016). The
set-up of both simulations is very similar, despite changes in
the emission inventories, small updates and bug fixes in the
model infrastructure, and the fact that we simulate more re-
cent years. Ozone is larger by 2–4 nmolmol−1 in PD com-
pared to RC1SD-base-10a in the extra-tropical lower and
middle troposphere. In the extra-tropical free troposphere
the difference between the two simulations is slightly larger,
reaching up to 8 nmolmol−1. In the tropical troposphere the
difference ranges between −2–2 nmolmol−1. Overall, the
change is lower than 8 % with the largest increase in the
Southern Hemisphere dominated by the variability in the po-
lar vortex. Figures of the comparison of ozone and of further
trace gases are provided in the Supplement (see Sect. S10 in
the Supplement). From this analysis we conclude that the ex-
tensive evaluation presented by Jöckel et al. (2016) remains
valid.

In addition, we compared the simulated ozone mixing ra-
tios in the upper troposphere and lower stratosphere (UTLS)
with satellite measurements published as the Stratospheric
Water and Ozone Satellite Homogenized (SWOOSH) dataset
by Davis et al. (2016). The SWOOSH data are a homoge-
nized, gridded, monthly-mean dataset for ozone and water
vapour based on various satellite data. For the considered
period the dataset is based on the Aura Microwave Limb
Sounder (MLS). We used the SWOOSH data in version 2.6
with a horizontal resolution of 2.5° and 31 vertical levels.
Horizontally, the SWOOSH data are interpolated onto the
slightly coarser EMAC grid; vertically, the data are inter-
polated onto the much coarser SWOOSH grid in a fash-
ion similar to Pletzer and Grewe (2024). The monthly-mean
SWOOSH data are compared with monthly-mean data from
the model, meaning that satellite data and model data are
not co-located in space and time. Averaging kernels of the
satellite are not considered; accordingly, the satellite data can
only be used for qualitative evaluation. The evaluation is per-
formed for the years 2013–2017.

Figure A1 shows the difference between the ozone mixing
ratios of the PD simulation and the SWOOSH data. Overall,
the inter-comparison confirms the known bias of simulated
ozone, as discussed above, also in the upper troposphere. We
would like to stress that the results can only be used for qual-
itative evaluation (i.e. confirming the ozone bias), as averag-
ing kernels are not used, nor are the data spatially and tempo-
rally co-located. Moreover, the number of considered years
are very limited, and we found that the magnitude and loca-
tion of the peak of the upper-tropospheric ozone bias strongly
depend on the approach used for vertical remapping due to

the limited vertical resolution of SWOOSH. For a detailed
quantitative evaluation of UTLS ozone we refer to previ-
ous inter-comparisons, for example the IAGOS (In-service
Aircraft for a Global Observing System; in situ measure-
ments on board passenger aircraft) measurements presented
by Jöckel et al. (2016), Pletzer et al. (2022), and Cohen et al.
(2024).

3 Transport emissions in the SSP projections

In our study, we consider three specific emission scenarios
among the various combinations of SSP projections and forc-
ing pathways (Gidden et al., 2019):

– SSP1-1.9 – a version of the SSP1 narrative with a tar-
get radiative forcing from anthropogenic emissions of
1.9 Wm−2 in 2100

– SSP2-4.5 – a version of the SSP2 narrative with a tar-
get radiative forcing from anthropogenic emissions of
4.5 Wm−2 in 2100

– SSP3-7.0 – a version of the SSP3 narrative with a tar-
get radiative forcing from anthropogenic emissions of
7.0 Wm−2 in 2100.

The narratives of these SSPs can be summarized as follows
(O’Neill et al., 2017).

– SSP1 (sustainability). SSP1 features relatively low pop-
ulation growth with medium–high economic growth per
capita. There is moderate international trade and ef-
fective international cooperation, and policy focuses on
sustainable development. Technological development is
rapid, with a strong shift away from fossil fuels and to-
wards efficiency and renewable energy.

– SSP2 (middle of the road). SSP2 features medium popu-
lation growth and medium economic growth per capita.
International cooperation is relatively weak, and inter-
national trade is moderate. Environmental policy fo-
cuses on local pollutants, but there is only a weak fo-
cus on sustainability. Accordingly, there is only some
investment in renewable energy, and fossil fuels con-
tinue to play an important role. Technological develop-
ment is medium and distributed unevenly, with a slow
transfer of technologies.

– SSP3 (regional rivalry). SSP3 features high fertility
in the groups of low- and high-fertility countries and
low fertility in the group of rich OECD (Organisation
for Economic Co-operation and Development) coun-
tries (see Table 1 in KC and Lutz, 2017). Economic
growth per capita is slow, and there is high inequality
across countries. De-globalization takes place, and in-
ternational trade is strongly constrained. International
cooperation is weak, and environmental issues are con-
sidered low priority. Technological development is slow,
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with little technological change directed towards do-
mestic energy sources.

The traffic emissions of air pollutants between the three
projections differ strongly, as they depend on mobility, global
trade, and applied technologies. Overall, in 2050, passen-
ger travel demand is largest in SSP2, followed by SSP1 and
SSP3. Cars are an important transportation mode in all three
SSPs, with the largest passenger travel demand in SSP2, fol-
lowed by SSP3 and SSP1. In SSP1, public transport (bus and
train) plays a more important role than in SSP2 and SSP3.
Moreover, SSP1 features the lowest demand for aviation, fol-
lowed by SSP3 and SSP2. High-speed trains become more
important as an alternative mode of transportation in SSP1
(see Fig. 5 in van Vuuren et al., 2017). SSP1 has the over-
all lowest energy demand for the transport sector, followed
by SSP2 and SSP3. Even though the energy demand of the
transport sector in SSP1 is lower than in SSP3, SSP1 has
the larger transport demand. This shows that a decoupling
of energy demand and passenger demand is achievable in a
sustainable scenario. In all SSPs, liquid fuels dominate the
overall energy demand for transportation in all scenarios un-
til ∼ 2040. Only in SSP1 does the electrification of cars in-
crease compared to the present day before 2040. In this sce-
nario, hydrogen also becomes an important energy carrier
in the transport sector after 2050. In the SSP3 projection,
even in 2050, only very little electrification is projected in the
transport sector, while the SSP2 projection assumes a mod-
erate amount of electrification (see Fig. S13 in the Supple-
ment of Bauer et al., 2017). Generally, SSP1 features a max-
imum electrification of 75 % of total transport, while SSP2
and SSP3 feature 50 % and 10 % maximum electrification,
respectively (Fricko et al., 2017).

In addition to the adaptation of alternative energy sources,
such as electricity, in the transport sector, air pollutant emis-
sions depend heavily on the regulations that are enacted. Dif-
ferent pollution control levels have been defined which are
linked with the SSP narratives (Rao et al., 2017).

– SSP1. Policy-makers aim for much lower air pollu-
tion levels over the 21st century than current legislation
targets. There is a strong concern for negative effects
of air pollutants on health and ecosystems. Moreover,
medium- and low-income countries catch up relatively
quickly with industrialized countries in terms of pollu-
tion control.

– SSP2. The general trend of emission reductions is con-
tinued worldwide, and the pollution concentration tar-
gets become more ambitious with increasing income
over the century. There is increasing concern for the ef-
fects of pollutants on human health and the ecosystems.
Due to the diffusion of technology and knowledge, de-
veloping countries reach levels of emission control rel-
atively early compared to historical developments in

OECD countries. Regions with large population densi-
ties may not reach the targeted air pollution levels.

– SSP3. Compared to SSP2, the implementation of pollu-
tion control is delayed. Moreover, due to less interna-
tional cooperation and the slow deployment of interna-
tional laws, technologies are developed less quickly and
trans-boundary pollution (e.g. hemispheric transport of
air pollutants) increases.

The integrated assessment models (IAMs) behind the
SSPs do not apply complex air pollution control technolo-
gies. Therefore, the pollution control scenarios are imple-
mented in a simplified approach based on trajectories of the
emission factors (Rao et al., 2017). The trajectories are based
on two sets of emission factors. The first set is “current leg-
islation” (CLE), assuming efficient implementation of exist-
ing environmental legislation. The second set is the maxi-
mum technically feasible reduction (MFTR) set. The near-
term achievement of MFTR is not considered feasible, but it
serves as a baseline for what is ultimately possible given the
current state of air pollution control technologies.

SSP2 assumes the implementation of CLE until 2030,
while SSP1 (SSP3) assumes a stronger (less strict) imple-
mentation of CLE until 2030, respectively. After 2030, the
progress of the emission factors depends on the level of tech-
nological progress, i.e. the progress towards MFTR emis-
sion factors. In addition, depending on their economic de-
velopments, non-OECD countries can catch up with OECD
countries with respect to the implementation of air pollution
control faster (SSP1) or slower (SSP3). In all scenarios, the
MFTR emission factors are stagnant in time, which means
that there is no speculation about possible future technolo-
gies better than MFTR. Thus, in countries and SSPs with a
high penetration of MFTR, this might be a conservative sce-
nario (Rao et al., 2017).

In all SSP projections, the spatial distribution of the
land transport emissions is taken from the EDGAR (Emis-
sions Database for Global Atmospheric Research; Janssens-
Maenhout et al., 2019) 4.3.2 emission inventory, aviation
emissions are distributed as in CMIP5 (Coupled Model In-
tercomparison Project Phase 5; Taylor et al., 2012), and ship-
ping emissions are distributed according to ECLIPSE (Eval-
uating the Climate and Air Quality Impacts of Short-Lived
Pollutants; Stohl et al., 2015). The spatial distribution of land
transport and aviation emissions is constant in time. Ship-
ping emissions use projected changes in sulfur emissions due
to changes in sulfur content and the definition of the sul-
fur emission control area (SECA). More details on the re-
gridding process of the CMIP6 emissions are given by Feng
et al. (2020). We apply the aviation emissions in their original
form which have an error in the geographical distribution, as
recently reported by Thor et al. (2023). The corrected emis-
sions would lead to an increase in the ozone RF of 7.6 %.

Figure 1 displays the NOx emissions in the four simula-
tions. Tables of the total emissions for NOx, VOC, and CO
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emissions are part of the Supplement (Sect. S1). Further anal-
yses of the changes in the total emissions in the SSP projec-
tions are given by Righi et al. (2023).

In the SSP1-1.9 projection for 2050, anthropogenic NOx
emissions reduce by more than 70 % compared to 2015,
which is in agreement with the underlying narrative. In par-
ticular, the emissions in the transport sector decrease strongly
by around 90 % for most land transport regions, around 95 %
for the shipping sector, and 64 % for the aviation sector. The
reductions are caused by transformations of the transport
system and by alternative fuels (e.g. electrification). Gen-
erally, SSP1 features a much larger share of public trans-
port (e.g. buses and trains) in 2050 compared to the other
SSPs (van Vuuren et al., 2017), and the aviation sector has
a lower passenger demand compared to SSP2 and SSP3. In
addition to this high share of public transport and the quick
shift towards alternative technologies, SSP1 also features the
strongest air pollution control among the considered scenar-
ios.

In the SSP2-4.5 projection for 2050, anthropogenic NOx
emissions decrease by around 25 %, but emission peaks are
shifted regionally compared to 2015. As an example, land
transport emissions decrease in most regions but strongly in-
crease over South Asia (around 60 %) and over Africa. The
decrease is mainly caused by stronger air pollution control,
especially in the OECD regions, while the increase is partly
caused by increases in the population in South Asia and parts
of Africa. The aviation emissions are doubled compared to
2015, which is consistent with the increase in passenger
travel demand in the aviation sector. Shipping emissions are
reduced by around 30 %. These reductions mainly take place
around Europe and the eastern coast of North America, while
emissions increase, especially along the main shipping routes
from China to Singapore. Most of the reductions are likely
due to technological improvements (including increased air
pollution control).

The SSP3-7.0 projection for 2050 exhibits around 12 %
higher anthropogenic NOx emissions compared to 2015. The
regional changes, however, differ strongly. For example, the
land transport NOx emissions decrease in Europe and North
America compared to 2015 by around 40 % and 50 %, re-
spectively, as a consequence of the stronger air pollution con-
trol (including technological advancements) in these regions.
In South Asia, the NOx emissions from land transport in-
crease by almost 100 %, and in the rest of the world they in-
crease by around 40 %. One reason for the particularly strong
increase in South Asia is the strong population growth, in
particular in India, in SSP2 and SSP3 in 2050 compared to
2015 (KC and Lutz, 2017). In addition, air pollution control
is limited in SSP3. The shipping emissions for 2050 are lower
in SSP3 compared to SSP2, even though air pollution control
is less strict in SSP3 compared to SSP2. This is likely caused
by the strong decrease in international trade between the re-
gions in SSP3 (Fujimori et al., 2017; Bauer et al., 2017).

Figure 1. Comparison of the NOx emissions (in Tg (NO)a−1) be-
tween the four performed simulations for 2015 (PD) and 2050 (pro-
jections; see Sect. 2.4 for a detailed description). The land transport
emissions are given for the different source regions and as global to-
tals (“land transport total”). The category “rest” indicates all other
emission sources, also including soil and lightning NOx emissions
which are not included in the SSP emission data. Please note that the
land transport total emissions are only given for comparison; they
are not emitted in addition to the regional land transport emissions.

4 Contributions to ground-level ozone

We first analyse the general changes in ground-level ozone
for the three projections compared to 2015 (Sect. 4.1), which
is followed by an analysis of the individual transportation
sectors in detail in Sects. 4.2 to 4.4. In these analyses the
contributions to ground-level ozone (land transport and ship-
ping) and zonally averaged contributions to ozone (aviation)
are analysed. Moreover, we quantify the trends of the abso-
lute contributions from land transport and shipping emissions
to ground-level ozone for specific geographical regions. For
the aviation sector we focus on the zonal means of the rela-
tive contributions and the trends of the contribution of avia-
tion ozone to the tropospheric ozone column for main flight
regions. Moreover, we quantify the changes in the ozone bur-
den caused by the changes in the emissions in Sect. 4.5.

4.1 Changes in ground-level ozone

Figure 2 shows the ground-level ozone mixing ratios for
2015 and the changes in the ground-level ozone mixing ratios
compared to 2015 for the three projections in 2050. Figures
of the ground-level ozone mixing ratios for the projections
are part of the Supplement (Sect. S2).

In 2050, ozone decreases in the SSP2-4.5 projection com-
pared to 2015 in most regions by 2–6 nmolmol−1. How-
ever, ozone increases slightly over Central Africa, around
India, along the eastern coast of China, and in central Eu-
rope. Especially in central Europe and China is the in-
crease due to decreased ozone titration caused by decreasing
NOx emissions. For the SSP3-7.0 projection, ozone increases
strongly in 2050 compared to 2015. The increase reaches
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up to 10 nmolmol−1 and particularly affects West Africa,
the Arabian Peninsula, India, and Southeast Asia. In con-
trast to this, ground-level ozone decreases strongly in 2050
for the SSP1-1.9 projection compared to 2015. In most re-
gions the decrease is in the range of 10–15 nmolmol−1, and
it exceeds 20 nmol mol−1 on the Arabian Peninsula. The gen-
eral changes in ground-level ozone for the three projections
and regional features, such as the strong increase in ozone
over Asia in SSP3-7.0, are in agreement with the analyses of
CMIP6 simulation results by Turnock et al. (2020). However,
the magnitude of the ozone change differs; in particular, our
increase in ozone in SSP3.7-0 is lower as shown by Turnock
et al. (2020). Moreover, our results for SSP3-7.0 do not show
the strong decrease in ozone over the oceans as discussed by
Zanis et al. (2022). Both differences can be expected, as we
keep the methane lower boundary condition at present-day
values and because we do not include the effects of chang-
ing meteorology and climate and therefore also have constant
water vapour concentrations in all simulations (see Sect. 7 for
a detailed discussion).

4.2 Land transport

Figure 3 shows the relative contributions of land transport
emissions to ground-level ozone as simulated in the four ex-
periments. In addition, the absolute contribution for 2015
and the changes in the absolute contribution for the vari-
ous regions are shown as an average over specific regions
in Fig. 4. These regions are Europe, North America, East
Asia, South Asia, Southeast Asia, and South America (see
Supplement Sect. S9.1 for a detailed definition). Additional
figures depicting absolute contributions at ground level and
zonal means are part of the Supplement (Sects. S3 and S4).

Generally, the absolute and relative contributions over
North America, Europe, and the Middle East for present-
day conditions (PD simulation) are comparable to previous
studies (see Mertens et al., 2018, and detailed tables therein).
The contributions for present-day conditions over India and
parts of Southeast Asia, however, are larger compared to pre-
vious studies. This increase is mainly caused by the higher
emissions in these regions in the Community Emissions Data
System (CEDS) emission inventory compared to other emis-
sion inventories (e.g. Hoesly et al., 2018; McDuffie et al.,
2020). Moreover, a more recent emission year (2015) has
been used here.

For the SSP2-4.5 projection in 2050, the relative contribu-
tions of emissions from land transport to ground-level ozone
(CTRA(O3)) at the hotspots over India and Southeast Asia in-
crease to 30 % and 25 %, respectively (see Fig. 3). The ab-
solute contributions increase over India, while they decrease
over Southeast Asia (see Fig. 4), but due to the reduced ozone
levels CTRA(O3) increases. The increase over India is con-
sistent with the increase in emissions from land transport in
the SSP2 narrative, as the population grows fast and air pol-
lution control strategies and technological development are

not strong enough to counteract the increased demand for
mobility. Over Europe, East Asia, and North America, ab-
solute and relative contributions of land transport emissions
decrease due to stricter air pollution policies compared to the
present day.

The SSP1-1.9 emission pathways show a strong reduction
in land transport emissions in all regions of the world, which
leads to a strong reduction in the contributions to ozone (see
Fig. 3). The highest levels of CTRA(O3) are simulated in the
Middle East and South Asia (8 %–9 %). As O3 itself de-
creases in SSP1-1.9 (see Fig. 2), absolute contributions de-
crease at an ever stronger pace (see Fig. 4). This strong de-
crease is caused by the strong shift in the transport system
towards public transport and electrification of the transport
system as well as the very strong air pollution mitigation ef-
forts.

The SSP3-7.0 projection in 2050 globally features even
higher land transport emissions compared to the present day,
caused by the combination of population growth, slow tech-
nological development, and less strict air pollution mitiga-
tion. This increase in emissions globally leads to increasing
contributions of the land transport emissions to ozone, but re-
gional changes vary. Even though land transport NOx emis-
sions are reduced by around 50 % compared to 2015 over
North America and Europe, relative (16 %–18 %) and abso-
lute contributions decrease only slightly. A detailed analy-
sis of the reason will follow in Sect. 4.5. Over the Middle
East, India, and South America CTRA(O3) increases up to
28 %, 31 %, and 22 %, respectively. In these regions abso-
lute contributions also increase. This increase is caused by
an increase in emissions due to the combination of increased
mobility demand, a lack of public transport, and the failure
of effective emission control.

To quantify whether the changes in the contribution of
land transport emissions to ground-level ozone for the fu-
ture projections are caused by changes in regional emissions
or by emission changes in other regions of the world, we per-
formed a source–receptor analysis (see Figs. 5 and S18 in the
Supplement). We define the tagged regions (see Table 1) as
sources and the regions as used in Fig. 4 as receptor regions.
Please note that the region of Southeast Asia is not defined
as a separate source region but is listed under the rest of the
world (ROW).

For all receptor regions in 2015, regional land transport
emissions are the most important source for the contribution
of land transport emissions to ozone. This means, for exam-
ple, that land transport emissions from the source region of
Europe contribute most to the contribution of land transport
emissions to ozone in the receptor region of Europe. This
changes in the projections for 2050, particularly for Europe
and North America. Here, the contribution of regional land
transport emissions declines sharply due to air pollution con-
trol and the source regions of the ROW have (partly) larger
contributions compared to regional emissions.
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Figure 2. Ozone mixing ratios (5-year average) at ground level for the PD simulation and differences (1O3, “2050 minus 2015”) for
SSP1-1.9, SSP2-4.5, and SSP3-7.0. Please note that SSP1-1.9 has a different colour scale.

Figure 3. Relative contributions of land transport emissions to ground-level ozone (in %) for the simulations PD, SSP1-1.9, SSP2-4.5, and
SSP3-7.0 (5-year average). The colour bars are identical in all panels to allow for better comparability between the results of the different
emission projections.

Interestingly, only the emissions of the source regions of
North America, South Asia, and East Asia have a larger in-
fluence on the contributions of land transport emissions for
other receptor regions. The contributions of European land
transport emissions to ground-level ozone are confined to

around Europe (see also additional figures in Sect. S3 in the
Supplement).

The large contributions of land transport emissions for the
present day and in the projections of SSP2-4.5 and SSP3-
7.0, especially for South Asia, show the importance of strong
mitigation measures in these regions to effectively reduce
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Figure 4. Absolute contributions of land transport emissions to
ground-level ozone for 2015 and the differences in the absolute con-
tributions for the three 2050 simulations (2050 minus 2015, all in
nmolmol−1). Values are area-averaged over specific geographical
areas and for 5 years (see Sect. S9.1 in the Supplement for the exact
definition of the regions).

O3 levels. SSP1-1.9 shows one possible mitigation pathway,
leading to a strong reduction in land transport emissions and
its contribution to ozone over South Asia by strong shifts in
the transport system and strong pollution control. In addition,
the population increases less strongly, leading to a lower de-
mand for mobility in SSP1-1.9 compared to SSP2-4.5 and
SSP3-7.0 in South Asia.

Overall, the importance of regional emissions in most
receptor regions indicates a large benefit for ground-level
ozone when reducing regional emissions. However, the in-
creasing importance of the contribution of land transport
emissions from other regions in the projections shows how
important it is to reduce ozone precursors not only region-
ally but also globally. In particular, the increase in the ROW
contribution for Europe, South Asia, and North America in
SSP3-7.0, in which international cooperation is strongly re-
duced, shows how important international cooperation is in
order to reduce air pollution by long-range transport.

4.3 Shipping

Figure 6 shows the relative contributions of shipping emis-
sions to ozone (CSHP(O3)) at ground level. Quantifications of
the absolute contribution of shipping emissions for specific
geographical regions, which are the Atlantic, Indian, and Pa-
cific oceans and the Mediterranean Sea (see Sect. S9.2 in the
Supplement for a detailed definition), are displayed in Fig. 7.
Additional figures depicting absolute contributions at ground
level and zonal means are part of the Supplement (Sects. S3
and S4).

Generally, CSHP(O3) is largest in the northeastern Pacific
and the northeastern Atlantic. In 2015, CSHP(O3) reaches up
to 18 % in these regions, corresponding to mixing ratios of

Figure 5. Source–receptor analysis of the absolute contribution of
land transport emissions to ground-level ozone (in nmolmol−1).
The values are mean values over 5 years and area-weighted over
the receptor regions. Exact definitions of the receptor regions are
given in Sect. S9.1 in the Supplement.

OSHP
3 of up to 7 nmolmol−1 in the northeastern Pacific and

up to 12 nmolmol−1 along the western coast of North Africa.
Similarly to the land transport emissions, the geographical
distribution of shipping emissions for the present day is com-
parable to previous studies (Mertens et al., 2018; Butler et al.,
2020). Despite higher emissions from the shipping sector,
the simulated contributions in the present study are slightly
lower compared to Mertens et al. (2018), which is proba-
bly due to the higher overall NOx emissions in the present
study. Compared to Butler et al. (2020), the simulated con-
tributions in the present study are lower. This is due to the
differences in the tagging methods used. While Butler et al.
(2020) performed either NOx or VOC tagging, we consider
all precursors and their competition in ozone production and
loss reactions simultaneously (see Sect. 7).

In contrast to the land transport sector, where the geo-
graphical patterns of the contributions change strongly due
to the regional emission shifts resulting from the local na-
ture of the mitigation measures in this sector, the geographi-
cal pattern of the regions with the largest contributions from
the shipping sector remains very similar in 2050 for SSP2-
4.5 and SSP3-7.0. This can be expected as the shipping
emissions similarly do not show strong regional shifts (be-
sides the introduction of SECAs) and mitigation measures
are mostly applied globally due to technological advance-
ments by means of improved emission factors (i.e. tech-
nological advancements). The absolute and relative contri-
butions decrease to around 16 % (8 nmolmol−1) for SSP2-
4.5 and 14 % (7 nmolmol−1) for SSP3-7.0. The lower con-
tributions of shipping emissions in SSP3-7.0 compared to
SSP2-4.5 are in accordance with lower shipping emissions
caused by the decrease in global trade in the SSP3 narra-
tive (see Sect. 3). The strong decrease in shipping emissions
in SSP1-1.9 leads to a strong reduction in the absolute and
relative contributions from shipping emissions to ozone. Ac-
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Figure 6. Relative contributions (in %) of shipping emissions to ground-level ozone as simulated by PD, SSP1-1.9, SSP2-4.5, and SSP3-7.0.
All values are annual averages for the 5-year average. The colour bars are identical in all panels to allow for better comparability between
the results of the different emission projections.

Figure 7. The 5-year mean of the absolute contributions of shipping
emissions to ground-level ozone for PD and the differences in the
absolute contributions for the three 2050 simulations (2050 minus
2015, all in nmolmol−1). Values are area-averaged for specific ge-
ographical regions (see Sect. S9.2 in the Supplement for a detailed
definition).

cordingly, CSHP(O3) drops below 4 % and OSHP
3 drops to

2 nmolmol−1 at its maximum. If climate change would be
considered in addition, the ozone contribution from shipping
emissions could be reduced even more strongly in the future,
given the likely reduction in ozone over the oceans due to in-
creasing humidity (Zanis et al., 2022; see also the discussion
in Sect. 7).

4.4 Aviation

Figure 8 shows the zonal average of the relative contributions
of aviation emissions to ozone (CAIR(O3)). Absolute contri-
butions of aviation emissions to the tropospheric column of
OAIR

3 averaged over the main flight regions between North
America and Asia, Asia and Europe, and North America and
Europe (see Sect. S9.3 in the Supplement for a detailed defi-
nition) are given in Fig. 9.

The largest values of the relative and absolute contribu-
tions in 2015 are simulated in the Northern Hemisphere.
They reach up to 5 % (4–5 nmol mol−1) and occur over a
large region between 60°–90° N (see Fig. S10 in the Sup-
plement). The largest relative contributions can be found be-
tween 800 and 300 hPa, while the largest absolute contri-
butions are simulated around 250 hPa. Generally, the geo-
graphical distribution of the regions with the largest con-
tributions is similar to that of the regions with the largest
ozone changes as quantified with the perturbation approach
reported by Koffi et al. (2010). The results of the perturbation
approach, however, show a relative change in ozone which is
much more limited to the upper troposphere. This is because
below the cruise altitude ozone precursors from other sources
become more and more important. While in the perturbation
approach the non-linearities in the net ozone production lead
to a compensation of reduced emissions and increased net
ozone production, here such a compensation is avoided.

The increase in the aviation emissions in SSP2-4.5 and
SSP3-7.0 due to the increase in passenger travel demand
leads to an increase in the ozone contributions. For the
SSP2-4.5 projection, CAIR(O3) reaches up to 10 % (8–
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Figure 8. Zonal average of the relative contributions (in %) of avi-
ation emissions to ozone as simulated by PD, SSP1-1.9, SSP2-4.5,
and SSP3-7.0. All values are averages for 5 years. The colour bars
are identical in all panels to allow for better comparability between
the results of the different emission projections.

8.5 nmolmol−1) in the Northern Hemisphere in 2050. Like
for the shipping emissions, the aviation emissions are lower
in the SSP3-7.0 emission pathway compared to the SSP2-
4.5 pathway. Accordingly, maximum relative and absolute
contributions of aviation emissions to ozone reach up to
8 % (7–7.5 nmolmol−1) in SSP3-7.0 for 2050. Similar to
the absolute and relative contributions, the tropospheric
ozone columns of OAIR

3 increase by almost 90 % (SSP2-4.5)
and 70 % (SSP3-7.0) compared to present-day conditions
(Fig. 9).

The SSP1-1.9 projection shows the lowest contributions
in 2050 compared to the two other pathways, caused by
decreased passenger travel demand compared to SSP2-4.5
and SSP3-7.0 and technological advancements compared to
2015. The maximum of CAIR(O3) of around 4 % is only a
slight reduction compared to the values in 2015. However,
the background ozone is much lower in SSP1-1.9 for 2050
due to the overall decreased emissions so that the 4 % rela-
tive contribution corresponds to maximum absolute contribu-
tions of 2.5 nmolmol−1. Accordingly, the tropospheric ozone
column of OAIR

3 also decreases by around 50 % in SSP1-1.9
compared to the present day.

4.5 Analysis of the non-linearity of the ozone chemistry

The production of tropospheric ozone is strongly non-linear
and depends on the ratio of NOx to VOC concentrations (e.g.

Figure 9. The 5-year mean tropospheric OAIR
3 column for PD (in

Dobson units, DU) and the differences in the tropospheric OAIR
3

columns between the three 2050 simulations (2050 minus 2015).
The values are area-averaged over the main flight regions (see
Sect. S9.3 in the Supplement for a detailed definition).

Sillman, 1995; Seinfeld and Pandis, 2006; Wu et al., 2009;
Wild et al., 2012; Archibald et al., 2020). In the NOx-limited
regime, the ozone production efficiency (i.e. the number of
ozone molecules formed by one NOx molecule) increases if
NOx emissions are reduced and decreases with an increase
in the NOx emissions.

To analyse how the ozone burden in the atmosphere
changes for the different projections, we introduce the fol-
lowing metric which we define exemplary for the shipping
sector as follows:

χSHP
=

B(OSHP
3 )

E(NOSHP
x )

. (3)

In this definition, B(OSHP
3 ) is the global burden (in Tg) of

OSHP
3 and E(NOSHP

x ) is the annual NOx emissions of the
shipping sector (in Tg (NO)). Increasing values of χ (called
the ozone burden efficiency) indicate an increase in the ozone
burden per emitted NOx. We prefer this quantity over the
commonly analysed ozone production efficiency as it in-
cludes production and loss processes of ozone and therefore
is a better measure of the associated radiative forcing.

Figure 10 shows the dependency between χ and the NOx
emissions. The results clearly show the expected increase
in the ozone burden efficiency with decreasing emissions.
Depending on the prevailing meteorological conditions and
on the chemical background conditions, χ varies among the
transport sectors and in different world regions (as analysed
for the land transport emissions). Generally, NOx emissions
from the aviation sector have a larger efficiency in form-
ing ozone compared to surface emissions because the emis-
sions are emitted under cleaner background conditions. This
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Figure 10. Dependency between χ and the annual NOx emissions
(in Tg (NO)). χ is calculated as the global mean over 5 years.
Shown are the results of the seven transport categories (LT-ROW,
LT-EU, LT-NA, LT-SA, LT-EA, aviation, and shipping, where LT
indicates land transport) for each simulation (colour-coded).

is consistent with previous findings (e.g. Hauglustaine et al.,
1994; Derwent et al., 2001; Hoor et al., 2009; Dahlmann
et al., 2011; Butler et al., 2020; Wang et al., 2022; Terrenoire
et al., 2022). Land transport emissions in Europe or North
America have rather low values of χ (at least) for the present
day, as they are emitted in a rather polluted background and
the prevailing meteorological conditions do not favour ozone
production over parts of North America and Europe. This is
in agreement with the results of Zhang et al. (2016), show-
ing a larger ozone production efficiency near tropical regions
compared to mid-latitudes.

The increase in χ with decreasing NOx emissions under-
lines a major challenge for ozone mitigation. A very promi-
nent example is the land transport emissions from Europe
and North America in SSP3-7.0. Even though the NOx emis-
sions are reduced by around 40 % (Europe) and 50 % (North
America) compared to 2015, the global burden of ozone pro-
duced from these emissions is reduced by 5 % (Europe) and
16 % (North America), only. Accordingly, reductions in NOx
emissions from the land transport need to be large enough to
overcome strong non-linear behaviour of the ozone chem-
istry so that the emission reductions lead to significant re-
ductions in ozone. The SSP1-1.9 and SSP2-4.5 projections
show two possible projections with such strong reductions
over Europe and North America. As an example, the reduc-
tion in NOx emissions of 63 % over Europe in SSP2-4.5 com-
pared to 2015 leads to a 30 % reduction in ozone from Euro-
pean land transport emissions.

5 Ozone radiative forcing

The stratospherically adjusted radiative forcing of ozone (for
simplicity from now on called RF) of the different transport
sectors is depicted in Fig. 11. RF values are given for the
three main transport sectors (Fig. 11a) and for the land trans-
port emissions from specific regions in Fig. 11b (see Table 1
for the naming convention). The total RF of the land trans-
port sector in 2015 is 121 mWm−2. This value is 29 mWm−2

(≈ 32%) larger compared to Mertens et al. (2018), which is
partly due to the ∼ 35% higher NOx emissions from land
transport in the present study. Moreover, especially the land
transport emissions in Asia are larger in the present study,
which have a rather high efficiency for RF (see Sect. 5.1).

The RF of the shipping sector in 2015 is 54 mWm−2,
which is 8 mWm−2 (≈ 13%) lower compared to Mertens
et al. (2018), despite the about 20% higher NOx emissions
in the present study. This is most likely caused by the over-
all higher NOx emissions from anthropogenic sources in
the present study compared to Mertens et al. (2018). These
higher overall NOx emissions lead to a more polluted back-
ground and a lower ratio of the shipping emissions compared
to all anthropogenic emissions (around 7 % in the present
study compared to 12 %).

The RF of the aviation sector in 2015 is 29 mWm−2,
which lies between the best estimates by Lee et al. (2021)
for 2011 (27 mWm−2) and 2018 (36 mWm−2). Note that
the values from Lee et al. (2021) are based on a literature
review from various models using the perturbation approach.
Only a limited number of model results from EMAC are in-
cluded in the multi-model assessment. The included results
of EMAC tend to be at the lower end of the ozone response
in Lee et al. (2021) and also in other multi-model assess-
ments (Søvde et al., 2014; Cohen et al., 2023). A recent as-
sessment with EMAC, comparing different methodologies to
assess the effects of aviation emissions on ozone, diagnoses
a difference in ozone between the perturbation and tagging
method of a factor of 1.16 to 2.55, with a mean value of 1.83
(Maruhashi et al., 2024).

As mentioned in Sect. 3, inconsistent geographical distri-
butions in the CMIP6 aviation emissions applied here lead to
an underestimation of the aviation O3 RF of about 8 % (see
Thor et al., 2023, for a detailed analysis).

The RF from land transport emissions is reduced to
103 mWm−2 in 2050 with the SSP2-4.5 projection. The
strong increase in the emissions from the land transport sec-
tor in SA leads to an increase in the RF from OLT−SA

3 com-
pared to 2015 of around 7 mWm−2. The RF of the land trans-
port emissions of all other regions decreases slightly. The RF
of the shipping emissions decreases slightly by 2 mWm−2 in
2050 compared to 2015, while the RF of the aviation sec-
tor almost doubles with SSP2-4.5. With this large increase,
the RF of the aviation sector is slightly larger than the RF of
the shipping sector in 2050 for SSP2-4.5. Moreover, the RF
of the total transport sector (land, aviation, and shipping) in
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2050 with the SSP2-4.5 projection is almost as large as for
present-day conditions, as the increase in the RF in the avi-
ation is almost of the same magnitude as the reductions in
shipping and land transport.

The strong increase in the land transport emissions in
SSP3-7.0 compared to SSP2-4.5 leads to an increase in the
RF from land transport emissions to 140 mWm−2 in 2050.
In comparison to 2015 and to SSP2-4.5 (in 2050) especially
the RF of the land transport emissions increases from the rest
of the world (ROW). Also the contributions of land transport
emissions from South Asia increase mainly due to the strong
increase in the emissions in India. The RF of the land trans-
port emissions from Europe, North America, and East Asia
stay relatively similar to 2015. Even though the NOx emis-
sions from land transport are reduced strongly, ozone is only
reduced slightly due to non-linear effects (see Sect. 4.5).

Consistent with the changes in NOx emissions and the
O3 contributions, RF from the aviation and shipping sec-
tors is smaller for SSP3-7.0 compared to SSP2-4.5. The RF
from shipping emissions is 37 mWm−2 in 2050 with SSP3-
7.0, which is a decrease of 17 and 15 mWm−2 compared to
SSP2-4.5 in 2015 and 2050, respectively. The RF from avi-
ation emissions decreases for SSP3-7.0 by 5 mWm−2 com-
pared to SSP2-4.5 in 2050 but increases by 21 mWm−2 com-
pared to 2015.

In the SSP1-1.9 projection, RF from all transport sectors
decreases strongly. The total land transport RF is reduced by
a factor of 4, the shipping RF is reduced by a factor of 5,
and the RF from aviation emissions is reduced by a factor
of 3 compared to 2015. Also the RF of the land transport
emissions from various regions is reduced strongly compared
to 2015 and also compared to the other projections.

5.1 Radiative forcing efficiency

The RF values discussed in Sect. 5 are difficult to compare
among the different sectors due to the different amount of
emissions for each sector and region. To put the discussed RF
values into perspective with the emissions of the individual
emission sectors, we calculate the RF efficiency with respect
to the NOx emissions for each sector (defined as RFe, e.g.
Dahlmann et al., 2011) as

RFie =
RFi

E(NOx
i)
, (4)

with E(NOi
x) denoting the NOx emissions (in Tg (NO)a−1)

and RFi denoting the stratospherically adjusted RF of the
considered sector (denoted as i). In addition, we calculate the
RF with respect to the tropospheric ozone columns, denoted
as O3tc, in Dobson units (DU), for each emission sector (de-
noted as i). We call this quantity RFDU and define it as

RFiDU =
RFi

O3i
tc
. (5)

Figure 12 shows RFe and RFDU for the differ-
ent projections and the different emission sectors.
For the present day, the aviation sector has the
largest RFe value of 15.2 mWm−2(Tg (NO)a−1)−1

(32.5 mWm−2(Tg (N)a−1)−1). This is in general in line with
previous studies (e.g. Hauglustaine et al., 1994; Derwent
et al., 2001; Hoor et al., 2009; Butler et al., 2020; Terrenoire
et al., 2022) and the high ozone burden efficiency from
aviation NOx emissions discussed in Sect. 4.5. Moreover,
the value is 30% (7.5 mWm−2(Tg (N)a−1)−1) larger than
the multi-model mean of 25.1± 7.3 mWm−2(Tg (N)a−1)−1

by Lee et al. (2021) (see also discussion in Sect. 5).
The inclusion of the correction of the CMIP6 avia-
tion emissions as reported by Thor et al. (2023) in-
creases the efficiency to 16.3 mWm−2(Tg (NO)a−1)−1

(34.9 mWm−2(Tg (N)a−1)−1).
RFe for shipping is slightly smaller than for total land

transport emissions, caused by the much more effective up-
ward transport of land transport emissions by convection
into the upper troposphere compared to shipping emissions
as already discussed by Hoor et al. (2009) (see also zonal
means in Sect. S4 in the Supplement). Land transport emis-
sions from East Asia, Europe, and North America show the
smallest RFe values because ozone is formed rather ineffi-
ciently from emissions of these regions (see Sect. 4.5). More-
over, especially for Europe and North America, the produced
ozone is not transported into the upper troposphere very effi-
ciently where it would be most radiatively active (e.g. Riese
et al., 2012; Rap et al., 2015). The latter is analysed using
RFDU, which is largest for land transport emissions from
South Asia. This is in agreement with results from Dahlmann
et al. (2011) reporting a strong latitude dependence of RFDU
with the highest values near the Equator. Even though avia-
tion has the largest RFe values, RFDU is lower as most emis-
sions take place in mid-latitudes to high latitudes (Dahlmann
et al., 2011).

In the future projections, RFe increases for those emission
sectors and regions whose emissions decrease and RFe de-
creases where the emissions increase. The change in RFe
agrees with the change in χ . The large values of RFe for
some sectors with SSP1-1.9 emissions are partly also domi-
nated by the small amount of emissions, leading to numerical
difficulties in calculating the quotients.

The strong decrease in the emissions in the SSP1-1.9 pro-
jections leads to an increase in RFDU, caused by reduced
saturation effects of the radiative efficiency as analysed by
Dahlmann et al. (2011). This increase in the radiative effi-
ciency causes an additional penalty on ozone mitigation, as
ozone gets more radiatively efficient if tropospheric ozone
levels are strongly reduced.
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Figure 11. Stratospheric adjusted radiative forcing of ozone (in mWm−2) from each sector (a) and for land transport emissions from specific
regions (b).

Figure 12. Global averages of RFe (a, in mWm−2((Tg (NO)a−1)−1)) and RFDU (b, in mWm−2 DU−1) for the emission sectors land
transport, shipping, and aviation as well as for the land transport emissions from specific regions only.

6 Contributions of transport emissions to OH and to
the methane lifetime

Emissions of the transport sector not only affect tropospheric
ozone levels but also have a strong influence on OH mix-
ing ratios and with this on the tropospheric oxidation ca-
pacity. Increases in OH lead to a reduction in the methane
lifetime. Previous studies analysed the influence of transport
emissions on OH and methane lifetime with the perturba-
tion approach (e.g. Hoor et al., 2009). Here, we determine
the contribution of the emissions from the transport sector
to OH and the associated contributions to the methane life-
time for the first time with a source attribution method. Due
to the methodological differences, the results obtained in the
present study are not directly comparable to previous studies.
Therefore, we also performed three perturbation simulations,
in which we applied a 5 % emission reduction to land trans-
port, shipping, and aviation, respectively. The changes in the
methane lifetime by emissions from land transport, aviation,
and shipping with this method are in agreement with Hoor
et al. (2009), who applied the same 5 % perturbation (see
Sect. S5 in the Supplement).

6.1 Contributions to OH

Figure 13 depicts the zonal average of the contribution of
land transport emissions to OH (OHTRA). The zonal mean
pattern of the contribution for the present-day simulation
is similar than the one presented by Rieger et al. (2018).
Two maxima of OHTRA appear, one in the lower tropo-
sphere between the surface and 600 hPa at 0–30° N peak-
ing at 20 fmolmol−1 and one in the upper tropical tropo-
sphere between 100 and 200 hPa peaking at 26 fmolmol−1.
The maximum in the upper troposphere, however, is mainly
due to the overall very large OH mixing ratio in these regions,
and the relative contributions in these regions are rather low
(up to 5 % in 2015). Near the surface, the relative contribu-
tions of land transport emissions to OH reach up to 40 % in
the Northern Hemisphere in 2015. Hoor et al. (2009) reported
only one maximum in the lower troposphere by applying the
perturbation approach. This corroborates the fact that results
of the attribution method and of the perturbation methods are
not directly comparable. This second maximum of OHTRA is
caused by photolysis of OTRA

3 in the upper troposphere and
subsequent formation of OH.

Due to the strong interconnection between NOx, O3, and
OH in atmospheric chemistry, the overall changes in OHTRA

in the future projections are similar to those discussed for
the O3 contributions in Sect. 4.2. Accordingly, increases in
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Figure 13. Zonal average of the absolute contribution of land trans-
port emissions to OH (in fmolmol−1) for PD, SSP1-1.9, SSP2-4.5,
and SSP3-7.0. The values shown are 5-year averages.

the NOx emissions from land transport lead to an increase in
OHTRA and vice versa. Besides the changes in NOx, changes
in the VOC or CO emissions will also affect OH. Contribu-
tions of land transport emissions to CO and VOC are, how-
ever, not analysed in detail in the present study because it is
beyond the scope of the present study.

As for OSHP
3 , OHSHP is mainly limited to the lower tro-

posphere (see Fig. 14). The maxima are simulated near the
surface, with enhanced contributions up to 500 hPa. In the
tropical upper troposphere only small contributions are sim-
ulated because OSHP

3 is also limited to the lower troposphere
(see Sect. S3 in the Supplement). In 2015, the zonal average
of OHSHP reaches up to 16 fmolmol−1 near the surface and
decreases to 8–12 fmolmol−1 in the middle and upper tropo-
sphere.

In accordance with the changes in the emissions in the
three SSP projections, the contributions of OHSHP are low-
est in SSP1-1.9, followed by SSP3-7.0 and SSP2-4.5, which
has the largest contributions in 2050. The contributions in
2050 with SSP2-4.5 emissions, however, are lower compared
to 2015.

The zonal average of OHAIR (see Fig. 15) shows a clear
peak in the Northern Hemisphere between 30–60° N and
200–300 hPa, which is in accordance with Rieger et al.
(2018). The region with the maxima of OHAIR is similar to
the region of the largest impact of aviation emissions on OH
at around 40° N and between 200–300 hPa reported by Hoor
et al. (2009). In 2015 the zonal average of OHAIR peaks up to
22 fmolmol−1. In agreement with the changes in the aviation

Figure 14. Zonal average of the absolute contribution of shipping
emissions to OH (in fmolmol−1) for PD, SSP1-1.9, SSP2-4.5, and
SSP3-7.0. The values shown are 5-year averages.

emissions and OAIR
3 , OHAIR increases in 2050 for SSP2-4.5

(up to 36 fmolmol−1) and SSP3-7.0 (up to 33 fmolmol−1)
compared to 2015. Due to the large decrease in emissions
in SSP1-1.9, peak values of the zonal average of OHAIR de-
crease to 13 fmolmol−1.

As OH is strongly coupled to O3 (and vice versa), OH
also shows a non-linearity similar to O3. Accordingly, the
OH contributions also respond non-linearly to the changes
in the emissions from the traffic sectors (see Sect. S7 in the
Supplement).

6.2 Reductions in the methane lifetime

Methane is an important greenhouse gas and therefore
changes in its lifetime, e.g. due to changes in OH caused
by emissions of the transport sector, might contribute signif-
icantly to the climate effect of transport emissions. Based on
the contributions of the different emission sectors to OH, the
effect of the different emission source on the methane life-
time is analysed. This analysis helps us to understand how
the transport emissions affect the methane lifetime. In the fol-
lowing we define methane lifetime as the yearly global mean
of CH4 divided by the yearly global mean (expressed as over-
bars) of the loss of CH4 by OH as diagnosed by TAGGING
(loss(CH4)total; see Rieger et al., 2018):

τ (CH4)=
CH4

loss(CH4)total
. (6)
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Figure 15. Zonal average of the absolute contribution of aviation
emissions to OH (in fmolmol−1) for PD, SSP1-1.9, SSP2-4.5, and
SSP3-7.0. The values shown are 5-year averages.

The lifetime is calculated for the troposphere, i.e. be-
low the monthly-mean tropopause (pressure) height. In the
present study the tropopause is defined according to the
World Meteorological Organization (WMO) definition based
on the temperature lapse rate for latitudes equatorward of 30°
and as the potential vorticity iso-surface of 3.5 PVU (poten-
tial vorticity unit) at latitudes poleward of 30° (see Grewe
and Dameris, 1996, for an analysis on the effects of different
tropopause definitions).

The loss rates of CH4 for 18 different sectors, including
the transportation sectors land, ship, and aviation, are diag-
nosed based on the OH contribution discussed in Sect. 6.1.
Based on these OH contributions, the relative reduction in
the methane lifetime of a specific emission source (for exam-
ple shipping emissions) is then calculated as

1relτ (CH4)SHP =
τ (CH4)total− τ (CH4)no−SHP

τ (CH4)no−SHP

=−
loss(CH4)SHP

loss(CH4)total
, (7)

where “SHP” is the CH4 loss attributed to the emissions of
the shipping sector based on OHSHP and “no-SHP” is the
loss of all other categories, excluding the shipping sector.
Please note that the reciprocals of the methane lifetime cal-
culated for each tagged OH are additive and sum up to the
total methane lifetime as calculated by Eq. (6). The relative
reduction as calculated according to Eq. (7) always refers
to the total methane loss for one specific simulation. Thus,

the relative reduction in the methane lifetime for one sim-
ulation sums up to 100 %. In the different simulations, the
methane lifetime differs slightly. This needs to be consid-
ered when comparing the relative reductions in the methane
lifetime analysed for the different simulations. The methane
lifetimes analysed for the different simulations by Eq. (6) are
7.46 a (2015), 7.45 a (SSP2-4.5 in 2050), 7.43 a (SSP3-7.0 in
2050), and 8.01 a (SSP1-1.9 in 2050).

Figure 16a shows the relative reduction in the methane
lifetime (calculated with Eq. 7) due to the emissions of the
different transport sectors for 2015 and the three emission
projections in 2050. Generally, transport emissions lead to a
reduction in the methane lifetime and hence to a reduction
in the climate effects of methane. From all transport modes,
the land transport emissions have the largest effect on the
methane lifetime. The relative reductions in the methane life-
time by land transport emissions (1relτ (CH4)TRA) range be-
tween −7 % (SSP1-1.9) and −16 % (SSP3-7.0). The relative
reductions in the methane lifetime from shipping emissions
(1relτ (CH4)SHP) range from −9 % (PD) to −2 % (SSP1-
1.9). The relative reductions in the methane lifetime of avi-
ation emissions (1relτ (CH4)AIR) are lowest for SSP1-1.9 (-
3 %) and largest for SSP2-4.5 (−7 %) and SSP3-7.0 (−6 %)
emissions. Despite the 2015 conditions, shipping and avia-
tion have similar relative reductions in the methane lifetime,
even though the shipping sector has much higher emissions
(see Fig. 1). This is due to the larger mixing ratios of OHAIR

compared to OHSHP (see Sect. 6.1). Moreover, due to the
strong non-linearity of the OH chemistry, even in the clean
SSP1-1.9 projection the transport sectors, especially the land
transport sector, have a rather large effect on the methane
lifetime. This non-linearity is larger for the reduction in the
methane lifetime than for the ozone RF. As an example, the
ozone RF of land transport decreased by around 70 % be-
tween 2015 and SSP1-1.9, while the relative reduction in the
methane lifetime is 50 %. The reverse effect can be observed
when increasing transport emissions; for example the ozone
RF of land transport emissions between 2015 and SSP3-7.0
increases by 15 %, while the reduction in the methane life-
time changes by 8 %.

Figure 16b breaks down the reduction in the methane life-
time by land transport emissions to the different geographi-
cal regions. In agreement with the contributions to the ozone
RF (see Sect. 5) the largest relative reduction in the methane
lifetime is caused by land transport emissions from the rest
of the world (LT-ROW). Relative reductions in the other re-
gions are smaller by a factor of 2–3, with the largest relative
reductions coming from South Asia (LT-SA).

Generally, the relative reductions in the methane lifetime
as analysed by the source attribution approach are much
larger than relative reductions in the methane lifetime cal-
culated by a 5 % perturbation (see Sect. S5 in the Supple-
ment for a detailed analysis for 2015 conditions). The re-
duction in the methane lifetime as analysed by the pertur-
bation approach is −1.9 % for the land transport emissions,
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−4.5 % for the shipping emissions, and −1.1 % for the avi-
ation emissions, respectively. Accordingly, the reductions in
the methane lifetime diagnosed by the source attribution ap-
proach are larger by a factor of 7.7 (land transport), 1.9 (ship-
ping), and 3.5 (aviation) compared to the reductions as anal-
ysed by a 5 % reduction with the perturbation approach. This
large difference in the relative reductions in the methane life-
time as analysed by the two methods also leads to shifts in
the ranking of the different transport sectors with respect to
the influence of the methane lifetime. While with the pertur-
bation method the shipping emissions are larger by a factor
of 2 compared to land transport emissions, with the source at-
tribution method the contribution of land transport emissions
is larger by a factor of 2 compared to shipping emissions.
The main reason for this different behaviour is that most ship-
ping emissions take place in cleaner environments with fewer
emissions compared to the land transport emissions. In these
cleaner environments the non-linearity of the ozone chem-
istry is not that pronounced and the linearization of the per-
turbation approach does not affect the results strongly (see
also Grewe et al., 2010).

7 Limitations and uncertainties

In the following we discuss the limitations and uncertainties
of this study. The main points we discuss are the usage of
the same meteorological conditions and methane emissions
in all simulations, the different available tagging methods for
source attribution, and the influence of the errors in the geo-
graphical distribution of the aviation emissions in CMIP6.

7.1 Effects of climate change

The signals of emissions from specific regions or specific
emission sources (e.g. from aviation) are small. To quan-
tify these signals, we apply the QCTM mode (see Sect. 2),
in which chemistry and dynamics are decoupled. Accord-
ingly, the dynamics (and therefore the climatic state) is iden-
tical in every model simulation. This approach of applying
present-day dynamics for future emission scenarios is com-
monly used when the effects of certain emission changes or
sources on the atmospheric chemistry are investigated on the
global and regional scale, e.g. Eyring et al. (2007), Hoor
et al. (2009), Hodnebrog et al. (2012), Righi et al. (2015),
and Matthias et al. (2016).

Due to this approach, however, our model simulations do
not consider changes in meteorology and climate between
2015 and 2050. Accordingly, emissions which are based on
meteorological conditions (e.g. biogenic emissions, lightning
NOx) are identical in all simulations. With climate change,
these emissions are likely to increase (von Schneidemesser
et al., 2015). This increase could alter the contributions of
the anthropogenic emissions; for instance increased biogenic
VOC emissions may affect the ozone production efficiency,

while increased lightning NOx in the upper troposphere may
compete with NOx emissions from the aviation sector.

Moreover, increased biogenic emissions and changed at-
mospheric conditions (e.g. increased temperature and its ef-
fects on kinetics) likely lead to an increase in ozone near
highly polluted regions (known as a “climate penalty”, Zanis
et al., 2022). In addition, climate change likely leads to a de-
crease in ozone in remote regions due to the increase in water
vapour (known as a “climate benefit”, Zanis et al., 2022). In
addition, during periods of droughts and heat waves, reduced
ozone deposition to vegetation could increase ground-level
ozone (Lin et al., 2020).

Altogether, this could also affect the contributions of the
traffic emissions. A reduced lifetime of ozone, especially
over the oceans, would likely lead to a reduction in ozone
attributable to shipping emissions. Long-range transport, es-
pecially the source–receptor relationships, might also be af-
fected by changes in the ozone lifetime. At the same time,
the increase in ozone in polluted regions in a changing cli-
mate could affect ozone contributions especially from land
transport emissions.

Koffi et al. (2010) considered the effects of climate change
on the ozone effects of transport emissions, applying a 5 %
emission reduction (i.e. with the perturbation approach).
Globally, they report a small decrease in the ozone changes
caused by transport emissions due to climate change but
with strongly varying regional patterns. The effect of climate
change on ozone contributions (i.e. applying a tagging ap-
proach) needs to be analysed in follow-up studies.

7.2 Land-use change

Similar to changes in the climate, changes in land use also
affect ozone (e.g. Wu et al., 2012; Wang et al., 2020). The
effects of land-use change on ozone are due to various pro-
cesses, such as changes in biogenic emissions, effects on dry
deposition, and changes in temperature (e.g. by effects on ra-
diation and evapotranspiration). Land-use change, as well as
the corresponding effects, also particularly depends on the
considered scenario (Popp et al., 2017). These effects are not
considered to isolate the effects of the emission changes only.

7.3 Fixed lower boundary condition for methane

To be able to estimate only the effect of the changing an-
thropogenic emissions of short-lived species, we also kept
the lower boundary conditions for methane fixed in all
model simulations. We chose this approach to be able to at-
tribute and understand the effects of the changes in the other
ozone precursors in more detail. Increasing methane levels
strongly affect atmospheric chemistry. In addition, increasing
methane levels can have very complex effects on ozone pro-
duced from a specific emission source. As an example, Butler
et al. (2020) reported a strong increase in ozone attributable
to shipping emissions with increasing methane levels, while
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Figure 16. Methane lifetime reduction by different emission sectors based on their contributions to OH: for the sectors land, aviation, and
shipping and for different SSPs (a) and for total transportation (all transport sectors) from different regions and for different SSPs (b). Note
that lifetime reductions due to individual sectors are additive. See the text for a description of the calculation. All values are 5-year averages.

the contribution of other emission sources showed a smaller
increase. To suppress such complex effects, we kept the CH4
lower boundary condition constant in all simulations. To in-
vestigate how increased methane levels would affect the re-
sults, we performed an additional sensitivity study for 2050,
taking short-lived emissions and lower boundary conditions
for methane from the SSP2-4.5 projection for 2050. In this
simulation, globally averaged prescribed methane mixing ra-
tios at the surface are around 9 % larger compared to the
SSP2-4.5 simulation. This increase leads to a ≈ 2.5% (or
0.9 DU) increase in globally averaged tropospheric ozone
columns. Similar to those reported by Butler et al. (2020), the
contributions show a very heterogeneous response. The con-
tribution to tropospheric ozone of emission categories with
strong NOx emissions increases, with the largest increases
by the categories lightning (3.7 %), N2O degradation (3.1 %),
aviation (2.9 %), and shipping (2.4 %). In addition, ozone at-
tributed to methane degradation also increases by 9.1 % (see
also Sect. S6 in the Supplement). Moreover, the response of
the methane increase in our study differs from the results
reported by Butler et al. (2020), which is caused by differ-
ences in the tagging approach (see the next paragraph) and
by different emission inventories and different magnitudes of
the methane increases. However, the analysis shows the im-
portance of also considering changes in the methane lower
boundary condition and emissions. Especially when consid-
ering our results of the SSP3-7.0, this effect should be kept
in mind because SSP3-7.0 shows even larger methane levels
compared to SSP2-4.5.

7.4 Source apportionment method

The tagging method which we applied for source attribution
is a diagnostic method. The method itself is mathematically
correct, but it has some simplifications which influence the
results, as discussed in detail by Mertens et al. (2018) and
Butler et al. (2018). In addition, different ozone source at-
tribution methods exist (e.g. Lelieveld and Dentener, 2000;
Emmons et al., 2010; Butler et al., 2018). Our approach at-

tributes NOx and VOC emissions at the same time, while the
approach of Butler et al. (2018) tags either NOx or VOC. Es-
pecially for the shipping sector but most likely also for the
aviation and the land transport sector, which all have rather
high NOx emissions and low VOC emissions, our approach
leads to lower contributions compared to the NOx tagging
approach (see also Butler et al., 2020).

7.5 Discrepancy between geographical distributions of
the aviation emissions

We used the original aviation emissions from CMIP6. Thor
et al. (2023) reported a discrepancy in the geographical distri-
bution of the aviation emissions in CMIP6. This discrepancy
leads to overestimated emissions in the Arctic and Antarctic
regions and underestimated emissions in the tropics. Correct-
ing for this discrepancy in the 2015 emissions leads to ozone
RF of around 8 % larger and a 6 % larger relative reduction
in the methane lifetime of the aviation emissions compared
to the values discussed in the present paper (see Thor et al.,
2023, for detailed analyses).

7.6 Future approaches

Future studies should aim to consider the effects of changed
methane emissions and lower boundary conditions and the
effects caused by climate and land-use change on the ozone
and OH contributions of transport emissions and the asso-
ciated radiative forcing and reductions in the methane life-
time. Due to the effects discussed above, such studies need
a much more complicated design of the numerical experi-
ments. Moreover, much longer integration times need to be
taken into account to yield signals of the transport emissions
larger than the internal variability (see for example Koffi
et al., 2010). As the atmospheric chemistry response, and
more importantly that of natural emissions, of climate change
varies (e.g. Turnock et al., 2020), a multi-model approach
would be of interest here; however only a few models feature
ozone tagging approaches as used in the present study.
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8 Conclusions and outlook

This paper presents an analysis of the effects of transport
emissions from the sectors of land transport, aviation, and
shipping on ozone and methane lifetime because the trans-
port sector is an important source for ozone precursors. The
aim is to support efforts to reduce transport emissions with
a better understanding of the highly non-linear response of
atmospheric chemistry on these emission changes. We inves-
tigated present-day conditions for 2015 and three projections
of the emissions for 2050 according to the Shared Socioeco-
nomic Pathways (SSPs) SSP1-1.9, SSP2-4.5, and SSP3-7.0.
To do so, we performed a set of 5-year-long simulations with
the chemistry-climate model EMAC. Atmospheric dynamics
are kept identical in order to quantify the small signals of spe-
cific transport sectors. For the source attribution of the emis-
sion effects on ozone, OH, HO2, and ozone-related precur-
sors, we used a tagging method. Based on the contributions
of the transport emissions to ozone and OH, we are able to
calculate the radiative forcing of ozone attributable to these
emissions. We also introduce a novel calculation of the rel-
ative reduction in the methane lifetime for all transport sec-
tors based on the OH contributions, whereas previous studies
used the so-called perturbation approach.

Our analyses of the model results can be summarized in
the following most important findings.

– Changes in transport emissions in SSPs. In the SSP1
projection transport emissions are reduced strongly
worldwide due to the high share of public transport,
technological advancement including the adoption of
newer technologies, increased use of high-speed trains,
and overall reduced demand for transport. In the SSP2
projection the emissions of the land transport sector de-
crease compared to 2015 in most regions except South
Asia. Here, the large increase in demand for mobility
caused by an increasing population and insufficient pol-
lution control and limited technological advancement
lead to an increase in land transport emissions. Also,
global NOx emissions from aviation are doubled com-
pared to 2015 due to increasing demands, while the
shipping emissions are reduced slightly. In the SSP3
projection only Europe and North America show a
larger decrease in land transport emissions in 2050 com-
pared to 2015, while emissions increase in most other
regions. The aviation emissions are similar to those in
the SSP2 projection, and shipping emissions are re-
duced compared to SSP2 and to 2015, most likely due
to international trade barriers in the narrative of the sce-
nario.

– Efficiency of ozone formation. Due to the non-linearity
of atmospheric chemistry, the response of atmospheric
composition to the changed emissions is rather com-
plex. In accordance with previous publications, we find
a large efficiency of the ozone formation from aviation

emissions, while ozone from land transport emissions
in Europe and North America is formed rather ineffi-
ciently. A similar behaviour is also observed for OH,
which is strongly bound to the NOx–O3 chemistry.

– Atmospheric effects of SSP1 emissions. Due to the
strong decrease in emissions in SSP1, the non-linearity
of the NOx–O3 chemistry compensates for some of
the emission reductions. However, the total decrease in
the emissions is so large that the contributions of the
transport emissions to ozone and the associated radia-
tive forcing decrease strongly. The non-linearity of the
OH response and the associated relative reduction in
the methane lifetimes is stronger than for the O3 re-
sponse. Accordingly, the (cooling) effect of the trans-
port emissions on the climate by the decrease in the
methane lifetime can become more important compared
to the warming effect of O3 because the reduction in the
methane lifetime is larger than the increase in ozone.

– Atmospheric effects of SSP2 emissions. In the SSP2 pro-
jection the land transport emissions are reduced strongly
in many regions, leading to a large reduction in the
ozone contributions and associated radiative forcing.
However, ozone formed from land transport emissions
over South Asia have rather large radiative forcing, as
this ozone is transported into the upper troposphere very
efficiently. Therefore, the radiative forcing from global
land transport emissions is reduced by only 15 %. Al-
though the total NOx emissions of the aviation sector
are low compared to the land transport sector, the dou-
bling of the aviation NOx emissions in SSP2 compared
to 2015 almost compensates for the reductions in the
land transport and the shipping sector in terms of ozone
RF. Accordingly, the total radiative forcing of the trans-
port sector is similar in 2050 for SSP2 compared to
2015. The contributions to the methane lifetime show
a similar behaviour.

– Atmospheric effects of SSP3 emissions. In the SSP3 pro-
jection land transport emissions in Europe and North
America are reduced, but the non-linearity of the ozone
chemistry strongly compensates for this reduction and
the ozone contributions are not similarly reduced. In ad-
dition, due to a lack of international cooperation and in-
creasing emissions in other parts of the world, the con-
tribution of ozone from land transport transported via
long-range transport increases over Europe and North
America with SSP3 in 2050 compared to 2015. The
global increase in land transport emissions, especially
in South Asia, leads to an increase in the ozone radia-
tive forcing from land transport emissions. Moreover,
the doubling of aviation emissions compared to 2015
also leads to overall larger ozone radiative forcing and
larger contributions to the methane lifetime of the trans-
port sector in 2050 compared to 2015. Especially for the

https://doi.org/10.5194/acp-24-12079-2024 Atmos. Chem. Phys., 24, 12079–12106, 2024



12100 M. Mertens et al.: Contribution of transport emissions to ozone in the SSPs

results of SSP3 it should be kept in mind that we apply
present-day methane levels in all simulations. Applying
the methane levels for SSP3 in 2050 likely leads to even
larger ozone increases, but the responses of the differ-
ent emission sectors on the methane increase are very
complex and require further investigations in follow-up
studies.

– Contributions of the transport sectors on O3 and OH.
Overall, the land transport sector is the transport sec-
tor with the highest emissions and the largest effects
on ozone and OH. In 2015, this is followed by ship-
ping and aviation. Due to the increase in aviation emis-
sions in SSP2 and SSP3 compared to 2015, caused by
increased demand, and the reduction in shipping emis-
sions in SSP2 and SSP3 compared to 2015, the effects
of the aviation sector on ozone radiative forcing and
methane lifetime are larger compared to the shipping
sector.

– Contributions from South Asia. Already for the present
day, land transport emissions from South Asia strongly
contribute to tropospheric ozone. This contribution is
projected to increase in SSP2 and SSP3. Given the large
radiative efficiency of ozone formed from these emis-
sions and their negative effects on air quality, very ur-
gent mitigation policies aiming at a reduction in land
transport emissions in this region are needed.

– Implications for mitigation options. The complex, non-
linear atmospheric responses of O3 and OH highlight
the necessity to investigate effects of possible mitigation
options for the transport sector using state-of-the-art at-
mospheric chemistry models. These effects are over-
looked if only emission reductions are analysed.

– Tagging vs. perturbation approach. The application of
the source attribution method for OH and the diagnosed
reductions in the methane lifetime yield results which
deviate strongly from the results of the perturbation ap-
proach. With the 5 % perturbation the shipping sector
leads to a larger reduction in the methane lifetime than
the land transport and aviation sector. With the source
attribution method emissions from the land transport
sector lead to the largest reduction in the methane life-
time (around 7 times larger compared to a 5 % perturba-
tion), followed by the shipping and the aviation sector.
Such larger reductions in the methane lifetime also in-
fluence the total radiative forcing caused by the NOx
emissions which will be analysed in a follow-up study.

Due to the very complex response of atmospheric chem-
istry to emission changes, we did not consider the effects
of climate change in our simulations. Also the effects of in-
creased methane emissions were only investigated in a short
sensitivity simulation. Future studies should incorporate both
effects. In particular, for example, changes in lightning NOx

emissions and biogenic emissions could also strongly influ-
ence contributions of land transport emissions to the atmo-
spheric composition. A reduction in the ozone lifetime due
to increased water vapour could reduce long-range trans-
port or contributions from shipping. Moreover, in very strong
mitigation cases, such as SSP1, the role of these natural
emissions will be more and more important due to the non-
linearity of the ozone chemistry, as the effects of the transport
emissions strongly depend on the background conditions.
Such a study, however, would need much longer model inte-
gration times, and due to different responses of atmospheric
composition by climate change by different models, a multi-
model approach would be very valuable here. The lack of
publicly available information on the detailed assumptions
and trends in the transport sectors from the SSP narratives
complicated the detailed interpretation of some of the results.
For future studies it would therefore be very valuable if such
important information on the developments in the transport
sector would also be publicly available (e.g. for CMIP7).

Appendix A

Figure A1. Absolute difference (in nmolmol−1) between ozone
mixing ratios from the PD simulation and the SWOOSH data.
The SWOOSH data are interpolated horizontally onto the coarser
EMAC grid. The EMAC data are interpolated vertically onto the
coarser SWOOSH grid. All data are averages for 2013–2017. The
colour scale is optimized for tropospheric ozone values and not for
stratospheric values.

Code and data availability. MESSy is continuously developed
and applied by a consortium of institutions. MESSy and the source
code are licensed to all affiliates of institutions which are mem-
bers of the MESSy consortium. Institutions can become members
of the MESSy consortium by signing the MESSy Memorandum
of Understanding. More information can be found on the MESSy
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