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Large present-day and future climate
forcing due to non-CO2 emissions from
global transport

Check for updates

Johannes Hendricks1 , Mattia Righi1, Sabine Brinkop1, Katrin Dahlmann1, Mariano Mertens1,2,
Christof G. Beer1, Volker Grewe1,2, J. Christopher Kaiser1 & Michael Ponater1

Emissions from land-based transport, aviation, and shipping contribute significantly to climate
change. Besides CO2, these emissions include short-lived compounds that affect air quality but are
also climatically relevant. We use a global chemistry-climate model to show that the climate effects of
these non-CO2 emissions are substantial across all transport sectors both now and in the future. In
sum, the non-CO2 impacts result in a cooling,which offsets thepositive climate forcing from transport-
induced CO2 by around 80% at present and between 25 and 60% in different scenarios for 2050. The
trade-off that air pollutants mitigate global warming is strongly reduced in a future scenario with low
anthropogenic emissions, where even small remaining amounts of non-CO2 compounds cause
significant cooling as they are released in a very clean atmosphere.Our findings emphasize theneed to
take non-CO2 effects into account when assessing climate protection strategies for the transport
sectors.

Transport of passengers and goods is a fundamental need of our society.
Emissions from the transport sectors are, however, one of themajor drivers
of climate change, both via CO2 and other climate forcers1–3. According to
Gidden et al.2, the annual CO2 emissions of the global transport system in
2015, the reference year of many current assessments, amounted to 7.9 Gt,
contributing about one-fifth to total anthropogenic CO2 emissions. Land-
based transport, aviation, and international shipping accounted for 77.5%,
9.7%, and 12.8% of these emissions, respectively. Transport volumes are
expected to grow substantially in the future, which implies particular
challenges for climate protection strategies. In the current ambition scenario
described by the International Transport Forum (ITF)4, global demand for
passenger and freight transport roughly doubles from2015 to 2050.The ITF
also demonstrates that rigorous mitigation measures are required to reach
the emission targets for the transport sectors as determined by the Inter-
governmental Panel on Climate Change (IPCC)5 to limit global warming to
1.5 °C. In the recent scenarios considered by the IPCC2,3, transport CO2

emissions continue to growuntil 2050, with the exception of those scenarios
characterized by stringent mitigation.

In case of road transport and shipping, climate protection strategies
predominantly target long-lived greenhouse gases, with a particular focus
on CO2

6–8. Transport emissions, however, also include short-lived species,
such as nitrogen oxides or particulatematter, whichwe refer to here as non-
CO2 emissions. While CO2 can reside in the atmosphere for centuries to

millennia, the short-lived species show typical residence times of only a few
days tomonths.Due to their adverse effects onhumanhealth8–10, short-lived
emission components are mainly subject to mitigation measures for
improving air quality6–8. In the aviation sector, such components are also
targetedby climate protection efforts11 as their climate forcing, i.e., the extent
to which they change the Earth’s radiation balance and thus induce climate
change, is considered tobeof the sameorderofmagnitude as the effect of the
CO2 emissions12–14. Compared to other anthropogenic emission sources, the
transport sectors show some special characteristics. Shipping and aviation,
in particular, often emit into comparatively unpolluted environments,
which could imply a high sensitivity of climate to non-CO2 emissions, as a
large relative impact on local concentrations is to be expected. Land
transport is a particularly strong contributor to non-CO2 species, especially
nitrogen oxides1,2,15 and in certain regions, e.g., North America and Europe,
also particulate matter16. This raises the question of the climate impact of
these species, specifically in the context of mitigation strategies. Many stu-
dies have therefore focused specifically on the non-CO2 climate effects of
transport, also motivated by the need for information supporting discus-
sions on the choice of the appropriate transport modes for freight and
passengers. The existing studies reveal significant climate effects caused by
non-CO2 species not only in the case of aviation

12–14, but also for land-based
transport17–21 and international shipping18–26. The emission of short-lived
trace gases, in particular NOx (NO and NO2), carbon monoxide (CO), and

1Deutsches Zentrum für Luft- und Raumfahrt (DLR), Institut für Physik der Atmosphäre, Oberpfaffenhofen, Germany. 2Faculty of Aerospace Engineering, Section
Operations & Environment, Delft University of Technology, Delft, The Netherlands. e-mail: Johannes.Hendricks@DLR.de

npj Climate and Atmospheric Science |            (2026) 9:99 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-026-01383-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-026-01383-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-026-01383-y&domain=pdf
mailto:Johannes.Hendricks@DLR.de
www.nature.com/npjclimatsci


non-methane volatile organic compounds (NMVOC), induce climate
relevant perturbations of ozone (O3) and methane (CH4), both important
greenhouse gases. In addition, emitted aerosol particles (e.g., composed of
sulfuric acid or black and organic carbon) and aerosol precursor gases (e.g.,
SO2, NOx, andNMVOC) contribute to climate change via modifications of
clouds and radiation fluxes. Some short-lived components, such as sulfur
compounds, induce a negative global climate forcing, i.e., a cooling effect,
which, to some degree, counteracts global warming. While reductions in
such species are beneficial for improving air quality, they are potentially
counterproductive for mitigating climate change. Such trade-offs are of
particular importance, for instance, for designing mitigation strategies for
international shipping where sulfur emissions are responsible for severe air
pollution in coastal areas and, at the same time, cause a comparatively strong
negative climate forcing20,24–27.

Due to their long residence times, long-lived greenhouse gases are
typicallywell-mixed and, therefore, distributed ratherhomogeneously in the
global atmosphere. In contrast, the short-lived species show strong spatial
and temporal variations controlled by their source distributions, atmo-
spheric transport patterns, chemical andmicrophysical transformations, as
well as removal processes.Hence, for assessing the role of short-lived species
in the climate system, three-dimensional global chemistry-climate models
are required, including representations of all these details28. Suchmodels are
typically applied to quantify the total anthropogenic climate impact by
simulating the changing atmosphere from pre-industrial times to present-
day and along possible future scenario pathways. The models can also help
to trace the causes of climate change back to the effects of individual
emission sectors and processes. However, due to huge computational
expenses, not all details can be analyzed, not even on supercomputing
facilities.Despite this limitation, severalmodel-based studieshave addressed
the climate forcing of short-lived compounds from transport14,17–26, focusing
on specific transport sectors, i.e., land-based transport, shipping or aviation,
or specific short-lived climate forcers, such as ozone or aerosol particles.
However, a complete, self-consistent picture of the transport climate effects
cannot be derived from these studies, as very different models were applied
and different emission inventories and time horizons were considered. The
limited comparability of these results makes it difficult to draw general
conclusions about the significance of the various effects. In principle, self-
consistent attributions of anthropogenic climate change to specific sectors
and emission components could be achieved on the basis of computa-
tionally efficient simplified climate models29,30. However, such models
cannot capture the full complexity and the numerous interactions of all
processes driving the climate impactof short-livedemission compounds.To
fully account for this, the application of detailed three-dimensional models
is necessary. In a previous transport assessment31, such simulations were
performed in a self-consistent manner to assess several effects of the global
transport emissions in the year 2000, but complemented by results from
other studies, particularly for the aviation sector and the effects of aerosols
on clouds. Hence, a consistent quantification of all relevant effects of the
transport sectors with a detailed modelling approach is still lacking. For
assessments of potential mitigation strategies, also quantifications of the
corresponding effects along possible future emission pathways are urgently
required.

In the present study, we apply a comprehensive three-dimensional
chemistry-climate model to quantify the individual climate effects of the
short-lived compounds consistently for all three transport sectors. The
calculations are complemented by quantifications of the climate impact of
the corresponding CO2 emissions and changes in methane caused by the
chemical perturbations. All effects are investigated using fully consistent
emission data sets frompre-industrial times to the year 2015 and up to 2050
in three future scenarios following the Shared Socioeconomic Pathways
(SSPs) developed for the IPCCsixth assessment report2,32,33.We combine the
obtained results to provide, for the first time, a complete and consistent
assessment of all relevant transport effects, including those of transport-
induced changes in aerosol particles, ozone, methane, and CO2, based on
detailed chemistry-climate model simulations for current conditions and

various future scenarios. The present study is accompanied by two
publications15,16 that provide additional details on our simulations of the
non-CO2 effects and the methodical innovations of the underlying
chemistry-climate model.

We show that non-CO2 climate effects are of fundamental importance
for all three transport sectors under present-day conditions and for all future
pathways considered. For land-based transport and shipping, the non-CO2

effects entail a significant overall cooling that counteracts the CO2-induced
warming. Compared to the effect of CO2 alone, this leads to a reduction in
the climate forcing of transport as a whole, i.e., when considering the sumof
all three transport sectors. For the year 2015, this compensation effect is
particularly large (around 80%), and even in the future scenarios, it ranges
between about 25% and 60%. As the non-CO2 species mostly act as air
pollutants, which should be urgently avoided, a dilemma arises: mitigating
these compounds results in enhanced climate warming. This, in turn, must
be compensated for by further intensifying measures for avoiding CO2.We
demonstrate that such trade-offs canbe reduced, and climate protection and
air pollution control can be reconciled in a future scenario with very low
anthropogenic pollutant emissions. In this scenario, only very small
amounts of transport-related non-CO2 emissions occur. However, they still
cause considerable cooling, as they are released in a very clean atmosphere.
Our results clearly show that climate protection strategies for the transport
sectors must take into account both CO2 and non-CO2 emission
components.

Results
Scenarios and emissions
Weconsider SSP emissiondata2,34 for the year 2015 as the reference state and
for different possible future pathways. High computing resources are
required to describe the individual effects of all different emission compo-
nents and transport sectors along these pathways. To keep the computa-
tional effortmanageable, we focus on the year 2050 rather than on transient
calculations until 2100, the final year of the SSPs. This allows for amid-term
view into the future without the limitations resulting from comparatively
large uncertainties inherent in longer-term projections.

To span a range of possible effects, we consider three different future
scenarios as described in Table 1: the ‘middle-of-the-road’ scenario SSP235

and two contrasting scenarios, SSP136–38 and SSP339. For each SSP, different
variants are available2,32,33. Here, we choose the specific scenario variants
applied in the context of theCoupledModel Intercomparison Project Phase
6 (CMIP6)2,40, for which global gridded emission data are available34, a
prerequisite for simulating the effects of short-lived compounds. As shown
in Table 1, we consider the scenarios SSP1-1.9, SSP2-4.5, and SSP3-7.0,
which are characterized by an increase in global mean surface temperature
of about 1.4 °C, 2.7 °C, and 3.6 °C, respectively, by the end of this century
compared to the 1850–1900 average3. The scenarios cover a particularly
wide range of non-CO2 emissions in 2050.

The changes in the annual emissions of the different climate-active
compounds from global land-based transport, aviation, and international
shipping between 2015 and 2050 in the different scenarios are shown in Fig.
1. SSP1-1.9 (green) shows strong reductions in the emissions of all com-
pounds, especially in land-based transport by assuming i) strong techno-
logical progress leading to improvements in efficiency and exhaust gas-
treatment, ii) a growing market share of sustainable alternative fuels, iii) a
significant growth of electrifiedmobility based on renewable energy, and iv)
comparatively high shares of public transport. In most cases, aviation and
shipping also show a significant emission decrease due to the use of sus-
tainable alternative fuels and new technologies. These reductions, however,
are smaller compared to land-based transport. As a consequence of air
pollution control measures, the emissions of short-lived compounds from
land-based transport in SSP2-4.5 (blue) are also declining until 2050, but the
reductions are significantly smaller than in SSP1-1.9. In contrast to SSP1-
1.9, CO2 from land-based transport increases in SSP2-4.5. Such differences
are due to the continued use of fossil fuels and less technological progress in
the SSP2 scenario. CO2 from the shipping sector shows a similar behavior.
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Importantly, SO2 emissions from shipping exhibit a similarly strong
reduction in SSP2-4.5 as in SSP1-1.9 due to efficient regulations of the
maximum fuel sulfur content41. In contrast, aviation emissions in SSP2-
4.5 strongly increase for all components by 2050 due to high growth rates of
transport volumes and less stringent emission control. In SSP3-7.0 (yellow),
emission control is less restrictive than in the other SSPs, leading to the
largest increases in the emissions of nearly all short-lived components in the
case of land-based transport and aviation by 2050. CO2 from land-based
transport, however, shows a smaller increase than in SSP2-4.5 due to the
smaller growth rates assumed in SSP3 (Table 1). For the shipping sector,
SSP3-7.0 shows the highest emissions in 2050 among all three scenarios, but
the emissions of short-lived compounds are lower compared to 2015.
Especially for SO2, this results from the above-mentioned emission control
regulations, which already entered into force shortly after 201541 and,

therefore, are only weakly affected by the specific long-term development of
the scenario.

The present study focuses on the direct transport emissions only, i.e.,
emissions directly released by road vehicles, aircraft, and ships. The elec-
trification of mobility could potentially cause a shift of emissions into the
energy sector, if power generation is not fully covered by renewable energy,
or even into other sectors, such as industry, due to changes in vehicle
production and energy provisioning technology. Since electrification of the
transport systemwas negligible in 2015 and the contribution of electricity to
global transport final energy is still comparatively low (around 5%) in 2050
in SSP2-4.5 and SSP3-7.036, this effect is of secondary importance in these
cases, and trade-offs due to sectoral shifts of emissions are probably small. In
order tominimize greenhouse gas emissions and their climate effects, SSP1-
1.9 assumes a rapid increase in renewable energy, stringent emission

Table 1 | Summary of the scenarios used in this analysis

Scenario Description

SSP1-1.92,36–38 Sustainability scenario: strong economic growth, but very sustainable fuel pathways resulting in substantial emission reductions in order to limit global
warming to less than 1.5 °C in 2100; change in global mean surface temperature by the end of the century: ΔT = 1.4 (1.0 to 1.8) °C

SSP2-4.52,35 Middle-of-the-road scenario: moderate population growth; continued use of fossil fuels at similar levels as today, leading to continued increase of
greenhouse gas emissions; continuation of air pollution reduction according to current developments, leading to decreases in emissions of short-lived
compounds in developed and developing countries; change in global mean surface temperature by end of the century: ΔT = 2.7 (2.1 to 3.5) °C

SSP3-7.02,39 Regional rivalry scenario: future with high inequality between regions; countries increasingly focus on domestic or regional issues; decrease in global
trade and international cooperation; increase in global gross domestic product (GDP) small and concentrated in currently high-income nations;
population increase mainly in low- and middle-income countries; resurgence of coal use in energy systems; control of air pollutant and greenhouse gas
emissions less effective leading to increased emissions of both short-lived compounds and long-lived greenhouse gases; change in globalmean surface
temperature by end of century: ΔT = 3.6 (2.8 to 4.6) °C

In the naming of the scenarios (SSPx-y), x indicates the basic scenario narrative and y refers to the approximate radiative forcing (W/m2) in the year 2100 induced by anthropogenic emissions when
compared topre-industrial times. The radiative forcingdenotes theglobalmeanchange in energyflux in theatmosphere causedby theemissions (the valueshere correspond to thechanges in energy flux in
2100 compared to 1750). Different variants ywere developed for each scenario group x.ΔT denotes the long-term change in globalmean surface temperature (2081-2100 average compared to 1850-1900
average)3. Quoted ΔT values are the best estimate values and the very likely ranges in parentheses.

Fig. 1 | Global emissions of climate-active compounds in 2015 and 2050 in the
SSP scenarios. Annual global emissions of land-based transport, aviation, and
international shipping in 2050 in SSP1-1.9 (green), SSP2-4.5 (blue), and SSP3-7.0
(yellow) relative to the 2015 emissions. The total amount of emissions (given in Tg,
with NOx expressed as NO2) in 2015, taken from the SSP2-4.5 database is indicated
for each species on top of the grey bars. Note that the different compounds show very
different climate forcings per unit of emitted mass. Therefore, comparing the
emission levels of different compounds is unsuitable for assessing their effects on the
climate. OC and BC denote particulate organic and black carbon, respectively.
NMVOC stands for non-methane volatile organic compounds. The CO2 emissions
do not include the contribution from the use of biomass-based fuels, due to the

assumed net-zero effect on atmospheric CO2. Emissions of CH4 are not considered,
since they are low in the investigated cases. Normalizing to 2015 ensures the com-
parability of the emission components with regard to their future development.
Further information on the emission data applied is provided in the ‘Methods’
section. Note that for the calculation of the transport-induced climate effects of CO2

and CH4, the full time series of the relevant emissions is applied, including historic
emissions before 2015 (see also ‘Methods’ section). For the absolute numbers and
details on the spatial distribution of the emissions in 2015 and the future scenarios,
we refer to the Supplementary information (Supplementary Table 1 and Supple-
mentary Figs. 1–3).
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control, and decarbonization, including carbon capture and storage (CCS).
Hence, a shift of emissions to other sectors can be expected to be small in the
case ofCO2. In addition, SSP1-1.9 assumes rapid future emission reductions
not only for CO2 but also for non-CO2 emissions for most species and
sectors2. This indicates that possible trade-offs are probably small also in this
scenario.

Effects on atmosphere and climate
A schematic overview of the typical effects of the various emission com-
ponents on the atmosphere and the climate is provided in Fig. 2, based on
existing literature (see Introduction). In addition to the warming caused by
CO2 emissions, a number of climate-relevant processes are induced by
short-lived emission components. Some of them increase global warming,
while others have a cooling effect, in particular aerosol particles and the
chemical loss of atmospheric methane.

The climate forcing due to anthropogenic emissions has traditionally
been described by the radiative forcing (RF) metric, which describes the
globalmean change in the Earth’s radiation budget induced by atmospheric
perturbations, such as concentration changes of greenhouse gases, as a result
of the emissions42,43. A positive RF implies an increase in the global mean
atmospheric near-surface temperature (warming), a negative RF a decrease
(cooling). A related, more advanced metric is the effective radiative
forcing42–44 (ERF),whichalso accounts for the effects of rapid adjustments as
a result of the initial perturbation, such as changes in clouds or water vapor,
which are not covered by the classical RF formulation. Since these rapid
adjustments can have an important influence on the climate response to the
emissions,we use theERF as ametric for the expected climate change. In the
case of transport-induced changes in the concentrations of short-lived
species, such as aerosols or ozone, the corresponding ERF needs to be
calculated on the basis of their spatial distributions, as these exhibit a large
variability (see results from our model simulations presented in Supple-
mentary Figs. 4–23). The spatial distributions of the aerosol perturbations
simulated in this study roughly match those of the emissions, but show a
distinct dispersion following the dominating wind patterns. The distribu-
tions of transport-induced ozone are characterized by a stronger spatial
dispersiondue to a longer atmospheric residence timeof ozone compared to

particles. For a more detailed analysis of the spatial variability of the
transport effects, we refer to the two accompanying papers15,16. In contrast to
the short-lived compounds, long-lived greenhouse gases show nearly
homogeneous spatial distributions, which allows for radiative forcing cal-
culations based on global mean concentration changes.

Effects of land-based transport
Figure 3 shows our ERF results for the different atmospheric perturbations
in 2015 and 2050 caused by global transport emissions from pre-industrial
times to the respective year. In the caseof land-based transport, theCO2ERF
has the largest contribution. The calculated values increase from 315mW/
m2 in 2015 to up to 606mW/m2 in 2050 in SSP2-4.5. A comparison of these
numbers to the corresponding total anthropogenic radiative forcing2 of
about 2.4W/m2 and 3.7W/m2, respectively, including all anthropogenic
effects, demonstrates that land-based transport is an important contributor
to global warming. In contrast to the emissions (Fig. 1), the ERF of CO2 in
2050 shows no decrease in SSP1-1.9. This is due to the very long atmo-
spheric residence time of CO2, resulting in a long-term accumulation.
Therefore, the decrease in emissions from 2015 to 2050 only results in a
reduced increase in the atmospheric burden of transport-induced CO2 and
the corresponding ERF, but not in a decrease. Aerosols from land-based
transport emissions induce a negative ERF, which is mainly caused by an
increase in aerosol particle mass and number concentration that induce
cloud perturbations16. The simulated aerosol ERF amounts to -164mW/m2

in 2015. The future development closely follows the development of the
emissions of the major aerosol precursors SO2 and NOx as well as the
primary aerosol components OC and BC. The aerosol-induced 2050 ERF
ranges between a negligible value in SSP1-1.9 and a slight exceedance
(absolute values) of the 2015 ERF in SSP3-7.0. The contribution of land-
based transport emissions to ozone causes a positive ERF of 118mW/m2 in
2015, i.e. a lower value than that of the corresponding absolute aerosol ERF,
but with a similar future development that closely follows the emissions of
the ozone precursor gasesNOx, CO, and NMVOC. The corresponding loss
of methane results in a negative ERF, which tends to slightly over-
compensate for the warming effect of the ozone formation, induced by the
same emitted species. This is an important newfinding that results from the

Fig. 2 | Schematic overview of the effects of the individual transport emission
components on the atmosphere and climate. Major effects of transport-induced
emissions of aerosol particles (e.g., sulfate particles or soot consisting of mixtures of
BC and OC), particle precursor gases (e.g., SO2, NOx, NMVOC), ozone precursor
gases (NOx, NMVOC, CO), and CO2 are shown. In addition, the contrail formation
effect is indicated for the aviation sector. Beyond the warming by CO2, the non-CO2

effects have important implications for the climate. Emitted aerosol particles
interact with radiation and clouds, which, in most cases, leads to increased back-
scattering of solar radiation into space. This results in a cooling, which on average
overcompensates the warming effect caused by the absorption of radiation by
emitted soot. These effects are further amplified by the production of particulate
matter from emitted precursor gases. An additional effect occurs in the case of
aviation, where emissions of water vapor and aerosol particles induce contrail cirrus

clouds, which results in a warming. Emissions of specific trace gases, particularly
NOx,NMVOC, andCO, lead to the production of atmospheric ozone. Since ozone is
a greenhouse gas, in addition to its well-known ability to absorb harmful UV
radiation, this amplifies global warming. Another effect of the trace gas emissions is
the chemical loss of the greenhouse gas methane (CH4), leading to cooling that
counteracts the ozone-induced warming. The methane loss further results in che-
mical feedbacks, such as the reduction of ozone production, which further amplifies
the cooling effect. Direct CH4 emissions, which can result, for instance, from the use
of liquefied natural gas in shipping76, are not considered since they are low in all
scenarios investigated in this study. The described effects of non-CO2 compounds
represent long-term globalmean changes that are to be expected inmost of the cases
considered. Note that the non-CO2 effects can vary strongly depending on location,
time of day, and the background conditions.
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application of a new method (see below). Earlier studies showed a sig-
nificantly smaller methane effect31. A striking outcome is the methane ERF
in SSP1-1.9, which is still large despite the strong reductions in the
responsible emissions, for instance, of NOx. This results from the non-
linearity in the dependence of the atmospheric oxidation capacity on NOx,
with the highest increase due to emissions of NOx under clean background
conditions45. It implies that, in very clean environments, even low transport-
induced emissions can result in significant climate perturbations. A similar
effect could potentially also occur in the case of other anthropogenic land-
based NOx emissions under clean background conditions, as they are often
co-located with transport emission sources and result in similar chemical
perturbations. The present-day ERF values due to the changes in aerosols,
ozone, andmethane inducedby land-based transport, as quantifiedhere, are
significantly higher (typically around a factor of 2) than estimated in earlier
studies17,18,20,31. This mainly results from revised assumptions on aerosol
particle number emissions46 and the application of a tagging approach for
quantifying transport-induced contributions to ozone and methane (see
‘Methods’). In the case of ozone andmethane, updates of the emission data
also play an important role.

A striking feature is that the total non-CO2 effect of land-based
transport is a cooling (Fig. 3, light-grey shaded area), which compensates
for a significant fraction of the CO2-induced warming. In 2015, this
resulted in a total ERF from land-based transport, which is 56% lower
than the ERF of CO2 alone. The importance of non-CO2 compounds
relative to CO2 is strongly influenced by the development of the CO2

emissions from pre-industrial times to the year in focus. Due to the long
residence time of CO2 in the atmosphere, a prolonged emission period
results in a more pronounced CO2 effect. This can reduce the relative
effects of the non-CO2 species in the future scenarios. However, in 2050,
the reduction in the total ERF due to the non-CO2 cooling effect,

compared to the ERF of CO2 alone, still amounts to 21%, 23%, and 40%
in SSPs 1-1.9, 2-4.5, and 3-7.0, respectively. This indicates the particular
importance of non-CO2 compounds for the climate effects of emissions
from transport, also in future projections.

Effects of aviation and shipping
The characteristics of the climate effects of aviation and shipping shown in
Fig. 3 are partly different fromthose of land-based transport.While the signs
of the various effects are the same as in the case of land-based transport, with
cooling aerosol and methane effects and ozone-induced warming, the total
ERFs of aviation and shipping are significantly lower. Furthermore, the ERF
from CO2 is not the dominant forcing. In many cases, the non-CO2 effects
are of similar magnitude or even larger. This results from the responsible
processes being particularly efficient in comparatively clean air, as found at
the typical flight altitudes and over the open ocean. In addition, differences
in the sizes of emitted particles, which vary among the sectors, are
important20. The ERF per unit of emittedmass of the respective substances,
the so-called ERF efficiency (Table 2), can therefore be significantly higher
than for land-based transport. Due to the very clean conditions at aircraft
cruise levels inmany parts of the world, this effect is particularly large in the
case of the aviation-induced aerosol effect, where the ERF efficiency is about
10 to 20 times higher than for emissions from land-based transport. As a
result, aviation shows an aerosol ERF of similar magnitude to that of the
other sectors, while the emissions of aerosol particles and particle precursor
gases from aviation are only low (Fig. 1, Supplementary Table 1). In the case
of shipping, a particularly high aerosol ERF efficiency occurs in 2050 in
SSP1-1.9, which is a consequence of the comparatively low total aerosol
concentrations over remote marine areas and the resulting distinctively
larger shipping-induced relative increases in cloud-forming aerosol
particles16.

Fig. 3 | Effective radiative forcings (ERF) induced by the emissions of the dif-
ferent transport sectors frompre-industrial times to 2015 and 2050 for three SSP
scenarios. Effective radiative forcing (inmilliwatts per squaremeter) due to changes
in atmospheric aerosol particles, ozone (O3), methane (CH4), and CO2, induced by
the emissions of global land-based transport, aviation, and international shipping in
2015 (grey) as well as in 2050 in SSP1-1.9 (green), SSP2-4.5 (blue), and SSP3-7.0
(yellow). In addition, the total non-CO2 effect and the total ERF (sums of all con-
tributing ERFs), both including contrails in the case of aviation, are shown for each
transport sector (grey shaded areas). The computed multi-year average values are
indicated by the thick horizontal lines within the bars. Corresponding uncertainties
(see ‘Methods’) are displayed by dark shadings at the end of each bar. The ERF of

CH4 includes the effect of long-term ozone modifications caused by transport-
induced CH4 changes. Note that the comparatively small aerosol ERFs simulated for
land-based transport in 2050 in SSP1-1.9 and for shipping in 2050 in SSP2-4.5 are
statistically not significant16 and contribute only marginally to the total transport
effects. The aviation contrail cirrus effect could not be simulated in this study, due to
a lack of required input data in the CMIP6 emission data set, specifically data on the
flown distances and on the emission of water vapor. Instead, values derived from the
literature are displayed (“Contrails”). In addition to the contrail cirrus ERF reference
value for 2015, values for 2050 were determined with different assumptions
regarding the degree of sustainability in correspondence to the respective SSP sce-
nario (see ‘Methods’). A list of all ERF values is provided in Supplementary Table 2.
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Aviation emissions lead to an aerosol-induced cooling with absolute
values exceeding those of the ozone andmethane effects (Fig. 3). The aerosol
effects aremostly due to aerosol-inducedmodificationsof lower-level clouds
following the downward transport of aviation-induced particles16,20. We do
not consider the possible impact of aviation-induced soot particles on
natural cirrus clouds, since a recent study indicated that the effect is small
compared to that on lower-level clouds47. The ERFs by ozone and methane
almost compensate each other, except for SSP1-1.9, where the methane-
related ERF is particularly large as a result of a comparatively clean atmo-
sphere. The considered ERF of contrail cirrus (Fig. 3) shows similar absolute
values as the aerosol effect, but with a positive sign indicating a warming.
Note that the spatial distribution of the radiative effect of contrail cirrus
closely follows the respective flight patterns in the regions relevant for this
process48. On an annual average, contrail cirrus leads to a positive local
radiative forcing. Since contrail cirrus ERF could not be simulated here due
to a lack of required input parameters in the CMIP6 data, we rely on
literature-based ERF values (see ‘Methods’). In this context, we emphasize
that these ERF values are likely to be quantitatively consistent with the
modelling carriedout here for the other processes, as indicated by the results
of a recent model study (see ‘Methods’).

Due to compensation effects, the sum of the non-CO2 effects remains
small for aviation, leading to a net warming impact from the aviation sector.
The corresponding ERF increases from 27mW/m2 in 2015 to values of
57mW/m2 and 122mW/m2 in 2050 in SSP2-4.5 and SSP3-7.0, respectively.
In SSP1-1.9, however, the net warming decreases to 17mW/m2, which is
remarkable, given the high growth rates in aviation. The 2015 value is

significantly lower than the value of 101mW/m2 reported for 2018 in a
recent aviation climate assessment14. This is mainly due to the negative
aerosol ERF, whichwas not included in the best estimate of that assessment.
The value obtainedhere for 2015, when excluding the aerosol ERF, amounts
to 91mW/m2, which is close to that of the assessment. The remaining
discrepancy can be explained by the growth in emissions from 2015 to 2018
and with slight deviations in the non-CO2 ERFs resulting frommethodical
differences, e.g., due to the application of a tagging method for the O3 and
CH4 effects in the present study (see ‘Methods’). In addition, the use of a
single model system, allowing for a consistent treatment of emissions and
sectors,might lead to deviations from the results derived from a largemodel
ensemble in the assessment.

Shipping emissions led to a strong cooling effect by aerosols in 2015
(Fig. 3), consistent with other model studies20,22,24,25 performed for the
conditions before 2020, when strong sulfur emission reductions in inter-
national shipping41 were enforced. For 2015, we obtain an aerosol-induced
ERF of −146mW/m2. This value is only moderately reduced by 2050 in
SSP3-7.0, where less strict emission regulations are assumed than in the
other scenarios. Strong sulfur emission reductions apply, however, in SSP2-
4.5 and SSP1-1.9. While SSP2-4.5 shows a corresponding strong reduction
in the ERF, a striking feature occurs in SSP1-1.9, where the ERF is still large.
This is the result of the high ERF efficiency in SSP1-1.9 discussed above
(Table 2), i.e. a strong effective radiative forcing despite low emissions. This
is also the case for the shipping-induced reduction of CH4, where in SSP1-
1.9 in 2050 the ERF is still large (−53 mW/m2) compared to 2015 (−70
mW/m2) despite strong reductions in NOx emissions from shipping. The
shipping-induced ERF of the CH4 loss overcompensates that of the corre-
sponding increase in O3 in all cases. In combination with the aerosol-
induced cooling and the comparatively small ERF of CO2, this results in a
negative value of the total ERF from shipping emissions except for SSP2-4.5
in 2050, which shows a small positive total ERF. Hence, in contrast to land-
based transport and aviation, shipping tends to induce a cooling in most
cases.Thenetwarming in SSP2-4.5 is causedby the strongly reduced aerosol
cooling, which can be expected as a consequence of sulfur emission
reduction in shipping and a pollution level similar to present-day
conditions24,25. Recently, it has been demonstrated that the radiative for-
cing of cloudmodifications in the form of invisible ship tracks could further
amplify the ship-induced cooling and that this could potentially lead to an
even stronger effect than the large-scale cloud modifications investigated
here49. This further underlines the importance of particles from shipping in
the ongoing discussion of mitigating the climate effects of transport
emissions.

Effects of the total transport system
The ERF of the total transport system, calculated as the sum of the ERFs of
the individual transport sectors, is shown in Fig. 4. The total transport-
induced ERF of CO2 amounts to 415mW/m2 in 2015. This is about one-
fifth of the corresponding ERF of total anthropogenic CO2

44, which
emphasizes the importance of the transport sectors in climate change. The
transport-induced CO2 effect increases by 2050 in proportion to the addi-
tional CO2 emissions released in the respective scenarios in the time period
from 2015 to 2050. Despite the large importance of CO2, the total ERF of all
transport sectors and species is significantly smaller than the ERF of CO2

alone, causedby thenet-coolingof thenon-CO2 climate forcers.The cooling
by aerosols, with a corresponding ERF of -373 mW/m2 in 2015, strongly
contributes to this effect. Compared to theERFof all anthropogenic aerosols
of −1.16W/m2 calculated with the same model for 201447, the 2015 value
also reveals the high relevance of transport emissions. While the negative
aerosol ERF of total transport slightly increases by 2050 in SSP3-7.0 (10%
larger absolute value), the other two SSPs show a reduced, but still very
significant ERF (56% and 68% of the 2015 value in SSP1-1.9 and SSP2-4.5,
respectively). The positive ERF of ozone induced by total transport emis-
sions in 2015 is slightly overcompensated by the corresponding negative
methane loss ERF resulting from the same emission components. This is
also the case in 2050 in SSP2-4.5 andSSP3-7.0, leading to a very small sumof

Table 2 | Effective radiative forcing efficiencies of transport-
induced effects of short-lived species emissions in 2015 and
2050 in the SSP scenarios

ERFeff (mW/
m2/
Tg[species]/
yr)

2015 2050

Sector Parameter SSP1-
1.9

SSP2-
4.5

SSP3-
7.0

Land-based
transport

Aerosol −49.68 −31.89 −45.83 −46.28

O3 4.06 13.06 4.65 3.92

CH4 −0.49 −3.09 −0.67 −0.50

Aviation Aerosol −508.74 −695.09 −603.06 −418.07

O3 14.73 20.96 12.70 12.78

CH4 −1.67 −4.31 −1.60 −1.59

Shipping Aerosol −37.47 −476.79 −154.33 −71.95

O3 3.79 11.51 4.40 4.17

CH4 −0.46 −2.40 −0.75 −0.84

The ERF efficiencies (ERFeff) are defined as the ratio between the respective ERF and the emitted
amount of the substance inducing the ERF. In the case of O3, the ERF efficiency is calculated by
dividing ERF(O3) by the total annual emission of NOx (expressed as NO)15 of the respective sector.
Due to the long lifetimeof atmosphericmethane (about 9 years58,62), ERF(CH4) canalsobe influenced
bychemical loss processes in the years before 2015 and2050, respectively. Therefore,wecalculate
theERFefficiencyofmethaneas thequotientof ERF(CH4) and theNOxemissionsof the9yearsup to
the analysis year (2007–2015 and 2042–2050, respectively). In the case of aerosol, the ERF values
were divided by the sum of the annual emissions of particulate matter (BC and OC) and a fraction of
theaerosol precursorgasSO2.Hereweconsider amean fractionof SO2converted toaerosol sulfate
by gas-phase (17%) and liquid-phase (33%) chemistry74, whereby one third of the latter is not taken
into account as this fraction is typically removed directly by precipitation75. Overall, this results in a
converted share of 39%. Aerosol nitrate formed from NOx emissions is not considered due to its
semivolatile character. Numbers shown in italic represent statistically not significant values16. The
values shown can slightly deviate from the ratios of the ERF and the corresponding globally
aggregated emissions listed in Supplementary Tables 1 and 2; here we use aggregated emissions
calculated from the gridded emissions preprocessed for application in the applied chemistry-
climate model (see ‘Methods’), which slightly differ from the corresponding original CMIP6 values,
due to the applied regridding and tagging procedures (maximum deviations around 3%). ERF
efficiencies for CO2were not considered due to its very long atmospheric residence time, implying a
comparatively homogeneous spatial distribution, which results in only small variability of the ERF
efficiency between the transport sectors.
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the ozone and methane effects. Only in SSP1-1.9 a comparatively strong
methane effect leads to a significant net cooling of the combined ozone and
methane ERFs. The cooling effect of the summednon-CO2 forcings reduces
the total transport ERF compared to the effect of CO2 alone. This reduction
is particularly large in 2015 (83% reduction) and still very significant in 2050
(56%, 27%, and 46% in SSPs1-1.9, 2-4.5 and 3-7.0, respectively). Therefore,
the non-CO2 contributions are highly important both, at present-day and in
the future scenarios, including the low-emission scenario SSP1-1.9, where
thismight not be expected, given the very low emissions of non-CO2 species
in this scenario.

In view of the high relevance of the non-CO2 emissions, we stress that
the quantification of their climate forcing is complex and, therefore, suffers
from uncertainties43 (see also Figs. 3 and 4). Specific uncertainties in
quantifying the effects of transport-induced aerosol particles and short-lived
gases have been discussed in our previous studies20,21 and are the subject of
the accompanying papers15,16.

Discussion
The consistent simulation of the variety of transport emission effects per-
formed in this study allows for a direct comparison of the individual climate
forcings resulting from the different emission components and transport
sectors. The results show that the global emissions of land-based transport
and aviation significantly contribute to global warming, with land-based
transport showing the largest contribution (140mW/m2 effective radiative
forcing in 2015 compared to 27mW/m2 in the case of aviation). In the SSP2-
4.5 and SSP3-7.0 future scenario pathways, the positive climate forcing of
the two sectors increases from 2015 to 2050. In the case of land-based
transport (increase of total ERFby factors of 3.3 in SSP2-4.5 and 2.4 in SSP3-
7.0), this is largely due to the additional CO2 emissions released until 2050.
The non-CO2 emissions of land-based transport have a significant overall
cooling impact in all cases considered. Hence, reductions in these emissions
could further amplify thewarming effect. This occurs in our simulations, for
instance, through the strong reduction of the aerosol effect in SSP1-1.9.
Comparatively high growth rates in aviation transport volumes lead to a
future increase in both the effect of contrail cirrus and that of CO2,
enhancing the sector's warming effect by 2050 (factor of about 2 in SSP2-4.5
and more than 4 in SSP3-7.0). Only in the SSP1-1.9 scenario, a particularly
large aerosol-induced cooling reduces the total aviation effect slightly when
compared to 2015. Global shipping has a net cooling impact in all simulated

cases, except for the SSP2-4.5 scenario. This is a result of the strong cooling
effect induced by the non-CO2 emissions. Due to stringent sulfur emission
regulations, the net cooling turns into a warming in SSP2-4.5. A striking
phenomenon occurs in SSP1-1.9, where clean background conditions still
result in a large cooling effect despite a strong reduction of non-CO2

emission components. This results from the effects of aerosols and chemical
methane loss being particularly efficient under clean atmospheric condi-
tions, which occur when anthropogenic emissions as a whole are strongly
reduced.

These results demonstrate the importance of the non-CO2 transport
emissions when quantifying transport-related climate effects. Since global
emissions were considered here, we stress, however, that the results are not
necessarily transferable to specific regions. In an earlier study50, for example,
we showed that the effects of land-based transport emissions in Germany
are dominated by CO2, which is a consequence of (i) the long history of
emissions and the associated long-term accumulation of CO2 in the
atmosphere and (ii) stringent mitigation measures to reduce short-lived
components in European transport emissions. The effects of transport
emissions from other regions of the world, especially from emerging or
threshold countries, can behave differently.

Due to the specific conditions over the oceans and at the main flight
altitudes of air traffic, the results obtained for shipping and aviation should
not be transferred to other anthropogenic emission sources. In the case of
land transport, however, the results of this study could also provide hints on
the potential effects of other anthropogenic land-based emission sources of
the non-CO2 species analyzed here. Such sources are often co-located with
transport emissions and, consequently, could lead to similar atmospheric
perturbations. However, this should be assessed in more detail in future
studies.

The present study focuses on the direct vehicle emissions from the
transport sector. Since SSP1-1.9 is characterized by fundamental changes in
energy supply, fuels, and vehicle technology, the comparison with other
future scenarios may have to take into account transport-related changes in
emissions from other sectors as well, such as the energy sector, industry or,
due to the increased production of biofuels in SSP1, agriculture. Although
SSP1-1.9 is characterized by a strong future reduction in emissions of most
species and sectors, and possible trade-offs due to fundamental changes in
transport-related emissions in other sectors are likely to be small, such
effects require a more detailed analysis. Therefore, full life cycle analyses for

Fig. 4 | Effective radiative forcing of atmospheric
effects induced by the total emissions of global
transport from pre-industrial times to 2015 and
2050 in the SSP scenarios.As Fig. 3, but for the total
effect of transport calculated as the sum of the ERFs
from land-based transport, aviation, and shipping.
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both fuels and technologies involved, including an adequate assessment of
emissions and climate impacts, should be a central topic of future transport-
related research.

The results of this study have several other important implications.
When comparing scenarios ormeasures formitigating the climate impact of
transport emissions, the consideration of non-CO2 components can be
crucial, not only for aviation but also for surface-based transport. For
ranking measures with a similar CO2 reduction potential, the non-CO2

components can be decisive. In cases of a significant cooling effect of non-
CO2 components, their reduction would have to be compensated for by
intensifying climate protection measures elsewhere. In discussions about a
possible mitigation of global warming through the cooling effect of non-
CO2 emissions, it should be taken into account that these compounds,
unlike CO2, mostly remain in the atmosphere for only a few days to weeks.
Hence, as also emphasized in studies onpossible geoengineeringmeasures51,
continuous emissions would be required to counteract parts of the CO2-
induced warming. In any case, it is essential to recall that non-CO2 emis-
sions can strongly reduce air quality3,6,8–10, and trade-offs between the pro-
tection of climate and air quality must be avoided. In case of a strong
reduction in total anthropogenic emissions, as occurring in SSP1-1.9, even
small residual non-CO2 emissions from transport can lead to a compara-
tively large negative climate forcing. In view of such significant emission
reductions, these cooling effects would not necessarily be at the expense of
air quality. In such cases, the trade-offs between air pollution control and
climate protection may not be as critical as it was recently discussed, for
instance, for international shipping24–27. Consequently, evaluations of
mitigation strategies for air pollution control and climate protection in the
transport sectors need to consider the overall atmospheric pollution level,
and possible trade-offs or co-benefits should be a central subject of dis-
cussion. Large effects of transport-induced non-CO2 components on cli-
mate can be expected also for the future and should therefore be taken into
account in the design of mitigation measures.

Methods
EMAC simulations: aerosols, ozone and the methane lifetime
All simulations of the effects of short-lived species, i.e., transport-induced
aerosol effects, ozone production, and changes in methane lifetime, were
performed with the global chemistry-climate model system EMAC52

(ECHAM/MESSyAtmospheric Chemistrymodel). Detailed descriptions of
these simulations are provided in the accompanying articles15,16. In the
following, we therefore only provide a brief overview of the methodological
details of the EMAC simulations, focusing in particular on the aspects that
are especially relevant for this study. EMAC includes several submodels to
describe atmospheric processes, their interaction with oceans and land, and
to assess human influences. Table 3 provides an overview of the applied
EMAC configurations.

For simulating atmospheric aerosol particles and their effects on clouds
and radiation, we use a configuration that includes the aerosol submodel
MADE346 (3rd version of the Modal Aerosol Dynamics model for Europe
adapted for global applications) coupled to the EMAC cloud and radiation
submodels16,47,53 on the basis of the calculated aerosol particle number
concentration, size distribution, and chemical composition. In a previous
study46, a comprehensive evaluation of the aerosol mass and number con-
centrationsmodelled with EMAC, includingMADE3was performed using
data from airborne field campaigns, satellite observations, and station net-
works. A reasonable agreement with the observations was demonstrated.

Deviations, such as the underestimation of fine particle deposition or the
fact that near-surface particle number concentrations are often lower than
those observed from aircraft, are of a similar order of magnitude as in
comparable other global modelling studies. In a subsequent work53, the
ability of the model to reproduce the relevant observed cloud and radiation
properties was successfully demonstrated.

The effects of transport-induced aerosols are calculated by a pertur-
bation method, which is based on the analysis of the differences between
simulations with and without the emissions of the respective transport
sector. To ensure statistically significant detection of even small transport-
induced differences, the so-called nudging technique is applied, where
meteorological model variables are relaxed towards meteorological reana-
lysis data, to minimize the differences due to their variation between the
model simulations.We carried out simulations for a periodof 11 years, from
2005 to 2015. The first year is used as model spin-up and is not included in
the analysis. The simulations are designed as so-called time slice experi-
ments considering the emissions of a specific year, here 2015 or 2050, as
representative for the respective time horizon. These emissions are applied
in combination with multi-year meteorological data in order to cover nat-
ural variability. In order to isolate the specific effects of the respective
transport sector emissions, changes in meteorology due to the changing
climate are not considered, as they would mask the pure effects of the
emissions. Therefore, the same meteorological data is used for all simula-
tions. A previous study suggests that, on the time scales considered here,
effects of climate change are probably smaller than the pure emission effect
in the case of the transport impact on ozone and methane54. However, it is
unclear whether this also holds for aerosol effects. These issues should
therefore be re-assessed in future studies. For more detailed information on
the performed simulations, we refer to our accompanying article on
transport-induced aerosol effects16.

To calculate the effects of transport emissions on ozone and on the
lifetime of atmospheric methane, EMAC is applied using the so-called
QCTM/TAGGING configuration21, including a very detailed description of
the atmospheric gas-phase chemistry. The quasi-chemistry-transport
model (QCTM) mode decouples atmospheric chemistry from the model
dynamics, which facilitates the quantification of the transport emission
effects. The TAGGING submodel55,56 allows for quantifications of the
contributions of specific emission sources, such as the transport sectors, to
the concentrations of atmospheric chemical compounds. The representa-
tion of ozone and other trace gases in the EMAC model was evaluated
against observations in detail in an earlier study52. It was concluded that
EMAC tends to show a positive bias for tropospheric ozone (about 10-50%
of the average concentrations in theupper tropospheredependingon season
and altitude, compared to aircraft-based observations). As discussed in the
accompanying article15, the deviations of the present simulations from those
described in the earlier study are very small. Therefore, we refer to this
previous article for more information on the model performance with
respect to the representation of ozone.With regard to the representation of
the methane chemistry, the evaluation of earlier simulations with EMAC
revealed that the simulated methane lifetime is typically at the lower end of
the values estimated by other comparable models57. However, many of the
models show a low bias compared to observations. The chemical lifetime of
CH4 simulated in the present study ranges from 7.4 years in SSP3-7.0 in
2050 to 8.0 years in SSP1-1.9 in 2050, which is lower than the 9.1-year
lifetime calculated using observational data58. To avoid misrepresentations
due to the lowbias, we use the relative change in lifetimedue to the transport

Table 3 | Overview of the models applied

Process Model Model type

Aerosol effects EMAC52 including the aerosol submodel MADE316,46,47,53 3D global chemistry-climate model

Ozone effect and change in methane
lifetime

EMAC52 in QCTM/TAGGING configuration15,21,55,56 3D global chemistry-climate model

CO2 and methane effects AirClim59,60 with extensions to include the tagging approach (seemain text for details) climate response model
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emissions instead of the absolute values and apply it to a range of CH4

lifetimevalues reported in the literature (see ‘Calculationof themethane and
CO2 effects’). This provides more reliable estimates of the absolute lifetime,
with respect to transport-induced loss, and its uncertainties.When applying
the classical perturbation method, commonly used in previous studies,
instead of the tagging approach adopted here, the relative lifetime change
resulting from transport emissions modelled here turns out to be very
similar to previous studies15, indicating the robustness of the EMAC results
compared to other models.

Tagging concentrations of molecules with their sources enables the
calculation of the transport effects based on a single simulation, instead of
the two model runs required by the perturbation method used for the
aerosol analysis. Note that we cannot apply the tagging approach for the
aerosol effects yet due to the particular challenge of tagging aerosol-cloud
interactions and liquid-phase chemistry. However, the consistency of the
gas-phase and the aerosol simulations is very high. This is achieved by i)
applying the samebasemodel, ii) using the samedata sets for anthropogenic
and natural emissions (see below), retaining only slight differences in vol-
canic and lightning emissions, which could not be fully harmonized for
technical reasons, and iii) using the same meteorological data to drive the
model dynamics. In analogy to the aerosol simulations, themodel dynamics
of the gas-phase simulations were driven by meteorological reanalysis data
applying the nudging technique. Since the interannual variability of the gas-
phase chemistry in our simulations is considerably smaller than that of the
aerosol effects, a shorter simulation period is sufficient. Here, simulations
have beenperformed as time slice experiments for the period from July 2012
toDecember 2017,where themonths in 2012 are used asmodel spin-up and
only the years from 2013 to 2017 are analyzed. For the same reasons as for
the aerosol simulations, the present-day meteorology is also applied in the
simulations of the future scenarios. For more details on the model config-
uration, we refer to the accompanying article on the gas-phase effects15.
Many previous studies of transport-induced effects on gas-phase chemistry
relied on the perturbation method, as applied here for aerosol effects.
However, due to particularly strong nonlinearities of the gas-phase chem-
istry, this method can suffer from large uncertainties in quantifications of
transport-induced contributions to anthropogenic climate change. This
triggered the development of the tagging approach21,55 applied in the present
study. Hence, the obtained results partly deviate from those of previous
studies. For an analysis of these deviations, we refer to our previous articles
on the gas-phase chemistry effects15,21.

Calculation of the methane and CO2 effects
While the concentrations of short-lived compounds show large spatial
variation, long-lived greenhouse gases are relatively well mixed throughout
the global atmosphere, resulting in a rather homogeneous spatial distribu-
tion. This implies that the transport sectors’ effects on CH4 and CO2 can be
well approximated on the basis of global mean concentrations. Hence, the
great computational effort of full three-dimensionalmodels can be avoided,
and long-term simulations necessary to describe the accumulation of these
compounds in the atmosphere can be carried out more efficiently. To cal-
culate the transport-induced CH4 and CO2 effects, we applied the climate
response model AirClim50,59,60.

To adapt the model to the specific requirements of this study, we were
able to take into account the results from the tagging approach as described
in the following. The effect of transport emissions on atmospheric methane
is calculated from the chemical loss due to reaction with the OH radical as
simulated with EMAC in QCTM/TAGGING configuration (see above).
The average loss rate is then converted to the transport-induced relative
change in methane lifetime:

δ ¼ �loss CH4

� �tra
=loss CH4

� �total ð1Þ

where loss CH4

� �total
represents the global multi-yearmean total loss rate of

CH4 due to reaction with OH and loss CH4

� �tra
denotes the fractional loss

rate due to reaction with OH resulting from transport emissions56. The
lifetime change is calculated for the troposphere (here below the monthly-
mean tropopause height), as the reaction with OH in the troposphere is the
dominant CH4 sink

61. Formore details on these calculations, we refer to the
accompanying article on the gas-phase effects15. Following the tagging
approach55, the transport-related contribution to atmospheric methane is
calculated via Euler backward time integration of the following equation
from 1750 to the analyzed year:

∂

∂t
CHtra

4 ¼ � 1
2

1
τtra

CH4 þ
1
τ
CHtra

4

� �
ð2Þ

Here,CH4 andCH
tra
4 denote the total methanemixing ratio and the

corresponding contribution of the respective transport sector, which is
negative in case of a transport-induced loss. The symbols τ and τtra

represent the methane lifetime corresponding to total chemical loss and
to only transport-induced loss, with τtra calculated from δ ¼ �τ=τtra.
Note that τtra does not represent the absolute change in τ due to the
occurrence of transport emissions. It rather represents the chemical
lifetime corresponding to the methane loss due to reaction with the
fraction of OH resulting from transport. Hence, τtra can be much larger
than τ. Since τ is subject to large uncertainties, we performed three
simulations for each case (each transport sector along each of the three
scenario pathways) assuming amethane lifetime of 7.5, 9, and 12 years to
cover the range of values of τ reported in the literature62. Corresponding
values for τtra are computed from δ. The full time series from 1750 to
2050 is derived from the 2015 and 2050 values, assuming a temporal
evolution of δ that correlates with that of the respective NOx emissions
(see description of emission data below) and matches the values
obtained from the EMAC simulations for 2015 and 2050. The resulting
transport-related CH4 contribution (negative) is then used to calculate
the transport-induced radiative effects from the total CH4 mixing ratios
with andwithout the transport-induced contribution following Etminan
et al.63. Information on the temporal evolution of the total CH4 mixing
ratio, the NOx emissions and the N2Omixing ratio, which is required for
the radiation calculations, are taken from the CMIP6 data sets64. The
transport-induced loss of methane also results in a reduced production
of ozone, leading to an additional radiative forcing. According to pre-
vious studies, this is considered via enhancement of the methane
radiative forcing by the factor 1.29 in AirClim60.

The contribution of the respective transport sector emissions to the
global mean CO2 concentration COtra

2 is calculated in AirClim from the
globally aggregated, fossil fuel-related transport CO2 emissions via a
response function considering five different prescribed response times,
which characterize different loss processes in theCO2 life cycle. In aprevious
study65, the CO2 life cycle as simulated by AirClim was compared with the
results of similarmodels, anda reasonable agreementwas found.The spread
of the results (deviations around 10-20%) is used here to define a corre-
sponding uncertainty range (see ‘Calculation of uncertainties’). To capture
the long-term accumulation of CO2 in the atmosphere, the temporal evo-
lution of the transport emissions is considered, including both the historical
emissions1 and the future development of the emissions in the respective
scenarios2. The time-dependent radiative forcing of the obtained transport-
induced amount of CO2 is then calculated as66:

RFtra
CO2

tð Þ ¼ f traðtÞ � RFant
CO2

ðtÞ ð3Þ

where f tra tð Þ ¼ COtra
2 tð Þ=ðCO2 tð Þ � CO0

2Þ is the fractional contribution of
the respective transport-induced CO2 to the total anthropogenic change in
CO2, calculated from the CO2 concentrations

64 CO0
2 and CO2ðtÞ at a pre-

industrial reference year (here 1750) and at later times, respectively.
RFant

CO2
ðtÞ is the corresponding time-dependent total anthropogenic

radiative forcing calculated from the total anthropogenic change in CO2

as describedbyRamaswamyet al.42 (Table 6.2 in that publication,first row in
descriptions of CO2 effects).
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Effects of contrail cirrus
The climate forcing of contrail cirrus clouds is the only transport impact that
was not explicitly simulated in the present study, since essential input data,
especially the flown distances per grid box, are not available in the CMIP6
emission data set. To provide a suitable estimate of the contrail cirrus effect
in order to complement the set of effects analyzed here, we rely on results
from previous studies14,48,67. A recent aviation climate assessment14 reports a
contrail cirrus ERF of 44.1mW/m2 in 2011 and 57.4mW/m2 in 2018.
Assuming exponential growth between 2011 and 2018, this indicates a
contrail cirrus ERF of 51.27mW/m2 in 2015. To estimate a corresponding
2050 value, we apply results from another study48, where consistent quan-
tifications of the contrail cirrus effectwere provided for 2006 and2050based
on a 2050 emission scenario derived from an expected growth of aviation
transport volumes by a factor of 4 in that timeframe. From the obtained
contrail cirrus radiative forcings of 49mW/m2 in 2006 and 160mW/m2 in
2050 (assumption of conventional fuels and technology), a value of
62.42mW/m2 in 2015 is determined, assuming exponential growth of
transport volume and a linear relationship between transport volume and
contrail cirrus radiative forcing. According to these radiative forcing values,
we scale the 2015 ERF of 51.27mW/m2 derived from the recent assessment
to 2050, resulting in an ERF of 131.42mW/m2. These values are used to
calculate the total aviationERF from the effects quantified here for 2015 and
2050 in the case of SSP3-7.0. For SSP2-4.5 and SSP1-1.9, the contrail cirrus
ERF for 2050 is reduced by 20% and 50%, respectively, corresponding to the
effects of a moderate and high degree of sustainability through the use of
alternative fuels and technologies67, in line with the storylines of these sce-
narios. However, it should be emphasized that this does not represent a
concrete quantification of the contrail effects in the SSPs, but merely an
estimate for scenarios of varying sustainability.

In a recent study68, simulationswere performedwith the EMACmodel
in a very similar configuration to the one used here, including an explicit
calculation of the radiative forcing from contrail cirrus based on an aviation
emissions inventory containing all the parameters required for this purpose
(Aviation Environmental Design Tool, AEDT69). The results show a
radiative forcing (RF) of 60.7 mW/m2 from contrail cirrus in 2006 and
188mW/m2 in 2050, assuming that air traffic quadruples in this time
frame48. Assuming exponential growth, this results in an RF of 76.5mW/m2

for 2015.With a ratio of ERF toRF of 0.66, whichwas also quantified in that
study68, an ERF of 50.5mW/m2 can be estimated, which is very close to the
ERF of 51.27mW/m2 derived here from the literature. The RF of 188mW/
m2 simulated for 2050 implies an ERF of 124.1 mW/m2, which is also
quantitatively consistent with the literature-based ERF of 131.42mW/m2

assumed here for 2050 in the case of conventional fuels (SSP3-7.0, 2050).
With regard to aviation fuel consumption, theAEDT inventory also appears
to agree well with the CMIP6 inventory used here. This can be concluded
from a comparison of the aggregated annual global CO2 emissions in 2015,
given that the CO2 emission factor is well established. Based on the AEDT
CO2 emissions of 594.9 Tg in 2006, a value of 789.9 Tg can be estimated for
2015, assuming exponential growth andan increase in air traffic volumeby a
factor of 4 by 2050 compared to 2006. This agrees well with the 766.0 Tg of
CO2 emissions in the CMIP6 inventory for 2015. Therefore, we would
expect very similar ERF values calculated with EMAC for CMIP6 if the
missing parameters were available in this database. This indicates that a
possible bias due to the use of literature-based values for the ERF of contrail
cirrus in the present study is likely to be small. Hence, the literature-based
ERF can be regarded as consistent and comparable with the ERF explicitly
simulated for the other processes.

Emission data
Global distributions of anthropogenic and open burning emissions for 2015
and 2050 in the different scenarios were taken from the CMIP6 data set1,2,34.
TheCMIP6data includes informationonhistorical emissions between1750
and 2014 and data on future developments covering the time period from
2015 to 2100. Here, we consider the year 2015 (from SSP2-4.5) for present-
day simulations instead of the last year of the historical CMIP6 data set

(2014) to use consistent information from the same emission database for
present-day conditions and 2050. However, we stress that the differences
between the 2014 and 2015 data, as well as between the 2015 data for the
different future projections are negligible. Time series of globally aggregated
annual emissions of CO2 and NOx from the transport sectors for the time
period from 1750 to 2050, required for describing the transport-induced
CO2 and CH4 effects, are taken directly from the CMIP6 data set for his-
torical conditions1 (until 2014) complemented by values aggregated from
the gridded (spatially resolving) data34 for the period 2015-2050. For the
representation of emissions from other sources as described above, espe-
cially wind-driven natural particle emissions, volcanic emissions, and
emissions from lightning and biogenic sources, we refer to the accom-
panying papers15,16.

The applied emission data does not account for the effects of the
COVID-19 pandemic, since the SSPs and the corresponding data were
generated earlier. However, the pandemic has had a large impact, particu-
larly on the transport sectors, and could also influence their future devel-
opment. In the case of CO2, the emissions quickly returned to levels similar
to those before the pandemic and continued their upward trend70. The
impact on the year 2050 is therefore expected to be low. It should also be
noted that the future scenarios applied in the present study are mainly used
to draw general conclusions about the transport effects at different levels of
emissions, which implies that our results are not directly affected by
neglecting the pandemic.

Harmonization of radiative forcing
Due to different processes to be considered, different methods for the cal-
culation of the radiative forcings are applied. For the aerosol effects, the
forcing is derived as the difference in top-of-atmosphere radiative fluxes
from two model runs, one with and one without the aerosol effects of the
respective transport sector emissions16. Since this difference also includes the
effects of rapid adjustments, for instance, of clouds, it is regarded here as
ERF16,71. In case of the ozone effect, the model calculations described above
yield a stratospheric adjusted radiative forcing42,43 (SARF) by means of the
multiple radiation calling technique using the transport-induced ozone
contributions determined via the tagging approach15. An ERF cannot be
derived directly from these simulations, since the online calculations of
model chemistry have to be decoupled from the model dynamics to enable
the quantification of small perturbations (QCTM mode, see ‘EMAC
simulations’ section). The method for calculating the methane effects out-
lined above also results in SARFvalues. Tomake these effects comparable to
the aerosol effects and to enable summation of the effects to calculate the
total forcings, the SARF values are converted into ERF, which has been
widely accepted as themore advancedmetric42–44. The conversion relies on a
multi-model assessment of the ERF of anthropogenic changes in radiatively
active species, including an analysis of the corresponding SARF72.We apply
ratios ofERFandSARFof ozone changes due to anthropogenic emissions of
ozone precursor gases, as well as ERF and SARF of anthropogenic changes
in the methane concentration and the resulting chemical impact. For con-
sistency, we only take into account the results of the assessment obtained
frommodelswith full interactive chemistry,with the exceptionof onemodel
(MRI-ESM2) that is not considered as it shows an exceptionally lowERF-to-
SARF ratio in case of the ozone effect. In case of ozone changes, we apply a
mean ERF/SARF ratio of 0.97 and correspondingminimumandmaximum
ratios of 0.77 and 1.31, respectively, for the uncertainty range. For the
methane effect, the corresponding ratios amount to 1.03, 0.88, and 1.23,
respectively. For CO2, we apply the approximation ERF/SARF�1, which is
based on multi-model mean results from a recent analysis of different
radiative forcing metrics based on the CMIP6 models73.

Calculation of uncertainties
Chemistry-climate models and their input data are affected by different
sources of uncertainties. Assessing the effects of all known uncertainties
would require an integration of all results available from previous studies as
provided, for instance, in a recent survey on the climate effects of aviation
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emissions14. An extension of this assessment to land-based transport and
shipping, however, is beyond the scope of the present study. Here, we focus
only on those uncertainties directly resulting from the specific model
approach applied.

Quantificationsof aerosol effects onclimate suffer fromparticularlyhigh
uncertainties3,43. This is also the case for transport-related aerosol effects, as
demonstrated in one of our previous studies20. There, we showed that the
effective radiative forcing of transport-induced aerosols can changeby several
10% when the model assumptions on the size distributions of the emitted
particles are varied.With this approach, we assessed the uncertainties arising
from the transformation of aerosols near their sources, which cannot be
adequately resolved by the large grid boxes of global models. To account for
this in the present study, we adopt the corresponding uncertainties, which
amount to ±75%, ±64%, and ±18% for land-based transport, aviation, and
shipping, respectively. These values are based on the ERF calculated in the
previous study for two different cases for each transport sector spanning a
range of aging efficiencies of the respective transport-induced aerosol
population.They are adopted to calculate uncertainties in termsofmaximum
and minimum values from the ERF modelled in the present study.

In the case of the transport-induced ozone contribution and the cor-
responding change in the OH concentration driving the methane effect,
major uncertainties of our quantifications result from the conversion of
SARF to ERF. Therefore, the minimum and maximum values of the ERF/
SARF ratio described above are used as uncertainty ranges. In the case of the
methane effect, the uncertainty in methane lifetime is also taken into
account. In a first step, the SARFs of the transport-induced methane per-
turbations are calculated for the three different assumptions on methane
lifetime (7.5, 9, and 12 years). In a second step, the resulting uncertainty
range is further extended by including the minimum andmaximum values
of the conversion factors ERF/SARF by scaling the lowest and largest
absolute SARF values with the minimum andmaximum ERF/SARF ratios,
respectively.

For theCO2 effect, an uncertainty range of ±15% is assumed according
to the uncertainty of the linear response model applied to simulate the
carbon cycle inAirClim59. Uncertainties of the contrail effect, as derived, for
instance, in the recent aviation assessment14 from multiple model and
parameter studies, are not included here, since this would result in an
inconsistency with the uncertainties quantified in the present study which
are based on simulations with a single model.

To determine the uncertainties of the overall effect of individual
transport sectors or of transport as a whole, the uncertainties of the indi-
vidual effects are combined. When summing the ERFs of the same process,
the uncertainties are assumed to be correlated. In this case, they are deter-
mined as minimum or maximum values by summing the minimum or
maximum values of the individual contributions. If the ERFs of different
processes are added, it is assumed that the uncertainties are uncorrelated. In
this case, they are combined by means of Gaussian error propagation.

Data availability
For the availability of output from the simulations of the aerosol-related
effects performedwithEMAC, including the aerosol submodelMADE3and
the corresponding output of the gas-phase chemistry simulations with
EMAC in the QCTM/TAGGINGmode, we refer to the two accompanying
articles15,16. The ERF values and associated uncertainties resulting from the
EMAC and AirClim simulations and their postprocessing are provided in
the Supplementary information. The CMIP6 emission data applied in the
simulations of this study (aggregated historical emission time series, gridded
CMIP6 emission data) is available as described in the cited articles1,34.

Code availability
The Modular Earth Submodel System (MESSy) is continuously developed
and applied by a consortium of institutions.MESSy and the source code are
licensed to all affiliates of institutions that are members of the MESSy
Consortium. Institutions can become members of the MESSy Consortium
by signing theMESSyMemorandum of Understanding. More information

can be found on the MESSy Consortium website (http://www.messy-
interface.org, last accessed: 31 January 2026). The model configurations
applied in this study are based on EMAC version 2.55. The exact set-ups
used to produce the results of this paper are archived at theGermanClimate
Computing Center (DKRZ) and can be made available to members of the
MESSy community upon request. The software code of AirClim is con-
fidential proprietary information of DLR. Therefore, the code cannot be
made available to the public or the readers without any restrictions.
Licensing of the code to third parties is conditioned upon the prior con-
clusion of a licensing agreement with DLR as licensor. The codes used for
analyzing the data and plotting the analyzed data are available from the
corresponding author upon request.
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