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Abstract. For the period 1860–2100 (SRES scenario A1B
for 2000–2100), the impact of road transport, maritime ship-
ping and aviation on climate is studied using an Atmosphere
Ocean General Circulation Model (AOGCM). In addition to
carbon dioxide (CO2) emissions from these transport sec-
tors, most of their non-CO2 emissions are also taken into
account, i.e. the forcing from ozone, methane, black car-
bon, organic carbon, sulfate, CFC-12 and HFC-134a from
air conditioning systems in cars, and contrails. For the year
2000, the CO2 emissions from all sectors together induce
a global annual-mean surface air temperature increase of
around 0.1 K. In 2100, the CO2 emissions from road trans-
port induce a global mean warming of 0.3 K, while shipping
and aviation each contribute 0.1 K. For road transport, the
non-CO2 impact is largest between 2000 and 2050 (of the
order of 0.1 K) becoming smaller at the end of the 21st cen-
tury. The non-CO2 impact from shipping is negative, reach-
ing −0.1 K between 2050 and 2100, while for aviation it is
positive and its estimate varies between 0 and 0.15 K in 2100.
The largest changes in sea-level from thermal expansion in
2000 are 1.6 mm for the CO2 emissions from road transport,
and around−3 mm from the non-CO2 effects of shipping.
In 2100, sea-level rises by 18 mm due to the CO2 emissions
from road transport and by 4.6 mm due to shipping or avia-

tion CO2 emissions. Non-CO2 changes are of the order of
1 mm for road transport,−6.6 mm for shipping, and the es-
timate for aviation varies between−1.2 and 4.3 mm. When
focusing on the geographical distribution, the non-CO2 im-
pact from road transport and shipping on the surface air tem-
perature is only slightly stronger in northern than in southern
mid-latitudes, while the impact from aviation can be a factor
of 5 stronger in the northern than in the southern hemisphere.
Further it is observed that most of the impacts are more pro-
nounced at high latitudes, and that the non-CO2 emissions
from aviation strongly impact the NAO index. The impacts
on the oceanic meridional overturning circulation and the
Niño3.4 index are also quantified.

1 Introduction

In recent years, the evidence for anthropogenic impacts on
climate (IPCC, 1996, 2001, 2007) has increased. Where ob-
servational studies have shown that the global mean surface
air temperature has risen by around 0.8 K over the 20th cen-
tury, modeling studies have demonstrated that this increase,
in particular since the mid-20th century, can be attributed
mainly to anthropogenic influences. Each activity which
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alters the radiative properties of the atmosphere (by emis-
sion or formation of greenhouse gases (GHGs) and aerosols)
or modifies the properties of the Earth’s surface (a change in
land-use can affect the local hydrological cycle or the albedo)
may have an impact on climate. A wide range of anthro-
pogenic activities such as industrial production processes,
agriculture, transport, power generation, or domestic heating
therefore possibly contributes to climate change.

It is important to quantify the contribution from individual
sectors such as road transport, shipping, or aviation to cli-
mate change, because this allows more informed assessments
of the potential effects of mitigation of emissions from these
sectors, given the high growth rate of transport emissions in
comparison to other anthropogenic sources. Over the last two
decades, many studies have been performed which addressed
this question – three recent reviews presented current assess-
ments of the radiative forcing due to road (and rail) transport
(Uherek et al., 2010), shipping (Eyring et al., 2010), and avi-
ation (Lee et al., 2010) – see alsoFuglestvedt et al.(2008).
From the transport sector, an important contribution to cli-
mate change is from carbon dioxide (CO2) emissions, but
the emissions of other species, including short lived ones, are
also important. Several studies have assessed the impact of
the emission of reactive gases (nitrogen oxides – NOx, car-
bon monoxide – CO or volatile organic compounds – VOCs)
on tropospheric ozone (O3) and the hydroxyl radical (OH)
from road transport (Granier and Brasseur, 2003; Niemeier
et al., 2006; Matthes et al., 2007), shipping (Granier et al.,
2006; Eyring et al., 2007) and aviation (Brasseur et al.,
1996; Kentarchos and Roelofs, 2002; Gauss et al., 2006), or
from all three sectors (Hoor et al., 2009; Koffi et al., 2010;
Dahlmann et al., 2011; Myhre et al., 2011). The present-day
tropospheric O3 changes lead to a radiative forcing between
10 and 30 mW m−2 for the different transport sectors indi-
vidually. These O3 perturbations have a typical lifetime of
a few weeks (Stevenson et al., 2004). Through the impact
of NOx emissions on the OH concentration, transport also
affects the concentration of methane (CH4). Generally, this
is a reduction in the concentration of CH4, and therefore a
negative radiative forcing; the CH4 reduction also leads to
an associated reduction in O3. Due to the long lifetime of
CH4, these perturbations have a lifetime in the order of 1 to
2 decades (Stevenson et al., 2004). For the current emissions
from the transport sectors the net combined effect (from O3
and CH4) for road transport and aviation is a positive radia-
tive forcing while it is negative for maritime shipping (Myhre
et al., 2011).

The emissions from the transport sectors also lead to
increased concentrations of aerosols such as black carbon
(BC), organic carbon (OC) and sulfate. Aerosols have a di-
rect impact through their scattering and absorption of radia-
tion. This impact has been assessed for the three transport
sectors inBalkanski et al.(2010) and inEyring et al.(2007)
for shipping only. Aerosols also have an indirect effect by
changing the albedo (first indirect effect) and lifetime (sec-

ond indirect effect) of clouds as well as a semi-direct forcing
due to BC – these forcings are much more uncertain (seeLee
et al., 2010; Eyring et al., 2010; Uherek et al., 2010).

Several modeling and observational studies have tried to
assess the global impact of contrails and aviation-induced
cirrus (e.g.Bakan et al., 1994; Minnis et al., 2004; Marquart
et al., 2003; Stordal et al., 2005; Burkhardt and K̈archer,
2009, 2011; Kärcher et al., 2010). Best estimates for the
current radiative forcing due to contrail and aviation-induced
cirrus impacts vary between 10 and 80 mW m−2 (Lee et al.,
2009). The most recent best estimates with the most detailed
models of contrails and aviation-induced cirrus are at the
lower end of this range, around 31 mW m−2 (Burkhardt and
Kärcher, 2011). Detailed process studies show an increased
understanding of the formation and properties of contrails
(Paugam et al., 2010).

In addition to detailed studies focussing on one or a few
aspects of the impact of transport, some studies have tried to
calculate its total radiative forcing (Fuglestvedt et al., 2008;
Penner et al., 1999). For aviation, multiple assessments have
been made to assess its total impact (Brasseur et al., 1998;
Penner et al., 1999; Sausen et al., 2005; Lee et al., 2009). As
mentioned earlier, impacts on climate of all three modes of
transport have recently been assessed (EU projects QUAN-
TIFY and ATTICA) (Lee et al., 2010; Eyring et al., 2010;
Uherek et al., 2010).

The impacts on climate in terms of changes in temperature
and precipitation, are also of interest. Therefore, some stud-
ies use Atmosphere General Circulation Models (AGCMs)
coupled to slab ocean models. Slab ocean models repre-
sent the ocean mixed layer but not the deep ocean, and they
use prescribed local tendencies to represent large-scale ocean
transport. These tendencies are assumed not to be affected by
climate change, which might influence the quality of the cli-
mate predictions of this type of models. AGCMs coupled to a
slab ocean model are used to study the climate change which
would occur when the perturbation or anthropogenic influ-
ence is constant for a long period (e.g.Stuber et al., 2001,
2005; Joshi et al., 2003; Ponater et al., 2006), but are not able
to describe so well the transient phase of climate change.

When the climate system is subject to a variable forcing,
its thermal inertia will cause a delay in its response. Ini-
tially, there is a fast response of the atmosphere, the land
surface and the ocean mixed layer with a characteristic time
scale of 1 to 5 yr (e.g.Hasselmann et al., 1993; Boucher and
Reddy, 2008; Olivi é and Stuber, 2010). This fast response
contributes around 60–80 % to the total long term response.
In addition, the deep ocean is responsible for a slow re-
sponse (which contributes 20–40 %) with an estimated time
scale in the order of 100 to 500 yr. For the study of the
impact of the transport sectors, this inertia has been taken
into account mainly in studies on aviation (Sausen and Schu-
mann, 2000; Ponater et al., 2005, 2006; Lim et al., 2007; Lee
et al., 2009). Also slightly more complicated Simple Cli-
mate Models (SCMs) which contain a simple representation
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of ocean and sea-ice thermodynamics (Harvey et al., 1997;
Skeie et al., 2009), have been used. They all simulate rea-
sonably well the transient phase of climate change (Mein-
shausen et al., 2011a,b), but do not give information on the
geographical distribution or seasonal variation of impacts.

A more complete but computationally more expensive ap-
proach is to use an Atmosphere Ocean General Circulation
Model (AOGCM) which contains a detailed description of
the atmosphere, ocean and sea-ice. Within the perspective of
climate change, oceans play an important role in redistribut-
ing heat, in mitigating atmospheric heating in the transient
phase due to their large thermal inertia, and in the radiative
balance due to the possible presence of sea-ice at high lat-
itudes (impact on albedo). Over the last decade, AOGCMs
have been used frequently to model the total climate impact
from anthropogenic forcing (IPCC, 2001). These models
are currently able to reproduce the temperature change ob-
served in the 20th century, and confidence exists in the qual-
ity of their projections of future climate change (IPCC, 2007,
Chap. 8). This confidence is stronger at continental than re-
gional scales, and higher for variables as temperature than for
precipitation. However, although the AOGCMs are the most
advanced tools, there remain important uncertainties in the
representation of some processes, for example those defining
the strength of cloud-climate feedbacks (IPCC, 2007). In ad-
dition, AOGCMs, when used to make global climate studies
over multiple decennia or centuries, cannot be expected to
describe all physico-chemical processes in the atmosphere in
great detail, e.g. emissions, formation and transformation of
aerosols and chemical species, and possible removal mecha-
nisms. Therefore, distributions of long-lived GHGs are often
assumed to be homogeneously distributed in the atmosphere
(CO2, CH4, nitrous oxide – N2O, and chlorofluorocarbons
– CFCs), but their global concentration might evolve with
time (according to a prescribed scenario). For aerosols and
O3 (or its precursors) which, due to their shorter lifetimes,
are inhomogeneously distributed in the atmosphere, three-
dimensional (3-D) prescribed climatologies are often used
based on calculations from more detailed models. Here we
present one of the first studies where an AOGCM is used to
assess the impact of the transport sectors on climate. Us-
ing an AOGCM allows the study of geographical distribu-
tions of changes in surface air temperature, precipitation and
cloud cover, and to quantify impacts on typical ocean param-
eters such as ocean 3-D temperature, sea-level rise, and the
meridional overturning circulation (MOC). We study the pe-
riod 1860–2100 and perform full 240-yr long integrations.
We focus on the impact of road transport, maritime shipping
and aviation, and distinguish between the impact from CO2
emissions and the impact from all other emissions (which we
call, collectively, non-CO2).

In Sect.2 we describe the AOGCM which is used, the
emissions from the transport sectors that are taken into ac-
count, and the simulations which are performed. In Sect.3
we analyze the impacts of the transport sectors on the atmo-

sphere, and in Sect.4 their impacts on the ocean. In Sect.5
we present our conclusions.

2 Description of the model, forcings and experiments

2.1 The CNRM-CM3.3 AOGCM

The Centre National de Recherches Mét́eorologiques
(CNRM) Coupled Model version 3.3 (CNRM-CM3.3)
(Johns et al., 2011) consists of the atmosphere component
ARPEGE-Climat4.6, the ocean component OPA8.0 and the
sea-ice component GELATO2. CNRM-CM3.3 is an updated
but very similar version of the CNRM-CM3.1 coupled model
used for simulations described inSalas-Ḿelia et al.(2005),
IPCC(2007) andOlivi é and Stuber(2010).

The atmosphere component ARPEGE-Climat4.6 is a spec-
tral model with a T42 horizontal resolution (equivalent to
about 2.8◦×2.8◦) and 31 hybrid sigma levels (model top at
10 hPa). Turbulent vertical fluxes and dry convection are
described byRicard and Royer(1993), and deep convec-
tion (Bougeault, 1985) is modeled using a mass-flux scheme
with Kuo-type closure. The cloud microphysics is also de-
scribed inRicard and Royer(1993), and the model does not
take into account ice supersaturation. The model uses the
FMR15 radiation scheme (Morcrette, 1990, 1991), which
considers two shortwave and six longwave spectral bands.
The model takes into account the radiative impact of water
vapour (H2O), of the well-mixed GHGs CO2, CH4, N2O,
CFC-11, CFC-12, and of the O3 and aerosol distributions,
as well as clouds. Six types of aerosols (prescribed as
monthly mean 3-D climatologies) are considered: continen-
tal (including BC and OC), marine, desert, volcanic, strato-
spheric, and sulfate aerosols. The model takes into account
their direct effect, and the indirect effect of sulfate aerosols
based on a parametrisation ofBoucher and Rodhe(1994)
and Boucher and Lohmann(1995) with a calibration from
POLDER satellite data (Quaas and Boucher, 2005). The O3
distribution is determined by a parametrisation of its homo-
geneous and heterogeneous chemistry (Cariolle and D́eqúe,
1986; Cariolle et al., 1990; Cariolle and Teyss̀edre, 2007)
(see further in Sect.2.2.4). The model contains a descrip-
tion for river routing from Tokyo University (Oki and Sud,
1998; Oki et al., 1999). Changes in land use are introduced
through a modification of the fractions of crop and pasture
types in the land-surface classification, and the resulting sur-
face properties have been computed with an updated ver-
sion (ECOCLIMAP-2) of the ECOCLIMAP vegetation map
(Champeaux et al., 2005). Both the ocean model OPA8.0 and
the sea-ice model GELATO2 (Salas-Ḿelia, 2002) are grid
point models and share the same mesh of 182×152 points.
OPA8.0 has 31 levels, including 10 levels in the upper 100 m
of the ocean.

The principal changes w.r.t. CNRM-CM3.1 are a revi-
sion of the atmosphere-ocean coupling through OASIS2.2
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to achieve a better conservation of the energy fluxes during
interpolations between the atmosphere and the ocean grids.
Moreover, in the ocean and sea-ice models minor correc-
tions have been implemented to improve energy conserva-
tion. These improvements have led to reduced drift in the
ocean temperature fields and in surface air temperature. Fi-
nally, the atmospheric component of the model was updated
from version 3 to 4.6.

The model (version CNRM-CM3.1 and CNRM-CM3.3)
has been used to simulate both past and future climate change
(Salas-Ḿelia et al., 2005; IPCC, 2007; Johns et al., 2011).
In the historical simulation of the period 1860–2000 with
CNRM-CM3.3, the heating (global mean surface air temper-
ature) over the 1901–2000 period was 0.7 K, being slightly
smaller than the observed trend over the 20th century (0.8 K,
Brohan et al., 2006). Sea-ice distributions were reasonably
well modeled (Salas-Ḿelia et al., 2005), and the deep con-
vection sites simulated by OPA8.0 within CNRM-CM3.1
were found to be realistic (Guémas and Salas-Ḿelia, 2008).

2.2 Forcing agents

To model the climate change over the period 1860–2100,
CNRM-CM3.3 takes into account changes in well-mixed
GHGs, aerosols, total inorganic chlorine, and surface proper-
ties. Changes in the total solar irradiance and aerosols result-
ing from volcanic eruptions are not taken into account. For
the period 2000–2100 we consider the SRES scenario A1B
(Nakicenovic et al., 2000). The A1B scenario is based on the
assumptions, for the 21st century, of rapid economic growth,
further population increase until 2050 and a decline there-
after, global adoption of efficient technologies, and a bal-
anced reliance on fossil- and non-fossil-fuel energy sources.
In comparison to other SRES scenarios, this scenario results
in a middle-of-the road increase in anthropogenic forcing. As
the original SRES scenarios are not disaggregated enough,
this general storyline was translated into specific emission
scenarios for each transport sector individually (cf.Eyring
et al., 2010; Lee et al., 2010; Uherek et al., 2010). The trans-
port emission estimates for the 21st century are based on traf-
fic demand estimates (which are assumed to be mainly driven
by the gross domestic product (GDP) and population devel-
opment), fuel efficiency estimates, and emission factor esti-
mates (emission factors indicate how much NOx/SO2/BC/...
is emitted per unit fuel burnt). A distinction is made between
different world regions, different vehicle, ship and aircraft
types, different engine types and different fuel types. In sce-
nario A1B, fuel consumption is assumed to grow for all three
sectors, with some stabilization for road transport in the sec-
ond half of the 21st century. For road transport (Uherek et al.,
2010) it is assumed that emission standards will be taken over
in the next decades on a global scale such that it will ulti-
mately lead to a net decrease in NOx emissions from 2030 on,
despite the sustained increase in fuel consumption. For avia-
tion (Lee et al., 2009, 2010; Owen et al., 2010), a sustained

fuel efficiency improvement is projected over the whole pe-
riod 2020–2100 (1 % yr−1), and the emission factor for NOx
is assumed to decrease up to 2050 and remain constant there-
after. For shipping (Eyring et al., 2005, 2010; Eide et al.,
2007), it is assumed that gas usage will increase rapidly and
strongly, and legislation for reduced emission factors will be
implemented at a moderate pace. One assumes that around
2050 maritime shipping will have fulfilled the full potential
for emission reduction for the given engine types and fuel
types (Eide et al., 2007). The estimated use of biofuels is
moderate for shipping and low for aviation.

From the transport sectors, we take into account 6 differ-
ent forcings. This includes for all sectors, the forcing from
CO2, CH4, O3, and aerosols. In addition we take into account
the emissions of CFC-12 and HFC-134a from road transport
(from air conditioning systems in cars), and contrails and
aviation-induced cirrus. The perturbations from CO2, CH4,
CFC-12 and HFC-134a are assumed to be homogeneous per-
turbations (both horizontally and vertically), while the other
perturbations have a geographical and vertical distribution.
In Sect.2.2.1to 2.2.6, we describe the forcings in more de-
tail.

Most of the emission data we use were developed during
the QUANTIFY project, and can be found onhttp://www.
ip-quantify.eu/(Borken et al., 2007). These data are spatially
disaggregated with a 1◦

×1◦ horizontal resolution for each
transport sector for the years 2000, 2025, 2050, 2100, and
also include time series of decadal global emission estimates
for the complete period 1860–2100. In this study we have
taken the point of view that we limit the transport activity
to the tailpipe emission plus the direct energy consumption
to generate the fuel. An overview of the emissions by road
transport, maritime shipping and aviation can be found in
Tables1, 2, and3.

2.2.1 Carbon dioxide

Of all the CO2 emitted in the atmosphere, about 10 % disap-
pears from the atmosphere on relatively short time scales of
around 1 to 2 yr. A large proportion of the emitted CO2 stays
much longer in the atmosphere as it is taken-up only slowly
by oceans during the centuries following its emission. A sig-
nificant fraction (between 20 and 30 %) of the CO2 remains
in the atmosphere on time scales longer than 1000 yr. CO2
has thus a long residence time and is rather well mixed in the
troposphere and the stratosphere (IPCC, 2007).

Figure 1a shows the evolution of the CO2 concentra-
tion from 1860 until 2100 assuming the A1B emission sce-
nario as developed in QUANTIFY for the transport sectors
(http://www.ip-quantify.eu/) and the remaining CO2 emis-
sions from the respective marker scenario (Jiang et al., 2000).
The CO2 concentration has risen from 286 ppmv in 1860
up to 360 ppmv in 2000. One sees a further increase up
to 700 ppmv in 2100. Figure2 shows the distribution of
the CO2 emissions in 2000 from road transport, maritime
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Table 1. Time series of road transport emissions (Borken et al., 2007; Uherek et al., 2010, http://www.ip-quantify.eu/). NOx emissions are
given as equivalent NO2.

NOx CO CO2 BC OC SO2 CFC-12 HFC-134a
Tg yr−1 Tg yr−1 Tg yr−1 Tg yr−1 Tg yr−1 Tg yr−1 Tg yr−1 Tg yr−1

1900 0.89 6.7 81 0.107 0.047 0.049 – –
1910 1.20 8.9 109 0.143 0.063 0.066 – –
1920 1.62 12.1 146 0.193 0.084 0.089 – –
1930 2.18 16.3 197 0.260 0.114 0.119 – –
1940 2.93 22.0 266 0.350 0.153 0.161 – –
1950 5.16 38.6 467 0.616 0.269 0.283 – –
1960 10.41 78.0 943 1.243 0.543 0.571 – –
1970 19.00 138.9 1806 1.400 0.440 1.094 – –
1980 26.30 158.5 2556 1.400 0.440 1.548 0.043 –
1990 32.78 192.0 3302 0.587 0.187 2.000 0.087 –
2000 29.17 109.2 4200 0.692 0.303 1.874 0.059 0.0568
2010 30.37 100.8 5555 0.664 0.289 0.422 – 0.136
2020 30.34 81.2 8230 0.350 0.149 0.153 – 0.152
2030 12.04 48.2 9860 0.070 0.034 0.065 – 0.106
2040 10.07 40.2 10768 0.057 0.027 0.036 – 0.060
2050 5.61 26.3 11376 0.028 0.014 0.039 – 0.014
2060 4.38 24.0 10850 0.022 0.011 0.038 – –
2070 2.70 18.7 9758 0.014 0.007 0.034 – –
2080 2.10 15.3 10331 0.010 0.005 0.036 – –
2090 1.33 10.4 10425 0.006 0.003 0.036 – –
2100 0.52 4.6 10450 0.001 0.001 0.036 – –

Table 2. Time series of maritime shipping emissions (Endresen
et al., 2003; Eyring et al., 2010, http://www.ip-quantify.eu/).

NOx CO2 BC OC SO2
Tg yr−1 Tg yr−1 Tg yr−1 Tg yr−1 Tg yr−1

1900 0.34 109 0.0062 0.0160 1.280
1910 0.52 167 0.0095 0.0244 1.957
1920 0.66 213 0.0121 0.0312 2.500
1930 0.77 247 0.0140 0.0362 2.800
1940 1.11 198 0.0112 0.0290 2.400
1950 2.12 261 0.0148 0.0383 3.800
1960 4.10 350 0.0199 0.0513 5.500
1970 11.10 480 0.0273 0.0703 7.600
1980 11.44 504 0.0286 0.0738 7.000
1990 12.13 534 0.0303 0.0783 6.900
2000 14.98 626 0.0355 0.1198 8.721
2010 17.43 845 0.0457 0.1543 8.553
2020 19.88 1065 0.0559 0.1888 8.384
2030 22.56 1393 0.0700 0.2364 8.520
2040 25.48 1832 0.0880 0.2972 8.960
2050 28.40 2271 0.1060 0.3580 9.400
2060 29.75 2811 0.1128 0.3808 7.705
2070 31.11 3350 0.1196 0.4036 6.009
2080 32.46 3890 0.1264 0.4264 4.314
2090 33.82 4429 0.1332 0.4492 2.618
2100 35.17 4969 0.1400 0.4720 0.923

Table 3. Time series of aviation emissions (Lee et al., 2010, http:
//www.ip-quantify.eu/).

NOx CO2 BC OC SO2
Tg yr−1 Tg yr−1 Tg yr−1 Tg yr−1 Tg yr−1

1940 0.09 28 0.0002 – 0.0036
1950 0.19 61 0.0005 – 0.0078
1960 0.41 132 0.0010 – 0.0168
1970 0.89 286 0.0021 – 0.0363
1980 1.34 407 0.0030 – 0.0516
1990 2.04 549 0.0041 – 0.0645
2000 2.80 677 0.0050 – 0.0873
2010 3.29 832 0.0062 – 0.1029
2020 4.00 1062 0.0078 – 0.1439
2030 5.12 1449 0.0105 – 0.2252
2040 6.54 1975 0.0140 – 0.3071
2050 7.50 2418 0.0169 – 0.3760
2060 9.51 3066 0.0214 – 0.3815
2070 11.28 3634 0.0254 – 0.3392
2080 12.91 4161 0.0290 – 0.2590
2090 14.42 4647 0.0324 – 0.1446
2100 15.72 5067 0.0354 – 0.0051
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shipping and aviation. Because the CNRM-CM3.3 model
does not represent the carbon cycle, it does not use CO2
emissions as input data but needs prescribed CO2 concen-
trations. These are taken from simulations with a SCM
(Skeie et al., 2009) including a description of the carbon cy-
cle (M. Lund, personal communication, 2009). These SCM
simulations allow the derivation of the contributions from the
different transport sectors to the total CO2 concentration and
it is this partitioning which is used in the CNRM-CM3.3
model. In our simulation, we use observed CO2 concen-
trations until 2000 and the SCM modeled CO2 concentra-
tions from 2000 onwards. To avoid a discontinuity due to a
small difference of around 3.5 ppmv between the observed
and modeled CO2 concentrations around 2000, we phase out
this transition over the period 1990–2010.

Once the CO2 contribution from each sector is known, it
is possible to estimate the corresponding radiative forcing
1F from CO2 using the simple formula inIPCC(2001, Ta-
ble 6.1),

1F = 5.35 W m−2
× log

rCO2

r0
CO2

, (1)

wherer0
CO2

andrCO2 refer to the reference and perturbed CO2
mixing ratios respectively. (Note that the radiative forcing
in the AOGCM simulations are computed using the model’s
radiation scheme, rather than this simple formula.)

Figure1c shows the radiative forcing from CO2 by the dif-
ferent transport sectors. It is clear that road transport has the
largest contribution. The evolution of the radiative forcing
from shipping and aviation are very similar (this is specific
for the A1B scenario), although the significant contribution
from shipping starts somewhat earlier (around 1900) than
the contribution from aviation (around 1940). The radiative
forcing estimates compare reasonably well with the values
in Fuglestvedt et al.(2008) for the year 2000 who obtained
150 mW m−2 for road transport and 35 and 21 mW m−2 for
shipping and aviation, respectively.

2.2.2 CFC-12 and HFC-134a

Air conditioning systems in cars currently contain CFC-12
and HFC-134a, and these GHGs can end up in the atmo-
sphere due to leakage or at the end of the car’s lifetime
(Clodic et al., 2005). Their radiative impact can be as large
as 20 mW m−2 and it is therefore taken into account here
(G. Rädel, personal communication, 2009). CFC-12 and
HFC-134a are also used in cooling and freezing systems for
the transport of goods, but we do not take this into account.
Figure1e shows the radiative forcing by these two gases. For
the radiative efficiency we use 0.32 and 0.16 W m−2ppb−1

for CFC-12 and HFC-134a, respectively (IPCC, 2001, Ta-
ble 6.7). Due to the relatively long lifetimes (100 and 14 yr
for CFC-12 and HFC-134a, respectively), their effect goes on
well beyond the emission periods (CFC-12 emissions from

cars span the 1970 to 2010 period and peak around 1990–
1995, HFC-134a emissions span the 1993–2053 period and
peak around 2015). We do not take into account the impact
from these extra CFC-12 and HFC-134a emissions on strato-
spheric O3 destruction.Uherek et al.(2010) estimated that
this impact is smaller than−10 mW m−2 in the period 1980–
2000.

2.2.3 Methane

The evolution of the CH4 mixing ratio for the SRES scenario
A1B is shown in Fig.1b: the large increase during the 20th
century continues in the first half of the 21st century followed
by a decrease. The transport sectors also have an impact on
the CH4 concentration, not by direct CH4 emissions which
are assumed small for the transport sectors, but by an en-
hanced destruction of CH4 by increased OH concentrations
related to NOx emissions. This impact is often expressed
as a reduction of the CH4 lifetime (Prather, 1994). For the
transport volumes of the year 2000,Hoor et al.(2009) cal-
culated for each sector, the impact on the OH distribution.
As the reaction with OH is the principal sink of CH4, one
can use these results to obtain the reduction in CH4 lifetime
by each transport sector. For the year 2000, they found re-
ductions of the CH4 lifetime of 1.61, 4.12 and 1.04 % for
road transport, shipping and aviation, respectively (including
the feedback factor to include the long term equilibration to
the new steady-state,Fuglestvedt et al., 1999). Their results
were obtained using 6 different chemistry transport models
(CTMs), driven by meteorological analyses for the year 2003
from the European Centre for Medium-range Weather Fore-
casts (ECMWF).

We use OH perturbation fields very similar to those of
Hoor et al.(2009), derived from simulations by 3 CTMs (p-
TOMCAT, LMDZ-INCA and Oslo-CTM2) which used up-
dated emissions for road transport and aviation (Koffi et al.,
2010; Hodnebrog et al., 2011). In addition to transport vol-
umes for 2000, the OH impact was also calculated for the
assumed transport volumes in 2025 and 2050, with the same
2003 meteorological analyses.

Using the average of the OH distributions obtained with
these 3 CTMs, CH4 lifetimes and lifetime changes for the
years 2000, 2025 and 2050 are calculated. For intermediate
years over the period 1860–2100 where no CTM results are
available, we linearly interpolate or extrapolate the CH4 life-
time, scaling the CH4 lifetime change caused by a specific
sector with the total global NOx emission from that sector.
The time series of the total NOx emission for the different
sectors are shown in Fig.1g. Using these CH4 lifetimes
τ and lifetime changes1τ and assuming that the transport
sector does not contribute to the CH4 emissions, one can cal-
culate the impact of the reduced CH4 lifetime on the CH4
concentration from the differential equation

d1rCH4

dt
= −

1rCH4

τ
+

r0
CH4

τ

1τ

τ
, (2)
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Fig. 1. Time series of the forcings taken into account in the model integrations over the period 1860–2100. The first row shows theevolution
of (a) CO2 and(b) CH4 mixing ratios in the reference simulation. Row 2 until 5 showforcings and emissions from the transport sectors:
(c) radiative forcing from CO2, (d) radiative forcing from CH4, (e) radiative forcing from CFC-12 and HFC-134a from road transport,
(f) global annual fuel consumption, and emissions from(g) NOx, (h) BC, (i) OC and(j) SO2.
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Fig. 2. Global maps of the annual CO2 emission estimates (in gram[CO2] m−2 yr−1) for the year 2000 from road transport (left), maritime
shipping (middle) and aviation (right). For more details, see Borken et al. (2007), Endresen et al. (2003), Lee et al. (2010), and http:
//www.ip-quantify.eu/.

to 700 ppmv in 2100. Figure 2 shows the distribution of
the CO2 emissions in 2000 from road transport, maritime
shipping and aviation. Because the CNRM-CM3.3 model
does not represent the carbon cycle, it does not use CO2

emissions as input data but needs prescribed CO2 concen-

trations. These are taken from simulations with a SCM
(Skeie et al., 2009) including a description of the carbon cy-
cle (M. Lund, personal communication, 2009). These SCM
simulations allow the derivation of the contributions fromthe
different transport sectors to the total CO2 concentration and
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of (a) CO2 and(b) CH4 mixing ratios in the reference simulation. Row 2 until 5 show forcings and emissions from the transport sectors:
(c) radiative forcing from CO2, (d) radiative forcing from CH4, (e) radiative forcing from CFC-12 and HFC-134a from road transport,
(f) global annual fuel consumption, and emissions from(g) NOx, (h) BC, (i) OC and(j) SO2.
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Fig. 1. Time series of the forcings taken into account in the model integrations over the period 1860–2100. The first row shows theevolution
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Fig. 2. Global maps of the annual CO2 emission estimates (in gram[CO2] m−2 yr−1) for the year 2000 from road transport (left), maritime
shipping (middle) and aviation (right). For more details, see Borken et al. (2007), Endresen et al. (2003), Lee et al. (2010), and http:
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1456 D. J. L. Olivié et al.: Modeling the climate impact of road transport, maritime shipping and aviation

where one takes the background evolution of methaner0
CH4

from IPCC (2001, Appendix II). In this approach we disre-
gard the stratospheric and soil sinks for CH4 with lifetimes
of 120 and 160 yr, respectively (IPCC, 2001). Also, one must
be aware that the reference CH4 lifetime is based on the men-
tioned CTM simulations and does not necessarily agree with
the lifetime used inIPCC(2001), and therefore might ham-
per a coherent reconstruction. Figure1d shows the reduc-
tion of radiative forcing due to CH4 perturbations for the
different sectors, calculated usingIPCC (2001, Table 6.2).
Shipping has the strongest impact on the CH4 lifetime (Hoor
et al., 2009) and thus on its concentration and radiative forc-
ing. Both shipping and aviation show an increasing impact of
CH4 in the 21st century due to increasing NOx emissions. At
the end of the 21st century the impact from aviation on CH4
even equals the shipping impact. We do not take into account
the impact from CH4-induced O3 changes, which might add
an extra 42 % negative radiative forcing (Hoor et al., 2009).

2.2.4 Ozone

CNRM-CM3.3 contains a simplified O3 chemistry descrip-
tion which was specifically developed to simulate strato-
spheric O3 in AGCMs (Cariolle and D́eqúe, 1986; Cariolle
et al., 1990; Cariolle and Teyss̀edre, 2007). To be able
to account for the tropospheric and lower stratospheric O3
changes induced by the transport sectors, we additionally use
information from the CTM simulations mentioned earlier.
From these simulations, the impacts of transport on O3, NOx,
CO, and many other atmospheric components (e.g. OH, see
Sect.2.2.3) were obtained for the years 2000, 2025 and 2050.

To take into account the O3 impact from transport, we use
two different methods. In a first approach (dynamical O3 ap-
proach), we use an extended version of the linear O3 scheme.
As the tropospheric O3 production is strongly dependent on
the NOx and CO mixing ratio, the linear O3 parametrization
of the AOGCM (Cariolle and Teyss̀edre, 2007) has been ex-
tended to take into account the impact of NOx, CO and H2O
perturbations on the net O3 production. The net O3 produc-
tion P is approximated by

P = c0+c1(T −c2)+c3
(
6O3 −c4

)
+c5

(
rO3 −c6

)
+ c7r2

Cly θ(Tc −T )θ(φc −φ)

+ c8
(
rNOx −c9

)
+c10(rCO−c11)+c12

(
rH2O−c13

)
, (3)

with T the temperature,6O3 the local overhead total O3 col-
umn,φ the solar zenith angle,θ the unit step function, and
rO3, rNOx , rCO, and rH2O the mixing ratios of the indexed
species. The coefficientsc0,c1,...,c13 are zonal monthly
climatologies derived with the 2-D stratospheric chemistry
transport model MOBIDIC (Cariolle and Teyss̀edre, 2007).
Coefficientc7 (≤ 0) represents stratospheric heterogeneous
destruction withrCly the total inorganic chlorine mixing ra-
tio. The factorθ(Ts −T )θ(φc −φ) with θ the unit step func-
tion assures that the heterogeneous destruction is only ac-

tive below a threshold temperatureTs = 195 K and for so-
lar zenith angles smaller thanφc = 90◦. The coefficients
c8,...,c13 describe the linearized impact of NOx, CO and
H2O on the net O3 production. In this setup the NOx, CO
and H2O fields can be seen as external forcings, in the same
way AOGCMs often use prescribed aerosol climatologies.
The zonal-mean distributions of the NOx perturbations can
be seen in Fig.3a, representative for June-July-August (JJA)
around the year 2000. In the current study, we do not use
the dependency on the H2O concentration, and for CO we
only use it for the impact from road transport. To obtain the
net O3 production for other years than 2000, 2025 or 2050,
we scale the NOx and CO perturbation fields with the total
global NOx and CO emissions (http://www.ip-quantify.eu/).

In a second approach (fixed O3 approach), we use the 3-D
O3 perturbations originating from the CTMs directly in the
AOGCM. These perturbations can be seen in Fig.3b and are
added to the background O3 described by Eq. (3), but now
with c8 = c9 = c10= c11= c12= c13= 0. To obtain perturba-
tion fields for years other than 2000, 2025 or 2050, we scale
the O3 perturbations with the NOx emissions, assuming that
NOx is the predominant factor for tropospheric and lower
stratospheric O3 perturbations.

2.2.5 Contrails and aviation-induced cirrus

When describing the clouds generated by aircraft, one usu-
ally distinguishes between linear contrails (condensation
trails) and aviation-induced cirrus. Contrails are line-shaped
cirrus clouds produced in the wake of an aircraft when hot
and moist air from the exhaust mixes with ambient air that
is below a critical temperature (Schumann, 1996). Observa-
tional studies have been performed using satellite images to
estimate the presence of contrails (Mannstein et al., 1998).
Different modeling studies have estimated the cloud cover
and radiative forcing associated with linear contrails (Mar-
quart et al., 2003; Rädel and Shine, 2008; Rap et al., 2010),
where the contrail coverage has been parameterized rely-
ing on observed values for the contrail formation frequency
(Bakan et al., 1994). Lee et al.(2009) estimated the impact in
2005 of 12 mW m−2. When linear contrails persist, they can
give rise to aviation-induced cirrus which due to the loss of
the linear shape become indistinguishable from natural cirrus
clouds. Therefore aviation-induced cirrus is much more dif-
ficult to estimate.Stordal et al.(2005) have used 16 yr of ob-
servational cloud data (1984–1999) to estimate the increase
or decrease in the presence of cirrus, and derived a radia-
tive forcing of 30 mW m−2 that includes both linear contrails
and aviation-induced cirrus. Recently, modeling studies have
been performed which model the evolution and aging of con-
trails: Burkhardt and K̈archer(2009, 2011) derived a radia-
tive forcing of 31 mW m−2.

We use in CNRM-CM3.3 a simple description of the ma-
jor forcing from linear contrails and aviation-induced cir-
rus. To model the possible presence of linear contrails and

Atmos. Chem. Phys., 12, 1449–1480, 2012 www.atmos-chem-phys.net/12/1449/2012/
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Fig. 3. Contribution by road transport (left), shipping (middle) and aviation (right) to the distribution of(a) NOx (pptv), (b) O3 (ppbv),
(c) sulfate (ppt),(d) BC (ppt), and(e)OC (ppt) in JJA 2000. These contributions are obtained by off-line CTM simulations: O3 and NOx are
averages over the p-Tomcat, LMDZ-INCA and Oslo-CTM2 models, while the aerosol fields are those of the LMDZ-AER model.

logical analyses for 2003. For aviation, monthly 3-D fuel
consumption data are available for the years 2000, 2025,
2050, and 2100 (http://www.ip-quantify.eu/). The monthly
mean distribution of the “recent exhaust” tracer is used in
CNRM-CM3.3 to indicate air masses affected by recent air
traffic. We assume that high concentrations of this tracer
can induce a cirrus cloud if the temperature is below−40◦C
and if the relative humidity is above 80 % (Rädel and Shine,
2008). We impose this 80 % limit as the current version
of the atmospheric model does not consider ice supersatu-
ration. The relationship between the recent exhaust tracer
and the presence of linear contrails or aviation-induced cir-

rus is calibrated to have a top of the atmosphere (TOA) ra-
diative forcing of 0.024 W m−2 for the year 2000 (slightly
lower than the 31 mW m−2 in Burkhardt and Kärcher, 2011).
This value of 0.024W m−2 is based on the assumptions that
the impact from linear contrails alone is 0.006 W m−2 in
the year 2000 (Rädel and Shine, 2008) and that the impact
of aviation-induced cirrus is 3 times larger than from lin-
ear contrails (Fuglestvedt et al., 2010). Using these distri-
butions in CNRM-CM3.3, we find TOA net radiative forc-
ings in 1980, 2000, 2025, 2050 and 2100 of 14.9, 24.1, 44.2,
101 and 211 mW m−2, respectively. In tests where we im-
pose a global uniform contrail coverage of 0.01, 0.1 and 1

Fig. 3. Contribution by road transport (left), shipping (middle) and aviation (right) to the distribution of(a) NOx (pptv), (b) O3 (ppbv),
(c) sulfate (ppt),(d) BC (ppt), and(e)OC (ppt) in JJA 2000. These contributions are obtained by off-line CTM simulations: O3 and NOx are
averages over the p-Tomcat, LMDZ-INCA and Oslo-CTM2 models, while the aerosol fields are those of the LMDZ-AER model.

aviation-induced cirrus in the regions with dense air traffic,
we use a “recent exhaust” distribution obtained with a CTM
(Teyss̀edre et al., 2007). We model the distribution of this
tracer for the years 2000, 2025, 2050 and 2100, taking as
its source the fuel consumption, assuming a lifetime vary-
ing with height (i.e. 15 h at 250 hPa and 2 h at 850 hPa), and
integrating the large scale transport with ECMWF meteoro-

logical analyses for 2003. For aviation, monthly 3-D fuel
consumption data are available for the years 2000, 2025,
2050, and 2100 (http://www.ip-quantify.eu/). The monthly
mean distribution of the “recent exhaust” tracer is used in
CNRM-CM3.3 to indicate air masses affected by recent air
traffic. We assume that high concentrations of this tracer
can induce a cirrus cloud if the temperature is below−40◦C
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Table 4. Time series of mixing ratios of GHGs and total inorganic
chlorine as used in the reference simulation.

CO2 CH4 N2O CFC-11 CFC-12 Chlorine
ppmv ppbv ppbv pptv pptv pptv

1850 285 792 276 12.5 0.0 484
1860 286 806 277 12.5 0.0 484
1870 288 821 277 12.5 0.0 484
1880 291 837 278 12.5 0.0 484
1890 294 857 279 12.5 0.0 484
1900 296 879 280 12.5 0.0 484
1910 300 924 281 12.5 0.0 485
1920 303 978 283 13.1 0.0 490
1930 308 1036 286 14.6 0.0 503
1940 311 1089 288 19.8 0.3 547
1950 311 1148 290 32.8 6.8 661
1960 317 1248 293 50.6 32.6 805
1970 326 1386 296 134.0 123.3 1321
1980 339 1547 302 329.8 307.7 2424
1990 354 1694 308 563.3 485.2 3471
2000 375 1760 316 653.5 535.0 3453
2010 397 1871 324 778.3 527.3 3336
2020 425 2026 331 785.8 485.7 3009
2030 458 2202 338 769.1 440.8 2622
2040 493 2337 344 834.0 399.6 2321
2050 531 2400 350 948.8 362.3 2061
2060 568 2386 356 1083.3 328.5 1850
2070 603 2301 360 1199.1 297.8 1683
2080 636 2191 365 1264.6 270.0 1546
2090 667 2078 368 1303.4 244.8 1431
2100 694 1974 372 1315.9 222.0 1331

and if the relative humidity is above 80 % (Rädel and Shine,
2008). We impose this 80 % limit as the current version
of the atmospheric model does not consider ice supersatu-
ration. The relationship between the recent exhaust tracer
and the presence of linear contrails or aviation-induced cir-
rus is calibrated to have a top of the atmosphere (TOA) ra-
diative forcing of 0.024 W m−2 for the year 2000 (slightly
lower than the 31 mW m−2 in Burkhardt and K̈archer, 2011).
This value of 0.024 W m−2 is based on the assumptions that
the impact from linear contrails alone is 0.006 W m−2 in
the year 2000 (Rädel and Shine, 2008) and that the impact
of aviation-induced cirrus is 3 times larger than from lin-
ear contrails (Fuglestvedt et al., 2010). Using these distri-
butions in CNRM-CM3.3, we find TOA net radiative forc-
ings in 1980, 2000, 2025, 2050 and 2100 of 14.9, 24.1, 44.2,
101 and 211 mW m−2, respectively. In tests where we im-
pose a global uniform contrail coverage of 0.01, 0.1 and 1
with a contrail optical depth of 0.3, we find net TOA ra-
diative forcings of 0.16, 1.63 and 15.1 W m−2. This value
of 0.16 W m−2 corresponds well with the values mentioned
in Myhre et al.(2009) which is a comparative study among
different line-by-line radiative transfer codes and codes used
in AGCMs, including the one used in CNRM-CM3.3. For
an experiment with a 0.01 global contrail cover at 0.3 opti-

cal depth, where the grey body emissivity formulation had
been replaced by a two-stream approximation in order to ac-
commodate the prescribed optical properties of the contrail, a
value of 0.19 W m−2 was reported for CNRM-CM3.3, close
to the best estimate of 0.163 W m−2. Myhre et al.(2009)
further mention that for this experiment they found a strong
similarity in the spatial pattern of the radiative forcing among
the models, with rather low values at high latitudes. For years
other than 2000, 2025, 2050 and 2100, we interpolate the 3-
D recent exhaust tracer distributions scaling them with the
global annual fuel consumption by aviation, which can be
found in Fig.1f.

2.2.6 Aerosols

The CNRM-CM3.3 model accounts for both direct and indi-
rect effects of aerosols. The indirect effect is however lim-
ited to the sulfate component, which leads to an underesti-
mation of the total indirect effect. As the transport sectors
are a source of aerosols in the atmosphere, we take into ac-
count the BC, OC and sulfate aerosols from the different
transport sectors, and use monthly mean 3-D distributions
which are available from simulations with the INCA-AER
model (Balkanski et al., 2010), using the emissions from
http://www.ip-quantify.eu/. Figure 3c–e shows the zonal
mean distribution of the perturbation in BC, OC and sul-
fate aerosols induced by the different transport sectors in JJA
2000. We use these 3-D aerosol distributions in the AOGCM
in addition to the standard aerosol distributions in the model.
For the year 2000, we find optical depths at 550 nm simi-
lar to those ofBalkanski et al.(2010, Table 2). However,
changes in net incoming radiation at the TOA are quite dif-
ferent. BC induces changes at the TOA of 1.15, 0.027 and
0.00014 mW m−2 for road transport, shipping and aviation
respectively, which is at least a factor 40 lower than men-
tioned inBalkanski et al.(2010). This will mainly have an
impact on the road transport sector (see Fig.1h). With cor-
rect forcings one would probably see a slight increase in the
warming from the road sector, although this would depend
on the poorly understood semi-direct effect of BC on clouds.
For OC we find equally small values. For sulfate we find
changes at the TOA of−32.2,−95 and−4.5 mW m−2 for
road transport, shipping and aviation, respectively. This is
considerably more than the values inBalkanski et al.(2010),
which only included the direct aerosol effect. As we also in-
clude the first indirect aerosol effect, part of the differences
can be attributed to that.

To obtain the aerosol distribution for years other than
2000, we scale the 3-D distribution with the annual global
BC, OC, and SO2 emissions (see Fig.1h–j). Road transport
is the main contributor to BC and OC emissions, while the
SO2 emissions are strongest for shipping however showing a
large reduction at the end of the 21st century. The SO2 emis-
sions from aviation, that peak around 2050, are much lower
than from shipping.
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Fig. 4. Schematic representation of the different simulations andimpacts (a general impact is represented by X in the ordinate). The black
curve (box) denotes the simulation which takes into accountall the anthropogenic forcings. The other coloured curves (boxes) represent
simulations where the CO2 or non-CO2 emissions of one of the transport sectors are modified. The blue curve (box) denotes a simulation
without CO2 emissions of one of the transport sectors, and the red curve (box) denotes a simulation with 5 times the CO2 emissions of the
same sector. The green curve (box) indicates a simulation with 5 times the non-CO2 emissions from one transport sector, using the dynamical
O3 approach. The purple curve (box) indicates a simulation with the same emissions but using the fixed O3 approach (see Sect. 2.2.4). A
simulation with doubled CO2 concentration (grey box) is used to derive the climate sensitivity.

To study the impact of the different transport sectors, we
perform a number of sensitivity simulations (also indicated
in Fig. 4), making separate simulations to quantify the CO2

and non-CO2 impact. The non-CO2 impact includes the ef-
fects from O3, CH4, CFC-12 and HFC-134a, aerosols, and
contrails. To study the CO2 impact, we do two types of sim-
ulations, represented in the upper right panel of Fig. 4: a first
one without the CO2 contribution from a certain sector (blue
curve), and a second one with five times the CO2 contribu-
tion from that sector (red curve). To study the non-CO2 im-
pact (see lower right panel in Fig. 4), we perform simulations
where we add 5 times the non-CO2 forcing from a certain
sector w.r.t. the reference simulation. We perform simula-
tions using the dynamical O3 approach (which we will call
non-CO2, green line or box in Fig. 4), and simulations us-
ing the fixed O3 approach (which we call non-CO2*, purple
line or box in Fig. 4). Each simulation is repeated 3 times,
using different initial conditions for the ocean, sea-ice and
atmosphere, resulting in small ensembles of 3 members. The
initial conditions for the members of the ensembles are taken
from a pre-industrial simulation with a 10 yr time interval.
Figure 5 indicates how the use of ensembles and amplifica-
tion of the forcings reduces the overlap between the uncer-
tainty interval of the reference experiment and a perturbation
experiment: using more members in an ensemble reduces the
size of the uncertainty interval, and amplifying the forcing
increases the spacing between these intervals. Note that due
to non-linearity, the best estimate based on an amplification
of the forcing (red dot, Fig. 5) might be different from the
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Fig. 5. Schematic representation of the impact of ensemble size
and amplification of the forcing on the signal-to-noise ratio. The re-
sponse (y-axis) is represented as a function of the size of the forcing
(x-axis) in (R) a reference simulation, (S1) a simulation including
once the forcing from a transport sector, and (S5) a simulation in-
cluding 5 times the forcing from that transport sector. The black
vertical bars indicate the uncertainty on the experiments best es-
timates. Increasing the ensemble size reduces these uncertainties.
Note that due to non-linearity, the best estimate based on anampli-
fication of the forcing (red dot) might be different from the actual
impact (grey S1 dot).

actual impact (grey S1 dot).

As the emissions of the transport sectors are assumed neg-
ligible before 1890, our perturbation simulations do not show
any impact before 1890. Because shipping and aviation have

Fig. 4. Schematic representation of the different simulations and impacts (a general impact is represented by X in the ordinate). The black
curve (box) denotes the simulation which takes into account all the anthropogenic forcings. The other coloured curves (boxes) represent
simulations where the CO2 or non-CO2 emissions of one of the transport sectors are modified. The blue curve (box) denotes a simulation
without CO2 emissions of one of the transport sectors, and the red curve (box) denotes a simulation with 5 times the CO2 emissions of the
same sector. The green curve (box) indicates a simulation with 5 times the non-CO2 emissions from one transport sector, using the dynamical
O3 approach. The purple curve (box) indicates a simulation with the same emissions but using the fixed O3 approach (see Sect.2.2.4). A
simulation with doubled CO2 concentration (grey box) is used to derive the climate sensitivity.

2.3 Experiments

We perform several simulations with the CNRM-CM3.3
model over the period 1860–2100. A schematic picture of the
different simulations can be found in Fig.4. The reference
simulation (see black curve and black box in Fig.4) uses the
standard forcings to model the evolution of the Earth’s cli-
mate over the period 1860–2100 (scenario A1B from 2000
onwards). The CO2 and CH4 evolutions used are shown in
Fig. 1a–b, but also N2O, CFC-11, CFC-12, the surface prop-
erties and the sulfate aerosol evolve with time. An overview
of the time series of prescribed GHGs as used in the refer-
ence simulation can be found in Table4. Comparing this
simulation with a simulation under pre-industrial conditions
(grey box in Fig.4) allows the derivation of the “total anthro-
pogenic impact”.

To study the impact of the different transport sectors, we
perform a number of sensitivity simulations (also indicated
in Fig. 4), making separate simulations to quantify the CO2
and non-CO2 impact. The non-CO2 impact includes the ef-
fects from O3, CH4, CFC-12 and HFC-134a, aerosols, and
contrails. To study the CO2 impact, we do two types of sim-
ulations, represented in the upper right panel of Fig.4: a first
one without the CO2 contribution from a certain sector (blue
curve), and a second one with five times the CO2 contribu-
tion from that sector (red curve). To study the non-CO2 im-
pact (see lower right panel in Fig.4), we perform simulations
where we add 5 times the non-CO2 forcing from a certain
sector w.r.t. the reference simulation. We perform simula-

tions using the dynamical O3 approach (which we will call
non-CO2, green line or box in Fig.4), and simulations us-
ing the fixed O3 approach (which we call non-CO2*, purple
line or box in Fig.4). Each simulation is repeated 3 times,
using different initial conditions for the ocean, sea-ice and
atmosphere, resulting in small ensembles of 3 members. The
initial conditions for the members of the ensembles are taken
from a pre-industrial simulation with a 10 yr time interval.
Figure5 indicates how the use of ensembles and amplifica-
tion of the forcings reduces the overlap between the uncer-
tainty interval of the reference experiment and a perturbation
experiment: using more members in an ensemble reduces the
size of the uncertainty interval, and amplifying the forcing
increases the spacing between these intervals. Note that due
to non-linearity, the best estimate based on an amplification
of the forcing (red dot, Fig.5) might be different from the
actual impact (grey S1 dot).

As the emissions of the transport sectors are assumed neg-
ligible before 1890, our perturbation simulations do not show
any impact before 1890. Because shipping and aviation have
almost the same temporal evolution for their CO2 contribu-
tion in scenario A1B (see Fig.1c), we perform only one sim-
ulation that represents the CO2 impact for both sectors. We
also make a 100-yr long simulation where we double the CO2
mixing ratio (grey box in Fig.4) w.r.t. the pre-industrial value
to estimate the climate sensitivity according toGregory et al.
(2004).

Finally, we want to mention that we do not consider certain
forcings from the transport sectors such as the impact of BC
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To study the impact of the different transport sectors, we
perform a number of sensitivity simulations (also indicated
in Fig. 4), making separate simulations to quantify the CO2

and non-CO2 impact. The non-CO2 impact includes the ef-
fects from O3, CH4, CFC-12 and HFC-134a, aerosols, and
contrails. To study the CO2 impact, we do two types of sim-
ulations, represented in the upper right panel of Fig. 4: a first
one without the CO2 contribution from a certain sector (blue
curve), and a second one with five times the CO2 contribu-
tion from that sector (red curve). To study the non-CO2 im-
pact (see lower right panel in Fig. 4), we perform simulations
where we add 5 times the non-CO2 forcing from a certain
sector w.r.t. the reference simulation. We perform simula-
tions using the dynamical O3 approach (which we will call
non-CO2, green line or box in Fig. 4), and simulations us-
ing the fixed O3 approach (which we call non-CO2*, purple
line or box in Fig. 4). Each simulation is repeated 3 times,
using different initial conditions for the ocean, sea-ice and
atmosphere, resulting in small ensembles of 3 members. The
initial conditions for the members of the ensembles are taken
from a pre-industrial simulation with a 10 yr time interval.
Figure 5 indicates how the use of ensembles and amplifica-
tion of the forcings reduces the overlap between the uncer-
tainty interval of the reference experiment and a perturbation
experiment: using more members in an ensemble reduces the
size of the uncertainty interval, and amplifying the forcing
increases the spacing between these intervals. Note that due
to non-linearity, the best estimate based on an amplification
of the forcing (red dot, Fig. 5) might be different from the
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(x-axis) in (R) a reference simulation, (S1) a simulation including
once the forcing from a transport sector, and (S5) a simulation in-
cluding 5 times the forcing from that transport sector. The black
vertical bars indicate the uncertainty on the experiments best es-
timates. Increasing the ensemble size reduces these uncertainties.
Note that due to non-linearity, the best estimate based on anampli-
fication of the forcing (red dot) might be different from the actual
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Fig. 5. Schematic representation of the impact of ensemble size
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sponse (y-axis) is represented as a function of the size of the forcing
(x-axis) in (R) a reference simulation, (S1) a simulation including
once the forcing from a transport sector, and (S5) a simulation in-
cluding 5 times the forcing from that transport sector. The black
vertical bars indicate the uncertainty on the experiments best es-
timates. Increasing the ensemble size reduces these uncertainties.
Note that due to non-linearity, the best estimate based on an ampli-
fication of the forcing (red dot) might be different from the actual
impact (grey S1 dot).

on the formation of ice clouds (Penner et al., 2009; Liu et al.,
2009), the impact of N2O emissions (conversion of NOx
into N2O in catalytic converters in cars), the impact of wa-
ter vapour emissions from aircraft in the upper troposphere
or lower stratosphere, the direct impact of CH4 emissions,
the impact of CH4 changes on stratospheric water vapour,
or the impact of CH4 changes on O3. We also do not take
into account the indirect impact of increased O3 concentra-
tions (from NOx emissions) on the CO2 uptake by vegetation
(Sitch et al., 2007; Collins et al., 2010). Furthermore, in our
approach resultant climate impacts do not feed back or affect
the forcing mechanisms. E.g. OH, NOx, and O3 distributions
for the year 2050 have been calculated using 2050 emissions
but using year 2000 (or 2003) meteorology, such that im-
pacts of possibly warmer and wetter conditions on the pres-
ence of these species are not taken into account. Expected
impacts of changes in precipitation on aerosol distributions
are not taken into account either. Several studies (Brasseur
et al., 2006; Wu et al., 2008; Hedegaard et al., 2008; Koffi
et al., 2010) investigated the impact of climate change on
tropospheric chemistry and aerosols. Over the period 2000–
2050,Wu et al.(2008) found that OH changes from climate
change prevail on changes from emissions, while O3 changes
are mainly driven by emission changes (Brasseur et al., 2006;
Wu et al., 2008; Koffi et al., 2010). Hedegaard et al.(2008)
found both regions with increasing and decreasing wet depo-
sition of aerosols, but none of these changes were significant
in their simulations.

3 Atmosphere

In this section, we describe the impact of the 3 transport sec-
tors on some key aspects of the atmosphere over the period
1860–2100: O3, TOA forcing, surface air temperature, at-
mospheric temperature profiles, precipitation, cloud cover,
and the NAO index. We show the separate impact of the
transport sectors and distinguish between the CO2 and non-
CO2 impacts, and, as a reference, we also show the total an-
thropogenic impact. We show time averages over 4 different
periods, i.e. 1980–1999, 2011–2030, 2046–2065 and 2080–
2099, which also have been studied inIPCC(2007).

3.1 Ozone

We use two different methods to take into account the O3
perturbations. In the first method (dynamical O3 approach)
we impose 3-D NOx and CO perturbations which are used
by the extended linear O3 scheme to calculate the net O3
production. The actual resulting O3 mixing ratio might dif-
fer considerably from the prescribed O3 perturbations of the
second (fixed O3) approach, where we impose 3-D O3 per-
turbations directly. Figure6a–d shows the impact from the
transport sectors on the evolution of the O3 mixing ratio at
850 and 250 hPa in the SH and NH. At 850 hPa, there is a
reasonable agreement between the dynamical and fixed O3
approaches. The correspondence is rather strong in the SH
and for shipping in the NH, but the impacts from road trans-
port and aviation in the NH differ by a factor of 2. In gen-
eral, the dynamical approach leads to larger O3 perturbations.
For both approaches, we see stronger impacts in the NH than
in the SH. Shipping has the smallest hemispheric difference,
with an impact in 2100 of slightly more than 3 ppbv in the
NH and slightly less than 2 ppbv in the SH. The impact of
road transport is strongest between 1990 and 2020, and de-
creases rapidly after 2020. Finally one can see that at the end
of the 21st century the impact of aviation and shipping are of
similar magnitude. At 250 hPa, the differences between the
dynamical and fixed O3 approach become especially large
for aviation. The impact at 250 hPa is generally dominated
by aviation, whereas before 2020 the impact in the SH from
road is dominant. The impact from aviation in the SH is al-
most a factor of 5 smaller than in the NH, a consequence
of the much stronger emissions in the NH, the short tropo-
spheric O3 lifetime and the slow inter-hemispheric mixing.

Figure6e–f shows the evolution of the total O3 column in
Dobson Units (DU), due to the total anthropogenic impact
(left, absolute columns), and due to transport impacts (right,
changes in O3 columns). The O3 column is around 315 DU in
the first part of the 20th century, but at the end of the 21st cen-
tury it reaches 325 DU. This increase is related to the impact
of a colder stratosphere in a changing climate on O3 concen-
trations. The Antarctic O3 hole is manifest in the second half
of the 20th and first half of the 21st century. To better see
the evolution of the Antarctic O3 hole, we show the mean O3
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Fig. 6. Time series of the O3 evolution: impact from the transport sectors on the O3 mixing ratio at 850 hPa in the(a) SH and(b) NH, and at
250 hPa in the(c) SH and(d) NH; total O3 column(e) in the reference simulation and(f) impact from the transport sectors;(g) O3 mixing
ratio in the reference simulation at 50 hPa averaged over the60–90◦ S region in September and(h) over the 60–90◦ N region in March.
In (a), (b), (c), (d) and(f), full lines indicate the dynamical O3 approach and dashed lines the fixed O3 approach. In(e), (g) and(h), the three
different lines (black, red and blue) represent the three different members of the ensemble.

almost the same temporal evolution for their CO2 contribu-
tion in scenario A1B (see Fig. 1c), we perform only one sim-
ulation that represents the CO2 impact for both sectors. We
also make a 100-yr long simulation where we double the CO2

mixing ratio (grey box in Fig. 4) w.r.t. the pre-industrial value
to estimate the climate sensitivity according to Gregory etal.
(2004).

Finally, we want to mention that we do not consider certain
forcings from the transport sectors such as the impact of BC
on the formation of ice clouds (Penner et al., 2009; Liu et al.,
2009), the impact of N2O emissions (conversion of NOx
into N2O in catalytic converters in cars), the impact of wa-
ter vapour emissions from aircraft in the upper troposphere
or lower stratosphere, the direct impact of CH4 emissions,
the impact of CH4 changes on stratospheric water vapour,
or the impact of CH4 changes on O3. We also do not take
into account the indirect impact of increased O3 concentra-

tions (from NOx emissions) on the CO2 uptake by vegetation
(Sitch et al., 2007; Collins et al., 2010). Furthermore, in our
approach resultant climate impacts do not feed back or affect
the forcing mechanisms. E.g. OH, NOx, and O3 distributions
for the year 2050 have been calculated using 2050 emissions
but using year 2000 (or 2003) meteorology, such that im-
pacts of possibly warmer and wetter conditions on the pres-
ence of these species are not taken into account. Expected
impacts of changes in precipitation on aerosol distributions
are not taken into account either. Several studies (Brasseur
et al., 2006; Wu et al., 2008; Hedegaard et al., 2008; Koffi
et al., 2010) investigated the impact of climate change on
tropospheric chemistry and aerosols. Over the period 2000–
2050, Wu et al. (2008) found that OH changes from climate
change prevail on changes from emissions, while O3 changes
are mainly driven by emission changes (Brasseur et al., 2006;
Wu et al., 2008; Koffi et al., 2010). Hedegaard et al. (2008)

Fig. 6. Time series of the O3 evolution: impact from the transport sectors on the O3 mixing ratio at 850 hPa in the(a) SH and(b) NH, and
at 250 hPa in the(c) SH and(d) NH; total O3 column(e) in the reference simulation and(f) impact from the transport sectors;(g) O3 mixing
ratio in the reference simulation at 50 hPa averaged over the 60–90◦ S region in September and(h) over the 60–90◦ N region in March.
In (a), (b), (c), (d) and(f), full lines indicate the dynamical O3 approach and dashed lines the fixed O3 approach. In(e), (g) and(h), the three
different lines (black, red and blue) represent the three different members of the ensemble.

concentration at 50 hPa averaged over 60–90◦ S in Septem-
ber in Fig.6g and over 60–90◦ N in March in Fig.6h for the
3 members of the reference simulations. One sees an im-
portant decrease in the 60–90◦ S O3 concentration in 1990–
2010, with an almost complete recovery up to pre-1960 val-
ues in 2070–2080. This agrees rather well with results from
AGCMs with full stratospheric chemistry (WMO, 2010).

CO2 emissions from transport also have some effect on
the total O3 column (Fig.6f), probably due to a cooler strato-
sphere: there is a small increase at the end of the 21st century
of around 1 DU due to road transport (light blue line), and
less than 0.5 DU due to shipping or aviation (purple line).

These changes are in agreement with the total anthropogenic
impact. For the non-CO2 impact from aviation, the evolution
of the O3 column clearly shows again the strong difference
between the perturbations due to the non-CO2 (full line) and
the non-CO2* (dashed line) approaches.

3.2 TOA forcing

For CO2, CH4, CFC-12 and HFC-134a, the radiative forcings
from the transport sectors were presented in Fig.1c–e. Here
we present the TOA radiative forcing caused by O3 (fixed
O3 approach), contrails and aerosols. To obtain these values
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Fig. 7. Time series of annual global mean impact of O3, aerosols
and contrails on TOA(a) shortwave,(b) longwave and(c) net radia-
tive fluxes from road transport (green), maritime shipping (blue) and
aviation (red). The impact from O3 (from the fixed O3 approach) is
indicated by the dashed lines, while the impact from aerosols and
contrails together is indicated by the full lines.

found both regions with increasing and decreasing wet depo-
sition of aerosols, but none of these changes were significant
in their simulations.

3 Atmosphere

In this section, we describe the impact of the 3 transport sec-
tors on some key aspects of the atmosphere over the period
1860–2100: O3, TOA forcing, surface air temperature, at-
mospheric temperature profiles, precipitation, cloud cover,
and the NAO index. We show the separate impact of the
transport sectors and distinguish between the CO2 and non-
CO2 impacts, and, as a reference, we also show the total an-
thropogenic impact. We show time averages over 4 different
periods, i.e. 1980–1999, 2011–2030, 2046–2065 and 2080–
2099, which also have been studied in IPCC (2007).

3.1 Ozone

We use two different methods to take into account the O3

perturbations. In the first method (dynamical O3 approach)
we impose 3-D NOx and CO perturbations which are used
by the extended linear O3 scheme to calculate the net O3

production. The actual resulting O3 mixing ratio might dif-

fer considerably from the prescribed O3 perturbations of the
second (fixed O3) approach, where we impose 3-D O3 per-
turbations directly. Figure 6a–d shows the impact from the
transport sectors on the evolution of the O3 mixing ratio at
850 and 250 hPa in the SH and NH. At 850 hPa, there is a
reasonable agreement between the dynamical and fixed O3

approaches. The correspondence is rather strong in the SH
and for shipping in the NH, but the impacts from road trans-
port and aviation in the NH differ by a factor of 2. In gen-
eral, the dynamical approach leads to larger O3 perturbations.
For both approaches, we see stronger impacts in the NH than
in the SH. Shipping has the smallest hemispheric difference,
with an impact in 2100 of slightly more than 3 ppbv in the
NH and slightly less than 2 ppbv in the SH. The impact of
road transport is strongest between 1990 and 2020, and de-
creases rapidly after 2020. Finally one can see that at the end
of the 21st century the impact of aviation and shipping are of
similar magnitude. At 250 hPa, the differences between the
dynamical and fixed O3 approach become especially large
for aviation. The impact at 250 hPa is generally dominated
by aviation, whereas before 2020 the impact in the SH from
road is dominant. The impact from aviation in the SH is al-
most a factor of 5 smaller than in the NH, a consequence
of the much stronger emissions in the NH, the short tropo-
spheric O3 lifetime and the slow inter-hemispheric mixing.

Figure 6e–f shows the evolution of the total O3 column in
Dobson Units (DU), due to the total anthropogenic impact
(left, absolute columns), and due to transport impacts (right,
changes in O3 columns). The O3 column is around 315 DU
in the first part of the 20th century, but at the end of the 21st
century it reaches 325 DU. This increase is related to the im-
pact of a colder stratosphere in a changing climate on O3 con-
centrations. The Antarctic O3 hole is manifest in the second
half of the 20th and first half of the 21st century. To better see
the evolution of the Antarctic O3 hole, we show the mean O3
concentration at 50 hPa averaged over 60–90◦ S in Septem-
ber in Fig. 6g and over 60–90◦ N in March in Fig. 6h for the
3 members of the reference simulations. One sees an im-
portant decrease in the 60–90◦ S O3 concentration in 1990–
2010, with an almost complete recovery up to pre-1960 val-
ues in 2070–2080. This agrees rather well with results from
AGCMs with full stratospheric chemistry (WMO, 2010).

CO2 emissions from transport also have some effect on
the total O3 column (Fig. 6f), probably due to a cooler strato-
sphere: there is a small increase at the end of the 21st century
of around 1 DU due to road transport (light blue line), and
less than 0.5 DU due to shipping or aviation (purple line).
These changes are in agreement with the total anthropogenic
impact. For the non-CO2 impact from aviation, the evolution
of the O3 column clearly shows again the strong difference
between the perturbations due to the non-CO2 (full line) and
the non-CO2* (dashed line) approaches.

Fig. 7. Time series of annual global mean impact of O3, aerosols
and contrails on TOA(a) shortwave,(b) longwave and(c) net radia-
tive fluxes from road transport (green), maritime shipping (blue) and
aviation (red). The impact from O3 (from the fixed O3 approach)
is indicated by the dashed lines, while the impact from aerosols and
contrails together is indicated by the full lines.

for the period 1860–2100, we perform the radiative transfer
calculation twice, once with the transport induced perturba-
tion agents, and once without them (for the dynamical O3 ap-
proach this is not possible). The difference gives the radiative
imbalance induced by the forcing agent. With this method
we obtain from the non-CO2 simulations the summed impact
from contrails and aerosols, and from the non-CO2* simula-
tions the summed impact from O3, contrails and aerosols. By
taking the difference between these approaches one can also
derive the fixed O3 impact.

Figure 7 shows the net TOA radiation impact from the
O3 forcing (dashed line) and from the combined aerosol and
contrail forcing (full line). The O3 impact in 2000 is 23.5,
16.8 and 13.5 mW m−2 for road transport, shipping and avi-
ation, respectively, and evolves in 2100 to 0.7, 36.5 and
85.3 mW m−2. Although the NOx emissions in 2100 are still
considerably lower for aviation than for shipping, their radia-
tive impact is considerably stronger – the radiative impact of
both sectors is of similar size around 2020–2030. Surpris-

ingly the values for the year 2000 are lower than the values
from Hoor et al.(2009, their Table 8), especially when one
takes into consideration their lower road transport and avia-
tion emissions: they found 27.9, 27.3 and 16.3 mW m−2 for
road transport, shipping and aviation, respectively. Our val-
ues are also smaller than the ones inMyhre et al.(2011) who
found 31, 24 and 17 mW m−2. The discrepancy can be par-
tially caused by differences in the radiation scheme. For road
transport, shipping and aviation, the impact from aerosols
and contrails is found to be−28.4,−89.0 and 18.3 mW m−2

respectively in the year 2000. These values correspond rea-
sonably well with the results for aerosols and contrails in
Sects.2.2.5and2.2.6. As the forcing from BC is very small
in our model, we find the total impact from road transport
aerosols to be negative (this contrasts withFuglestvedt et al.,
2008; Balkanski et al., 2010; Uherek et al., 2010). The value
for aviation is the sum of the positive impact from contrails
and the negative impact from sulfate. In 2100 we find forc-
ings of −0.7, −18.1 and 209 mW m−2 for road transport,
shipping and aviation, respectively. The strong decrease in
the SO2 emissions of shipping in the last 50 yr of the 21st
century leads to this strongly reduced forcing in 2100.

In Fig. 8 we show global maps of the net TOA radiative
impact from O3 perturbations (rows a, b and c) and from
aerosol and contrail perturbations (rows d, e and f). The
O3 perturbations are more zonally homogeneous than the
summed aerosol and contrail perturbations, and for aviation
we see the strongest impact between 10 and 40◦N. When fo-
cussing on the aerosol and contrail impacts, we also see for
road a negative impact caused by sulfate (due to underestima-
tion of the BC impact). The impact is clearly stronger in the
northern hemisphere (NH). For shipping, the strongest im-
pact is over the NH oceans, and this perturbation is clearly
greatest in the periods 1980–1999, 2011–2030 and 2046–
2065, in agreement with the time series of SO2 emissions.
For aviation, the strongest positive impact is seen over the
most frequently used aircraft routes in the NH. In regions
of low air traffic however, we see some areas where the im-
pact on TOA radiation is negative. This is clearest in the
period 2046–2065 in the NH over the Arctic, and over the
subtropical Atlantic and Pacific. As we do not find any of
these signatures in simulations that included contrails only
(not shown), we attribute the local negative forcing to sul-
fate. Sulfate has a clear signature in the Arctic (see the avia-
tion sulfate distribution in Fig.3c), is mainly confined to the
NH and peaks around the year 2050. As the lifetime of con-
trails and SO2/sulfate are different, one can have different
distributions for their radiative forcing. Moreover the con-
trail and sulfate distributions result from two distinct CTMs,
driven by different ECMWF analyses.

3.3 Surface air temperature

Figure 9a shows time series of the global annual mean of
the surface air temperature for the three members of the
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Fig. 8. Global maps of the annual mean impact on the net TOA forcing inthe periods 1980–1999, 2011–2030, 2046–2065 and 2080–2099
by O3 perturbations from(a) road transport,(b) maritime shipping and(c) aviation, by aerosols from(d) road transport and(e) maritime
shipping, and(f) by aerosols and contrails from aviation.

3.2 TOA forcing

For CO2, CH4, CFC-12 and HFC-134a, the radiative forc-
ings from the transport sectors were presented in Fig. 1c–
e. Here we present the TOA radiative forcing caused by O3

(fixed O3 approach), contrails and aerosols. To obtain these
values for the period 1860–2100, we perform the radiative
transfer calculation twice, once with the transport induced

perturbation agents, and once without them (for the dynam-
ical O3 approach this is not possible). The difference gives
the radiative imbalance induced by the forcing agent. With
this method we obtain from the non-CO2 simulations the
summed impact from contrails and aerosols, and from the
non-CO2* simulations the summed impact from O3, con-
trails and aerosols. By taking the difference between these
approaches one can also derive the fixed O3 impact.

Fig. 8. Global maps of the annual mean impact on the net TOA forcing in the periods 1980–1999, 2011–2030, 2046–2065 and 2080–2099
by O3 perturbations from(a) road transport,(b) maritime shipping and(c) aviation, by aerosols from(d) road transport and(e) maritime
shipping, and(f) by aerosols and contrails from aviation.

reference simulation. Around the year 2000, the tempera-
ture increase is around 0.8 K w.r.t. 1860, increasing by almost
3.0 K in 2100. One notices that the three members of the en-
semble show a very similar behavior. Using the results from
the pre-industrial and doubled CO2 simulation, we can de-
termine the climate sensitivity using the method ofGregory
et al. (2004) and find a value of around 0.8 K (W m−2)−1,
which corresponds with a 2.97 K temperature increase for a
doubling of the CO2 concentration. This is well within the in-
terval mentioned inIPCC(2007) of 2.1 to 4.4 K with a mean
value of 3.2 K.

Figure 9b shows time series of the impact of the trans-
port sectors on the evolution of the global annual mean of
the surface air temperature. The thin black lines show the
annual global mean impact for the individual members of the
ensemble, and the thick colored lines show the 11-yr run-
ning mean, averaged over the 3 ensemble members. For CO2
the impact of road transport is strongest, showing a temper-
ature increase of around 0.05 K in 2000, reaching 0.3 K in
2100. For aviation and shipping, the temperature impact un-
til 2050 is small, reaching 0.1 K in 2100. The non-CO2 im-
pact from road is strongest between 2000 and 2050 (around
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Fig. 9. Left: time series of annual global mean(a) surface air temperature,(c) precipitation, and(e) cloud cover over the period 1860–2100
taking into account the total anthropogenic forcing. The three different lines (black, red and blue) represent the three different members of
the ensemble. Right: time series of impact on(b) surface air temperature,(d) precipitation, and(f) cloud cover by road transport, shipping
and aviation, separately for their CO2, non-CO2 and non-CO2* impact (the non-CO2* impact is indicated by the dashed lines). The thin
black lines indicate the individual impact from each of the three members of the simulation, and the thick lines indicatethe 11-year running
average of the ensemble mean.

Figure 7 shows the net TOA radiation impact from the
O3 forcing (dashed line) and from the combined aerosol and
contrail forcing (full line). The O3 impact in 2000 is 23.5,
16.8 and 13.5 mW m−2 for road transport, shipping and avi-
ation, respectively, and evolves in 2100 to 0.7, 36.5 and
85.3 mW m−2. Although the NOx emissions in 2100 are still
considerably lower for aviation than for shipping, their radia-
tive impact is considerably stronger – the radiative impactof
both sectors is of similar size around 2020–2030. Surpris-
ingly the values for the year 2000 are lower than the values
from Hoor et al. (2009, their Table 8), especially when one
takes into consideration their lower road transport and avia-
tion emissions: they found 27.9, 27.3 and 16.3 mW m−2 for
road transport, shipping and aviation, respectively. Our val-
ues are also smaller than the ones in Myhre et al. (2011) who
found 31, 24 and 17 mW m−2. The discrepancy can be par-
tially caused by differences in the radiation scheme. For road
transport, shipping and aviation, the impact from aerosols
and contrails is found to be−28.4,−89.0 and 18.3 mW m−2

respectively in the year 2000. These values correspond rea-
sonably well with the results for aerosols and contrails in
Sects. 2.2.5 and 2.2.6. As the forcing from BC is very small
in our model, we find the total impact from road transport

aerosols to be negative (this contrasts with Fuglestvedt etal.,
2008; Balkanski et al., 2010; Uherek et al., 2010). The value
for aviation is the sum of the positive impact from contrails
and the negative impact from sulfate. In 2100 we find forc-
ings of −0.7, −18.1 and 209 mW m−2 for road transport,
shipping and aviation, respectively. The strong decrease in
the SO2 emissions of shipping in the last 50 yr of the 21st
century leads to this strongly reduced forcing in 2100.

In Fig. 8 we show global maps of the net TOA radiative
impact from O3 perturbations (rows a, b and c) and from
aerosol and contrail perturbations (rows d, e and f). The
O3 perturbations are more zonally homogeneous than the
summed aerosol and contrail perturbations, and for aviation
we see the strongest impact between 10 and 40◦N. When fo-
cussing on the aerosol and contrail impacts, we also see for
road a negative impact caused by sulfate (due to underestima-
tion of the BC impact). The impact is clearly stronger in the
northern hemisphere (NH). For shipping, the strongest im-
pact is over the NH oceans, and this perturbation is clearly
greatest in the periods 1980–1999, 2011–2030 and 2046–
2065, in agreement with the time series of SO2 emissions.
For aviation, the strongest positive impact is seen over the
most frequently used aircraft routes in the NH. In regions

Fig. 9. Left: time series of annual global mean(a) surface air temperature,(c) precipitation, and(e)cloud cover over the period 1860–2100
taking into account the total anthropogenic forcing. The three different lines (black, red and blue) represent the three different members of
the ensemble. Right: time series of impact on(b) surface air temperature,(d) precipitation, and(f) cloud cover by road transport, shipping
and aviation, separately for their CO2, non-CO2 and non-CO2* impact (the non-CO2* impact is indicated by the dashed lines). The thin
black lines indicate the individual impact from each of the three members of the simulation, and the thick lines indicate the 11-year running
average of the ensemble mean.

0.05 K), and reduces thereafter. This is mainly caused by a
strong reduction in the road transport emissions of NOx in
the second half of the 21st century and of the earlier reduc-
tions in the emission of CFC-12 and HFC-134a. Taking into
account a stronger impact of BC would probably strengthen
this behaviour. The non-CO2 emissions from shipping show
a negative impact on the temperature of around−0.05 to
−0.1 K over the period 2000–2100. This is caused by sig-
nificant SO2 emissions leading to the formation of sulfate
aerosols, together with a strong impact of OH on CH4 by,
on the one hand, significant NOx emissions, and on the other
hand, a characteristic strong impact of NOx shipping emis-
sions on the CH4 lifetime (Hoor et al., 2009). For the non-
CO2 impact from aviation we see a strong difference be-
tween the non-CO2 and non-CO2* approaches, caused by
the rather different O3 perturbations (see Fig.6). The non-
CO2 approach shows a positive impact reaching 0.15 K in
2100. This is caused by the strong increase in the NOx avi-
ation emissions that are more than 2.5 times more efficient
than the other transport emissions at producing O3 (seeHoor
et al., 2009), and by the impact from the linear contrails and

aviation-induced cirrus. However, in the extended linear O3
scheme the O3 production in the upper troposphere seems to
be overestimated (see Sect.3.1). Using the non-CO2* ap-
proach leads to almost no temperature signal, except for a
very small increase in the last part of the 21st century. Both
approaches probably are affected by the too strong negative
forcing from sulfate aerosols (see Sect.2.2.6). Taking this
into consideration together with the fact that the model is not
very sensitive to O3 perturbations (see Sect.2.2.4), we as-
sume that the actual impact from aviation will be somewhere
in between the results for both approaches.

Sausen and Schumann(2000) made projections of the im-
pact of aviation on the global mean surface air temperature.
They included the impact from CO2 and O3 changes due
to NOx emissions but not the impact from the reduction in
the CH4 lifetime or the impact from contrails or aviation-
induced cirrus. One should also note that the climate sen-
sitivity of their SCM was rather low, i.e. 0.61 K (W m−2)−1.
They found a temperature increase of 0.006 K in 2000, and
for their scenarios Fa1, Eab and Eah, respectively 0.025,
0.033 and 0.050 K in 2050 and 0.047, 0.086 and 0.146 K in
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2100. We find in 2100 a total impact from aviation of around
0.25 K for the non-CO2 approach and around 0.15 K using
the non-CO2* approach.Skeie et al.(2009) performed simu-
lations with a more evolved SCM, using the SRES scenarios
A1B, A2, B1 and B2, and calculated the combined CO2 and
non-CO2 impact on surface air temperature for the different
sectors. With a climate sensitivity of 0.8 K (W m−2)−1, they
found for the A1B scenario, an annual global mean surface
air temperature impact in 2100 of 0.38 K for road, 0.02 K for
shipping, and 0.28 K for aviation, which is in rather good
agreement with our results. They used similar emission sce-
narios, however they took into account more forcings (strato-
spheric water vapour feedback, methane ozone feedback, ...).
Berntsen and Fuglestvedt(2008) did a similar study but only
looked at the present-day impact.

We now focus on the geographical distribution of the sur-
face air temperature impact. In Fig.10 we present the an-
nual mean changes averaged over the periods 1980–1999,
2011–2030, 2046–2065 and 2080–2099 from the total an-
thropogenic impact (row a) and from the separate transport
impacts (rows b–g). Note the difference in the contour in-
tervals between the first row and the other rows. For the
total anthropogenic impact, a clear signal can already be
seen in 1980–1999, which increases gradually until 2080–
2099. Continents show a considerably stronger impact than
oceans, and the temperature over the Labrador Sea shows an
even stronger negative temperature response in 2046–2065
and 2080–2099. In the Southern Ocean, we also find a
weak warming. A strong impact is also noticeable poleward
of 65◦ N. These results compare well with results shown in
IPCC(2007, Fig. 10.8).

For the road sector, we find a significant CO2 impact
of 0.2 K over continents for 2011–2030, with some regions
showing increases of more than 0.4 K in 2080–2099. Large
similarities with the total anthropogenic impact exist, e.g. the
stronger impact at high northern latitudes and the stronger
impact over continents. For the CO2 impact from shipping
and aviation, increases of 0.2 K over continents are seen
in 2080–2099. The non-CO2 impact for road transport is
slightly positive in 2011–2030 and 2046–2065, whereas that
from shipping is clearly negative and rather constant over
the 21st century, with some extremes over the continents
and over the northern high latitude regions. Using the non-
CO2 approach, the impact from aviation is clearly positive
by 2011–2030, and a steady increase is seen for the periods
2046–2065 and 2080–2099 especially in the NH. However,
using the non-CO2* approach, we observe a clearly positive
signal over the NH mid-latitudes only in 2080–2099.

In order to investigate the latitudinal dependence of the
impacts, we show the annual zonal-mean surface air temper-
ature in Fig.11a. Results are shown for the periods 1980–
1999, 2011–2030, 2046–2065 and 2080–2099, and are the
mean of the 3 members over the 20-year periods. We also
indicate the 95 % confidence intervals with thin lines. The
zonal mean temperature response to the total anthropogenic

forcings shows a smaller impact at mid-latitudes (50–60◦ S,
40–50◦ N), but an amplification at the poles which is most
pronounced in the Arctic. The confidence intervals are larger
closer to the poles and smaller in the extra-tropics to mid-
latitudes. Figure11b–i shows the CO2 and non-CO2 impacts
of the transport sectors on the annual zonal mean surface air
temperature. The CO2 impact from shipping and aviation
only becomes clearly distinguishable in 2080–2099 (around
0.1 K in low and mid-latitudes), with a large amplification
in the Arctic. The impact from road transport is stronger:
at low latitudes, it is significant as from 2011–2030 (0.1 K),
going up to 0.3 K in 2080–2099, and shows also a strong
amplification in the Arctic. In contrast, the non-CO2 impact
from road in the tropics and at mid-latitudes is strongest in
the periods 2011–2030 and 2046–2065 and has large confi-
dence intervals in the Arctic and Antarctic. From shipping,
the non-CO2 impact is negative everywhere (except at south-
ern high latitudes for the period 2011–2030 when it is weakly
positive), with similar values in 2011–2030 and 2046–2065
in the tropics and extra tropics, and larger ones at northern
high latitudes. The strongest non-CO2 signal is from avia-
tion with a very asymmetric response of up to 0.3 K in the
region 20–60◦ N in 2100. The non-CO2* approach however
shows a much weaker signal, clearly positive between 20 and
50◦ N, but negative between 60 and 90◦ N. This local nega-
tive impact is possibly a consequence of the over-estimated
sulfate (see the aviation sulfate distribution in Fig.3c) and
underestimated O3 impacts.

To estimate the difference in geographical distribution of
the impacts, we quantify the correlation between the patterns
of climate change in the different periods shown in Fig.10.
For each impact in each period we calculate the correla-
tion with the distribution that shows the strongest signal, i.e.
the total anthropogenic impact in 2080–2099. Similar com-
parisons have been performed inIPCC (2007, Table 10.5),
but using different measures (Watterson, 1996). Figure12a
shows these correlations for the surface air temperature dis-
tribution. One sees a strong correlation for the first 3 periods
of the total anthropogenic impact, and for the CO2 impact
from road transport. Further, we see a negative correlation
with the non-CO2 impact from shipping. For the non-CO2
impact from road, we see a positive correlation, which, how-
ever, disappears in 2080–2099.

In the sensitivity simulations, we amplified the forcings by
a factor of five to derive the impacts from the different trans-
port sectors. Whether such an amplification of the forcing is
justified is determined by whether the perturbations are still
small enough for the system to be in a linear regime (see
Fig. 4). For the strongest perturbation (i.e. where we model
the CO2 impact from road) we can expect the strongest non-
linearity. In the year 2100, we find an increase in global
mean surface air temperature of 0.3 K due to the CO2 emis-
sions from road transport. This means that the actual tem-
perature difference between the simulations is around 1.5 K,
which is large w.r.t. a total climate change of around 3 K. To
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Fig. 10. Global maps of the annual mean surface air temperature impact in the periods 1980–1999, 2011–2039, 2046–2065 and 2080–2099
caused by(a) the total anthropogenic forcing, the CO2 forcing from(b) road transport and(c) shipping or aviation, by the non-CO2 forcing
from (d) road transport,(e) shipping and(f) aviation where we use the dynamical O3 approach to take into account the effect of O3, and
(g) by the non-CO2* impact from aviation (using the fixed O3 approach). Notice that the contour intervals are 5 times larger for the total
anthropogenic perturbation(a).

Fig. 10. Global maps of the annual mean surface air temperature impact in the periods 1980–1999, 2011–2030, 2046–2065 and 2080–2099
caused by(a) the total anthropogenic forcing, the CO2 forcing from(b) road transport and(c) shipping or aviation, by the non-CO2 forcing
from (d) road transport,(e) shipping and(f) aviation where we use the dynamical O3 approach to take into account the effect of O3, and
(g) by the non-CO2* impact from aviation (using the fixed O3 approach). Notice that the contour intervals are 5 times larger for the total
anthropogenic perturbation(a).
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D. J. L. Olivi é et al.: Modeling the climate impact of road transport, maritime shipping and aviation 1467
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Fig. 11. Annual zonal mean surface air temperature impact in 1980–1999 (green), 2011–2030 (blue), 2046–2065 (red) and 2080–2099
(black): (a) total anthropogenic impact, CO2 impact from(b) road transport and(c) shipping or aviation, non-CO2 impact using the dynam-
ical O3 approach for(d) road transport,(e) shipping and(f) aviation, and non-CO2* impact using fixed O3 approach for(g) road transport,
(h) shipping and(i) aviation. Thick lines are the mean over the 3 members and thinlines indicate the 95 % confidence interval.
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Fig. 12. First row: correlation between the impact on the geographical distributions of annual mean(a) surface air temperature,(b) cloud
cover and(c) precipitation from a perturbation in a certain period with the total anthropogenic impact of the period 2080–2099. The dotted
lines show the result for the fixed O3 approach. Second row: correlation between the two different non-CO2 approaches (fixed O3 versus
dynamical O3 approach) for(d) surface air temperature,(e) cloud cover and(f) precipitation.

Fig. 11. Annual zonal mean surface air temperature impact in 1980–1999 (green), 2011–2030 (blue), 2046–2065 (red) and 2080–2099
(black): (a) total anthropogenic impact, CO2 impact from(b) road transport and(c) shipping or aviation, non-CO2 impact using the dynam-
ical O3 approach for(d) road transport,(e) shipping and(f) aviation, and non-CO2* impact using fixed O3 approach for(g) road transport,
(h) shipping and(i) aviation. Thick lines are the mean over the 3 members and thin lines indicate the 95 % confidence interval.
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Fig. 11. Annual zonal mean surface air temperature impact in 1980–1999 (green), 2011–2030 (blue), 2046–2065 (red) and 2080–2099
(black): (a) total anthropogenic impact, CO2 impact from(b) road transport and(c) shipping or aviation, non-CO2 impact using the dynam-
ical O3 approach for(d) road transport,(e) shipping and(f) aviation, and non-CO2* impact using fixed O3 approach for(g) road transport,
(h) shipping and(i) aviation. Thick lines are the mean over the 3 members and thinlines indicate the 95 % confidence interval.
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Fig. 12. First row: correlation between the impact on the geographical distributions of annual mean(a) surface air temperature,(b) cloud
cover and(c) precipitation from a perturbation in a certain period with the total anthropogenic impact of the period 2080–2099. The dotted
lines show the result for the fixed O3 approach. Second row: correlation between the two different non-CO2 approaches (fixed O3 versus
dynamical O3 approach) for(d) surface air temperature,(e) cloud cover and(f) precipitation.

Fig. 12. First row: correlation between the impact on the geographical distributions of annual mean(a) surface air temperature,(b) cloud
cover and(c) precipitation from a perturbation in a certain period with the total anthropogenic impact of the period 2080–2099. The dotted
lines show the result for the fixed O3 approach. Second row: correlation between the two different non-CO2 approaches (fixed O3 versus
dynamical O3 approach) for(d) surface air temperature,(e)cloud cover and(f) precipitation.
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Fig. 13. Time series of the annual global mean surface air temper-
ature over the period 1860–2100: black (scaling 1), red (scaling 1,
11-yr running average), blue (scaling 5), and green (scaling 5, 11-yr
running average).
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Fig. 14. Annual zonal mean surface air temperature impact from
road transport for the periods(a) 1980–1999, (b) 2011–2030,
(c) 2046–2065 and(d) 2080–2099 using scaling 1 (dashed lines)
and scaling 5 (full lines). The thin lines indicate the 95 % confi-
dence interval.

latitude mid- and upper-troposphere, up to 1, 1.5, 3.5 and
5 K for the respective 4 periods, which correspond well with
those in IPCC (2007, Fig. 10.7). The impact at the surface is
smaller and shows more variability. Figure 15b–c shows the
impact on the annual zonal mean temperature profile by CO2

from road transport and maritime shipping or aviation. The
CO2 impact from road transport is much stronger than that
from shipping or aviation. In the mid- to upper-troposphere
it varies around 0.05, 0.15, 0.35 and 0.5 K in 1980–1999,
2011–2030, 2046–2065 and 2080–2099, respectively. For
shipping and aviation, there is no clear signal in 1980–1999,
2011–2030 and 2046–2065 (although an indication of a low-
latitude mid- to upper-troposphere temperature increase ap-
pears). In 2080–2099 this impact goes up to 0.15 K in the
tropical upper troposphere.

The non-CO2 impacts for the transport sectors are shown
in Fig. 15d–g, with both non-CO2 and non-CO2* approaches
shown for aviation. We observe a positive signal in 2011–
2030 and 2045–2065 for road transport, and a smaller impact
at the end of the 21st century. For maritime shipping, there

is a distinctive negative impact over the whole depth of the
troposphere which is strongest in 2080–2099. The non-CO2

impact from aviation is clearly positive in the troposphere,
and in contrast with that from road transport and maritime
shipping, it is very asymmetric being much stronger in the
NH with a maximum around 300 hPa at 30–60◦ N. Here, the
temperature increases by more than 0.5 K in 2100. Using
the non-CO2* approach the general pattern is similar, al-
though the heating is weaker and one observes a strength-
ened cooling around 200 hPa between 50 and 80◦ N. More-
over, a negative signal appears at the surface between 60 and
90◦ N. Using an AGCM coupled to a slab ocean model and
the emission scenario Fa, Ponater et al. (2005) found a max-
imum zonal mean temperature impact from aviation for the
year 2050 of 0.35 K around 40–50◦ N at 300–400hPa.

3.5 Precipitation and cloud cover

Time series of cloud cover and precipitation can be found in
Fig. 9c–f. Taking into account the total anthropogenic im-
pact, the precipitation rises by 0.2 mm day−1 in 2100, while
the cloud cover decreases by 1.8 %, coinciding with the in-
crease in global mean surface air temperature. A similar re-
lationship is seen for individual transport sectors, although
for cloud cover the evolution is rather noisy. Largest im-
pacts can be observed for CO2 from road transport, show-
ing in 2100 a 0.015 mm day−1 increase in precipitation and a
0.15 % decrease in cloud cover. All other impacts are below
0.01 mm day−1 for precipitation and 0.1 % for cloud cover.

To get an idea of the zonal mean distributions, we show
the total anthropogenic impact in Fig. 16. The cloud cover
remains almost unaffected in the tropics, decreases consider-
ably in the subtropics, and has a strong increase at northern
high-latitudes. These characteristics correspond well with
those of IPCC (2007, Fig. 10.10). There is generally less con-
fidence in the changes in precipitation but increases in pre-
cipitation at high latitudes are very consistent among models,
and can also be observed in Fig. 16b. Our model also shows
a decrease in subtropical regions.

In Fig. 12b–c, we show the correlation between the pat-
terns of precipitation or cloud cover with the total anthro-
pogenic impact in 2080–2099 (as for the surface air temper-
ature). The results are similar to those for surface air temper-
ature but in general the correlations are weaker, e.g. the non-
CO2 impact from shipping shows a strong anti-correlation
only for the period 2080–2099. The behavior of the non-CO2

impact from aviation is very different: there is no correlation
neither for cloud cover nor for precipitation.

3.6 North Atlantic Oscillation

Figure 17a shows time series of the North Atlantic Os-
cillation (NAO) index over the period 1860–2100 taking
into account the total anthropogenic impact. NAO anoma-
lies represent the Lisbon (38.7◦ N, 9.1◦ W) minus Reykjavik

Fig. 13. Time series of the annual global mean surface air temper-
ature over the period 1860–2100: black (scaling 1), red (scaling 1,
11-yr running average), blue (scaling 5), and green (scaling 5, 11-yr
running average).

obtain the CO2 impact from road transport, we thus compare
a simulation containing 5 times the CO2 emissions from road
transport (red line in Fig.4) with a simulation with no CO2
emissions from road transport (blue line). The CO2 impact
from road transport can also be analyzed using the difference
between the reference simulation (black line) and the simula-
tion with no CO2 emissions from road (blue line). Figure13
shows the evolution of the annual global mean surface air
temperature for both approaches. The approach without am-
plification of the forcing gives a much noisier result, with
a high inter-annual variability, while the approach with a 5
times stronger forcing shows a much more stable signal and
a suppressed variability, but on average both approaches co-
incide. Figure14 shows the impact on the zonal mean sur-
face air temperature from both approaches for the periods
1980–1999, 2011–2030, 2046–2065 and 2080–2099. There,
one sees that both approaches agree in the tropics up to the
mid-latitudes rather well, but that at high latitudes the differ-
ences are larger. The 95 % confidence interval is consider-
ably smaller for the simulations where we apply 5 times the
actual forcing.

3.4 Atmospheric temperature profile

Figure15a shows the total anthropogenic impact on the an-
nual zonal mean temperature profile for the periods 1980–
1999, 2011–2030, 2046–2065 and 2080–2099 w.r.t. the pre-
industrial simulation. Strongest values appear in the low-
latitude mid- and upper-troposphere, up to 1, 1.5, 3.5 and
5 K for the respective 4 periods, which correspond well with
those inIPCC(2007, Fig. 10.7). The impact at the surface is
smaller and shows more variability. Figure15b–c shows the
impact on the annual zonal mean temperature profile by CO2
from road transport and maritime shipping or aviation. The
CO2 impact from road transport is much stronger than that
from shipping or aviation. In the mid- to upper-troposphere
it varies around 0.05, 0.15, 0.35 and 0.5 K in 1980–1999,
2011–2030, 2046–2065 and 2080–2099, respectively. For
shipping and aviation, there is no clear signal in 1980–1999,
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Fig. 13. Time series of the annual global mean surface air temper-
ature over the period 1860–2100: black (scaling 1), red (scaling 1,
11-yr running average), blue (scaling 5), and green (scaling 5, 11-yr
running average).
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Fig. 14. Annual zonal mean surface air temperature impact from
road transport for the periods(a) 1980–1999, (b) 2011–2030,
(c) 2046–2065 and(d) 2080–2099 using scaling 1 (dashed lines)
and scaling 5 (full lines). The thin lines indicate the 95 % confi-
dence interval.

latitude mid- and upper-troposphere, up to 1, 1.5, 3.5 and
5 K for the respective 4 periods, which correspond well with
those in IPCC (2007, Fig. 10.7). The impact at the surface is
smaller and shows more variability. Figure 15b–c shows the
impact on the annual zonal mean temperature profile by CO2

from road transport and maritime shipping or aviation. The
CO2 impact from road transport is much stronger than that
from shipping or aviation. In the mid- to upper-troposphere
it varies around 0.05, 0.15, 0.35 and 0.5 K in 1980–1999,
2011–2030, 2046–2065 and 2080–2099, respectively. For
shipping and aviation, there is no clear signal in 1980–1999,
2011–2030 and 2046–2065 (although an indication of a low-
latitude mid- to upper-troposphere temperature increase ap-
pears). In 2080–2099 this impact goes up to 0.15 K in the
tropical upper troposphere.

The non-CO2 impacts for the transport sectors are shown
in Fig. 15d–g, with both non-CO2 and non-CO2* approaches
shown for aviation. We observe a positive signal in 2011–
2030 and 2045–2065 for road transport, and a smaller impact
at the end of the 21st century. For maritime shipping, there

is a distinctive negative impact over the whole depth of the
troposphere which is strongest in 2080–2099. The non-CO2

impact from aviation is clearly positive in the troposphere,
and in contrast with that from road transport and maritime
shipping, it is very asymmetric being much stronger in the
NH with a maximum around 300 hPa at 30–60◦ N. Here, the
temperature increases by more than 0.5 K in 2100. Using
the non-CO2* approach the general pattern is similar, al-
though the heating is weaker and one observes a strength-
ened cooling around 200 hPa between 50 and 80◦ N. More-
over, a negative signal appears at the surface between 60 and
90◦ N. Using an AGCM coupled to a slab ocean model and
the emission scenario Fa, Ponater et al. (2005) found a max-
imum zonal mean temperature impact from aviation for the
year 2050 of 0.35 K around 40–50◦ N at 300–400hPa.

3.5 Precipitation and cloud cover

Time series of cloud cover and precipitation can be found in
Fig. 9c–f. Taking into account the total anthropogenic im-
pact, the precipitation rises by 0.2 mm day−1 in 2100, while
the cloud cover decreases by 1.8 %, coinciding with the in-
crease in global mean surface air temperature. A similar re-
lationship is seen for individual transport sectors, although
for cloud cover the evolution is rather noisy. Largest im-
pacts can be observed for CO2 from road transport, show-
ing in 2100 a 0.015 mm day−1 increase in precipitation and a
0.15 % decrease in cloud cover. All other impacts are below
0.01 mm day−1 for precipitation and 0.1 % for cloud cover.

To get an idea of the zonal mean distributions, we show
the total anthropogenic impact in Fig. 16. The cloud cover
remains almost unaffected in the tropics, decreases consider-
ably in the subtropics, and has a strong increase at northern
high-latitudes. These characteristics correspond well with
those of IPCC (2007, Fig. 10.10). There is generally less con-
fidence in the changes in precipitation but increases in pre-
cipitation at high latitudes are very consistent among models,
and can also be observed in Fig. 16b. Our model also shows
a decrease in subtropical regions.

In Fig. 12b–c, we show the correlation between the pat-
terns of precipitation or cloud cover with the total anthro-
pogenic impact in 2080–2099 (as for the surface air temper-
ature). The results are similar to those for surface air temper-
ature but in general the correlations are weaker, e.g. the non-
CO2 impact from shipping shows a strong anti-correlation
only for the period 2080–2099. The behavior of the non-CO2

impact from aviation is very different: there is no correlation
neither for cloud cover nor for precipitation.

3.6 North Atlantic Oscillation

Figure 17a shows time series of the North Atlantic Os-
cillation (NAO) index over the period 1860–2100 taking
into account the total anthropogenic impact. NAO anoma-
lies represent the Lisbon (38.7◦ N, 9.1◦ W) minus Reykjavik

Fig. 14. Annual zonal mean surface air temperature impact
from road transport for the periods(a) 1980–1999,(b) 2011–2030,
(c) 2046–2065 and(d) 2080–2099 using scaling 1 (dashed lines)
and scaling 5 (full lines). The thin lines indicate the 95 % confi-
dence interval.

2011–2030 and 2046–2065 (although an indication of a low-
latitude mid- to upper-troposphere temperature increase ap-
pears). In 2080–2099 this impact goes up to 0.15 K in the
tropical upper troposphere.

The non-CO2 impacts for the transport sectors are shown
in Fig.15d–g, with both non-CO2 and non-CO2* approaches
shown for aviation. We observe a positive signal in 2011–
2030 and 2045–2065 for road transport, and a smaller impact
at the end of the 21st century. For maritime shipping, there
is a distinctive negative impact over the whole depth of the
troposphere which is strongest in 2080–2099. The non-CO2
impact from aviation is clearly positive in the troposphere,
and in contrast with that from road transport and maritime
shipping, it is very asymmetric being much stronger in the
NH with a maximum around 300 hPa at 30–60◦ N. Here, the
temperature increases by more than 0.5 K in 2100. Using the
non-CO2* approach the general pattern is similar, although
the heating is weaker and one observes a strengthened cool-
ing around 200 hPa between 50 and 80◦ N. Moreover, a neg-
ative signal appears at the surface between 60 and 90◦ N. Us-
ing an AGCM coupled to a slab ocean model and the emis-
sion scenario Fa,Ponater et al.(2005) found a maximum
zonal mean temperature impact from aviation for the year
2050 of 0.35 K around 40–50◦ N at 300–400 hPa.

3.5 Precipitation and cloud cover

Time series of cloud cover and precipitation can be found in
Fig. 9c–f. Taking into account the total anthropogenic im-
pact, the precipitation rises by 0.2 mm day−1 in 2100, while
the cloud cover decreases by 1.8 %, coinciding with the in-
crease in global mean surface air temperature. A similar re-
lationship is seen for individual transport sectors, although
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Fig. 15. Impact on annual zonal mean temperature profile in the periods 1980–1999, 2011–2030, 2046–2065 and 2080–2099. The orderof
the plots is as in Fig. 10. Notice that the contour intervals are 5 times larger for the total anthropogenic perturbation(a).
Fig. 15. Impact on annual zonal mean temperature profile in the periods 1980–1999, 2011–2030, 2046–2065 and 2080–2099. The order of
the plots is as in Fig.10. Notice that the contour intervals are 5 times larger for the total anthropogenic perturbation(a).
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Fig. 16. Zonal annual mean(a) cloud cover and(b) precipitation
change in 1980–1999 (green), 2011–2030 (blue), 2046–2065 (red)
and 2080–2099 (black) from total anthropogenic forcing. The thick
lines indicate the best estimate, the thin lines indicate the 95 % con-
fidence interval.
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Fig. 17. (a)Mean NAO anomalies calculated from sea level pres-
sures taking into account the total anthropogenic impact (the dif-
ferent colors indicate the 3 simulations of the ensemble). Single
dots indicate yearly values, and lines show 11-yr running averages.
(b) Impact of the transport sectors on the NAO anomaly averaged
over 2050–2099. The first three bars show the non-CO2 (black) and
non-CO2* (blue) impacts, the following two the CO2 impacts, and
the last one the total anthropogenic impact.

(65.1◦ N, 22.7◦ W) normalized December-March average sea
level pressure anomalies, with 1971–2000 as reference. One
can observe a weak positive trend. Figure 17b shows the
mean impact over the period 2050–2099 from the different
transport sectors on the NAO index. The CO2 impact is
positive, road impact being around 20 % of the total anthro-
pogenic one, and shipping or aviation being 5 %. For the
non-CO2 and non-CO2* cases, we find small impacts for
shipping and road transport, but a relatively strong one for
aviation, both for the non-CO2 and non-CO2* approaches.

4 Ocean

In this section we describe the impact from the different
transport sectors on ocean temperature, sea level, MOC, sea-

ice extent and the Niño 3.4 index.

4.1 Ocean temperature

Figure 18 shows zonally averaged impacts on ocean tem-
perature to a depth of 4000 m for the same periods as for
the atmosphere, i.e. 1980–1999, 2011–2030, 2046–2065 and
2080–2099. Figure 18a shows the total anthropogenic im-
pact. For all periods one observes a heating of the southern
ocean, and the strongest impact can be seen in the south-
ern mid-latitudes where the heating signal easily penetrates
down to 3500–4000m. At low latitudes, one sees initially
(1980–1999 and 2011–2030) a cooling of the waters between
300 and 2000 m, probably caused by reduced mixing in re-
sponse to more stable temperature profiles. Figure 18b–g
shows the impacts from the transport perturbations: the CO2

impact from road transport is the most important, while the
non-CO2 emissions from shipping have a cooling impact.
The non-CO2 effects of aviation have their greatest impact
in the NH.

Figure 19 shows the zonally averaged increase in the heat
content in the ocean integrated over the whole depth of
the ocean (in 1016 J m−1). The total anthropogenic impact
(Fig. 19a) shows two characteristic features: most of the heat
is stored in the southern ocean, while almost no heat is stored
north of 45◦ N, and the increase is very regular over the 4 pe-
riods. The CO2 impacts from road transport, shipping or avi-
ation present similar features. For the non-CO2 impact, we
notice the small values for road transport, the negative impact
for shipping, and the large heating between 25 and 50◦ N for
aviation in the non-CO2 approach, larger than that of the non-
CO2* approach concentrated between 30 and 50◦ N.

Time series of the global mean ocean temperature can be
seen in Fig. 20a–b. One notices that these time series are
rather smooth and show less inter-annual variability than the
time series of the surface air temperature (see Fig. 9a–b). The
non-CO2 impact from shipping is negative, and prevails over
the non-CO2 impact from aviation and the CO2 impact from
shipping or aviation – a fact which is not clear for the surface
air temperature evolution. Another interesting feature isthe
significant difference for shipping between the non-CO2 and
non-CO2* approaches in the second half of the 21st century.

4.2 Sea level

Sea level rise in a changing climate results from thermal ex-
pansion of the oceans as well as from melting of glaciers,
ice caps and the Greenland and Antarctic ice sheets. Fig-
ure 20c–d shows the sea level rise (in mm) that includes only
the thermal expansion of the oceans calculated from the stan-
dard expression for the density as a function of pressure, tem-
perature and salinity in Millero and Poisson (1981). The total
anthropogenic induced rise in sea level is 30 mm in 2000 and
increases to 180 mm in 2100. The CO2 impact from road is
around 18 mm in 2100. The strongest non-CO2 impact re-

Fig. 16. Zonal annual mean(a) cloud cover and(b) precipitation
change in 1980–1999 (green), 2011–2030 (blue), 2046–2065 (red)
and 2080–2099 (black) from total anthropogenic forcing. The thick
lines indicate the best estimate, the thin lines indicate the 95 % con-
fidence interval.

for cloud cover the evolution is rather noisy. Largest im-
pacts can be observed for CO2 from road transport, show-
ing in 2100 a 0.015 mm day−1 increase in precipitation and a
0.15 % decrease in cloud cover. All other impacts are below
0.01 mm day−1 for precipitation and 0.1 % for cloud cover.

To get an idea of the zonal mean distributions, we show
the total anthropogenic impact in Fig.16. The cloud cover
remains almost unaffected in the tropics, decreases consider-
ably in the subtropics, and has a strong increase at northern
high-latitudes. These characteristics correspond well with
those ofIPCC(2007, Fig. 10.10). There is generally less con-
fidence in the changes in precipitation but increases in pre-
cipitation at high latitudes are very consistent among models,
and can also be observed in Fig.16b. Our model also shows
a decrease in subtropical regions.

In Fig. 12b–c, we show the correlation between the pat-
terns of precipitation or cloud cover with the total anthro-
pogenic impact in 2080–2099 (as for the surface air temper-
ature). The results are similar to those for surface air temper-
ature but in general the correlations are weaker, e.g. the non-
CO2 impact from shipping shows a strong anti-correlation
only for the period 2080–2099. The behavior of the non-CO2
impact from aviation is very different: there is no correlation
neither for cloud cover nor for precipitation.

3.6 North Atlantic Oscillation

Figure 17a shows time series of the North Atlantic Os-
cillation (NAO) index over the period 1860–2100 taking
into account the total anthropogenic impact. NAO anoma-
lies represent the Lisbon (38.7◦ N, 9.1◦ W) minus Reykjavik
(65.1◦ N, 22.7◦ W) normalized December-March average sea
level pressure anomalies, with 1971–2000 as reference. One
can observe a weak positive trend. Figure17b shows the
mean impact over the period 2050–2099 from the differ-
ent transport sectors on the NAO index. The CO2 impact
is positive, road impact being around 20 % of the total an-
thropogenic one, and shipping or aviation being 5 %. For
the non-CO2 and non-CO2* cases, we find small impacts for
shipping and road transport, but a relatively strong one for
aviation, both for the non-CO2 and non-CO2* approaches.
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Fig. 16. Zonal annual mean(a) cloud cover and(b) precipitation
change in 1980–1999 (green), 2011–2030 (blue), 2046–2065 (red)
and 2080–2099 (black) from total anthropogenic forcing. The thick
lines indicate the best estimate, the thin lines indicate the 95 % con-
fidence interval.
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Fig. 17. (a)Mean NAO anomalies calculated from sea level pres-
sures taking into account the total anthropogenic impact (the dif-
ferent colors indicate the 3 simulations of the ensemble). Single
dots indicate yearly values, and lines show 11-yr running averages.
(b) Impact of the transport sectors on the NAO anomaly averaged
over 2050–2099. The first three bars show the non-CO2 (black) and
non-CO2* (blue) impacts, the following two the CO2 impacts, and
the last one the total anthropogenic impact.

(65.1◦ N, 22.7◦ W) normalized December-March average sea
level pressure anomalies, with 1971–2000 as reference. One
can observe a weak positive trend. Figure 17b shows the
mean impact over the period 2050–2099 from the different
transport sectors on the NAO index. The CO2 impact is
positive, road impact being around 20 % of the total anthro-
pogenic one, and shipping or aviation being 5 %. For the
non-CO2 and non-CO2* cases, we find small impacts for
shipping and road transport, but a relatively strong one for
aviation, both for the non-CO2 and non-CO2* approaches.

4 Ocean

In this section we describe the impact from the different
transport sectors on ocean temperature, sea level, MOC, sea-

ice extent and the Niño 3.4 index.

4.1 Ocean temperature

Figure 18 shows zonally averaged impacts on ocean tem-
perature to a depth of 4000 m for the same periods as for
the atmosphere, i.e. 1980–1999, 2011–2030, 2046–2065 and
2080–2099. Figure 18a shows the total anthropogenic im-
pact. For all periods one observes a heating of the southern
ocean, and the strongest impact can be seen in the south-
ern mid-latitudes where the heating signal easily penetrates
down to 3500–4000m. At low latitudes, one sees initially
(1980–1999 and 2011–2030) a cooling of the waters between
300 and 2000 m, probably caused by reduced mixing in re-
sponse to more stable temperature profiles. Figure 18b–g
shows the impacts from the transport perturbations: the CO2

impact from road transport is the most important, while the
non-CO2 emissions from shipping have a cooling impact.
The non-CO2 effects of aviation have their greatest impact
in the NH.

Figure 19 shows the zonally averaged increase in the heat
content in the ocean integrated over the whole depth of
the ocean (in 1016 J m−1). The total anthropogenic impact
(Fig. 19a) shows two characteristic features: most of the heat
is stored in the southern ocean, while almost no heat is stored
north of 45◦ N, and the increase is very regular over the 4 pe-
riods. The CO2 impacts from road transport, shipping or avi-
ation present similar features. For the non-CO2 impact, we
notice the small values for road transport, the negative impact
for shipping, and the large heating between 25 and 50◦ N for
aviation in the non-CO2 approach, larger than that of the non-
CO2* approach concentrated between 30 and 50◦ N.

Time series of the global mean ocean temperature can be
seen in Fig. 20a–b. One notices that these time series are
rather smooth and show less inter-annual variability than the
time series of the surface air temperature (see Fig. 9a–b). The
non-CO2 impact from shipping is negative, and prevails over
the non-CO2 impact from aviation and the CO2 impact from
shipping or aviation – a fact which is not clear for the surface
air temperature evolution. Another interesting feature isthe
significant difference for shipping between the non-CO2 and
non-CO2* approaches in the second half of the 21st century.

4.2 Sea level

Sea level rise in a changing climate results from thermal ex-
pansion of the oceans as well as from melting of glaciers,
ice caps and the Greenland and Antarctic ice sheets. Fig-
ure 20c–d shows the sea level rise (in mm) that includes only
the thermal expansion of the oceans calculated from the stan-
dard expression for the density as a function of pressure, tem-
perature and salinity in Millero and Poisson (1981). The total
anthropogenic induced rise in sea level is 30 mm in 2000 and
increases to 180 mm in 2100. The CO2 impact from road is
around 18 mm in 2100. The strongest non-CO2 impact re-

Fig. 17. (a)Mean NAO anomalies calculated from sea level pres-
sures taking into account the total anthropogenic impact (the dif-
ferent colors indicate the 3 simulations of the ensemble). Single
dots indicate yearly values, and lines show 11-yr running averages.
(b) Impact of the transport sectors on the NAO anomaly averaged
over 2050–2099. The first three bars show the non-CO2 (black) and
non-CO2* (blue) impacts, the following two the CO2 impacts, and
the last one the total anthropogenic impact.

4 Ocean

In this section we describe the impact from the different
transport sectors on ocean temperature, sea level, MOC, sea-
ice extent and the Niño 3.4 index.

4.1 Ocean temperature

Figure 18 shows zonally averaged impacts on ocean tem-
perature to a depth of 4000 m for the same periods as for
the atmosphere, i.e. 1980–1999, 2011–2030, 2046–2065 and
2080–2099. Figure18a shows the total anthropogenic im-
pact. For all periods one observes a heating of the southern
ocean, and the strongest impact can be seen in the south-
ern mid-latitudes where the heating signal easily penetrates
down to 3500–4000 m. At low latitudes, one sees initially
(1980–1999 and 2011–2030) a cooling of the waters between
300 and 2000 m, probably caused by reduced mixing in re-
sponse to more stable temperature profiles. Figure18b–g
shows the impacts from the transport perturbations: the CO2
impact from road transport is the most important, while the
non-CO2 emissions from shipping have a cooling impact.
The non-CO2 effects of aviation have their greatest impact
in the NH.

Figure19 shows the zonally averaged increase in the heat
content in the ocean integrated over the whole depth of

Atmos. Chem. Phys., 12, 1449–1480, 2012 www.atmos-chem-phys.net/12/1449/2012/
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Fig. 18. Zonally averaged annual mean impact on the ocean temperature (in K) for the four different reference periods. The order of the
plots is as in Fig. 10.

Fig. 18. Zonally averaged annual mean impact on the ocean temperature (in K) for the four different reference periods. The order of the
plots is as in Fig.10.
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Fig. 19. Zonally integrated heat uptaken by the ocean (in 1016 J m−1) in 1980–1999 (green), 2011–2030 (blue), 2046–2065 (red) and
2080–2099 (black). The order of the plots is as in Fig. 11.
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Fig. 20. Left: time series of total anthropogenic impact on(a) the ocean mean temperature,(c) sea level and(e) meridional overturning
circulation. The three different lines (black, red and blue) represent the three different members of the ensemble. Right: the impact by road
transport, shipping and aviation, separately for their CO2, non-CO2 and non-CO2* impact (the non-CO2* impact is indicated by the dashed
lines) on(b) the ocean mean temperature,(d) sea level and(f) meridional overturning circulation. The thin black lines indicate the individual
impact from each of the three members of the simulation, and the thick lines indicate the 11-yr running average of the ensemble mean.

Fig. 19. Zonally integrated heat uptaken by the ocean (in 1016J m−1) in 1980–1999 (green), 2011–2030 (blue), 2046–2065 (red) and
2080–2099 (black). The order of the plots is as in Fig.11.

the ocean (in 1016 J m−1). The total anthropogenic impact
(Fig. 19a) shows two characteristic features: most of the heat
is stored in the southern ocean, while almost no heat is stored
north of 45◦ N, and the increase is very regular over the 4 pe-
riods. The CO2 impacts from road transport, shipping or avi-
ation present similar features. For the non-CO2 impact, we
notice the small values for road transport, the negative impact
for shipping, and the large heating between 25 and 50◦ N for
aviation in the non-CO2 approach, larger than that of the non-
CO2* approach concentrated between 30 and 50◦ N.

Time series of the global mean ocean temperature can be
seen in Fig.20a–b. One notices that these time series are
rather smooth and show less inter-annual variability than the
time series of the surface air temperature (see Fig.9a–b). The
non-CO2 impact from shipping is negative, and prevails over
the non-CO2 impact from aviation and the CO2 impact from
shipping or aviation – a fact which is not clear for the surface
air temperature evolution. Another interesting feature is the
significant difference for shipping between the non-CO2 and
non-CO2* approaches in the second half of the 21st century.

4.2 Sea level

Sea level rise in a changing climate results from thermal ex-
pansion of the oceans as well as from melting of glaciers,
ice caps and the Greenland and Antarctic ice sheets. Fig-
ure20c–d shows the sea level rise (in mm) that includes only
the thermal expansion of the oceans calculated from the stan-
dard expression for the density as a function of pressure, tem-
perature and salinity inMillero and Poisson(1981). The total
anthropogenic induced rise in sea level is 30 mm in 2000 and
increases to 180 mm in 2100. The CO2 impact from road is
around 18 mm in 2100. The strongest non-CO2 impact re-
sults from shipping, causing a 3 mm decrease in 2000 and
almost 8 mm in 2100. The CO2 impact from shipping or
aviation and the non-CO2 impact from aviation are similar,
leading to a rise in sea level of around 4 mm in 2100. The
non-CO2* approach for aviation shows almost no impact.

IPCC(2007) report a sea level rise due to thermal expan-
sion of between 130 and 320 mm (anthropogenic impact in
2090–2099 relative to 1980–1999, scenario A1B), and be-
tween 210 and 480 mm for the total sea level rise. This in-
dicates that thermal expansion contributes to more than 50 %
of the total rise in sea level, and shows that our results are at
the low end of their range.
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Fig. 19. Zonally integrated heat uptaken by the ocean (in 1016 J m−1) in 1980–1999 (green), 2011–2030 (blue), 2046–2065 (red) and
2080–2099 (black). The order of the plots is as in Fig. 11.
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Fig. 20. Left: time series of total anthropogenic impact on(a) the ocean mean temperature,(c) sea level and(e) meridional overturning
circulation. The three different lines (black, red and blue) represent the three different members of the ensemble. Right: the impact by road
transport, shipping and aviation, separately for their CO2, non-CO2 and non-CO2* impact (the non-CO2* impact is indicated by the dashed
lines) on(b) the ocean mean temperature,(d) sea level and(f) meridional overturning circulation. The thin black lines indicate the individual
impact from each of the three members of the simulation, and the thick lines indicate the 11-yr running average of the ensemble mean.

Fig. 20. Left: time series of total anthropogenic impact on(a) the ocean mean temperature,(c) sea level and(e) meridional overturning
circulation. The three different lines (black, red and blue) represent the three different members of the ensemble. Right: the impact by road
transport, shipping and aviation, separately for their CO2, non-CO2 and non-CO2* impact (the non-CO2* impact is indicated by the dashed
lines) on(b) the ocean mean temperature,(d) sea level and(f) meridional overturning circulation. The thin black lines indicate the individual
impact from each of the three members of the simulation, and the thick lines indicate the 11-yr running average of the ensemble mean.

Sausen and Schumann(2000) estimated the rise in sea
level due to emissions from aviation. Their results were ob-
tained using an SCM (see Sect.3.3), whose calibration was
based on an AOGCM that accounted for the rise in sea level
due only to thermal expansion. They included the impact
from melting ice-sheets by almost doubling the parameter re-
sponsible for the rise in sea level in the SCM. They found in
2100 increases in sea level by 6.5, 11.2 and 18.6 mm for their
scenarios Fa1 (that best corresponds with our aviation emis-
sion scenario A1B), Eab and Eah, respectively, compared
with our values of between 3.5 and 8.5 mm in 2100 due to
thermal expansion only.

4.3 Meridional overturning circulation

Figure20e shows the evolution of the MOC. It is calculated
as the maximum of the depth integrated northward mass flux
at 30◦ N in the Atlantic Ocean. As our ocean model grid is
not regular in the NH, the location of the integration varies
slightly between around 33 and 27◦ N. Compared with ocean
temperature and sea level, there is a much stronger inter-
annual variability. In our model, the MOC of the reference

simulation between 1860 and 1970 varies mainly between 21
and 25 Sverdrup (Sv), values slightly higher than late 20th
century observations. In 2100, the model predicts a decrease
of the MOC down to 13–15 Sv for the total anthropogenic
impact. Our modeled slowdown of the MOC corresponds
well with results obtained inIPCC(2007).

Figure20f shows the transport impact on the MOC. The
CO2 road emissions lead to a decrease of 0.8 Sv in 2100,
corresponding roughly to 10 % of the total anthropogenic im-
pact. The non-CO2 impact from shipping is positive, while
all the other impacts are rather small.

4.4 Sea-ice

Figure21a–d shows the impact on the sea-ice extent in the
Arctic (in 1012 m2) at the end of the winter (March) and at
the end of the summer (September) from total anthropogenic
influence (left) and from the transport sectors (right). It indi-
cates that the maximum extent of the sea-ice cover in March
is not affected very much by the changing climate, with quite
good agreement among the different simulations. In Septem-
ber, however, the sea-ice cover decays strongly in the second

www.atmos-chem-phys.net/12/1449/2012/ Atmos. Chem. Phys., 12, 1449–1480, 2012
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Fig. 21.Left: time series in the reference simulation of(a) NH sea-ice coverage (in 1012 m2) in March,(c) NH sea-ice coverage in September,
(e) NH sea-ice volume (in 1012 m3) in March and(g) NH sea-ice volume in September. Right: the impact by road transport, shipping and
aviation, separately for their CO2 and non-CO2 impact on(b) NH sea-ice coverage in March,(d) NH sea-ice coverage in September,(f) NH
sea-ice volume in March and(h) NH sea-ice volume in September.

sults from shipping, causing a 3 mm decrease in 2000 and
almost 8 mm in 2100. The CO2 impact from shipping or
aviation and the non-CO2 impact from aviation are similar,
leading to a rise in sea level of around 4 mm in 2100. The
non-CO2* approach for aviation shows almost no impact.

IPCC (2007) report a sea level rise due to thermal expan-
sion of between 130 and 320 mm (anthropogenic impact in
2090–2099 relative to 1980–1999, scenario A1B), and be-
tween 210 and 480 mm for the total sea level rise. This in-
dicates that thermal expansion contributes to more than 50 %
of the total rise in sea level, and shows that our results are at
the low end of their range.

Sausen and Schumann (2000) estimated the rise in sea
level due to emissions from aviation. Their results were ob-
tained using an SCM (see Sect. 3.3), whose calibration was
based on an AOGCM that accounted for the rise in sea level
due only to thermal expansion. They included the impact

from melting ice-sheets by almost doubling the parameter re-
sponsible for the rise in sea level in the SCM. They found in
2100 increases in sea level by 6.5, 11.2 and 18.6 mm for their
scenarios Fa1 (that best corresponds with our aviation emis-
sion scenario A1B), Eab and Eah, respectively, compared
with our values of between 3.5 and 8.5 mm in 2100 due to
thermal expansion only.

4.3 Meridional overturning circulation

Figure 20e shows the evolution of the MOC. It is calculated
as the maximum of the depth integrated northward mass flux
at 30◦ N in the Atlantic Ocean. As our ocean model grid is
not regular in the NH, the location of the integration varies
slightly between around 33 and 27◦ N. Compared with ocean
temperature and sea level, there is a much stronger inter-
annual variability. In our model, the MOC of the reference
simulation between 1860 and 1970 varies mainly between 21

Fig. 21.Left: time series in the reference simulation of(a) NH sea-ice coverage (in 1012m2) in March,(c) NH sea-ice coverage in September,
(e) NH sea-ice volume (in 1012m3) in March and(g) NH sea-ice volume in September. Right: the impact by road transport, shipping and
aviation, separately for their CO2 and non-CO2 impact on(b) NH sea-ice coverage in March,(d) NH sea-ice coverage in September,(f) NH
sea-ice volume in March and(h) NH sea-ice volume in September.

half of the 21st century, showing large variability within and
among the different simulations. Importantly, two of the sim-
ulations have no sea-ice in 2100 in the Arctic in September.
The large variability in the Arctic sea-ice cover corresponds
with a large variability in the local surface air temperature.

From all transport sectors, we see small impacts in March
and large impacts in September. In addition, the CO2 im-
pact in September from road transport is very different before
2050 compared with after. This is due to the fact that in the
perturbed simulation there is no sea-ice in March from 2050
onwards, and the sensitivity is therefore reduced. The ac-
tual impact is therefore expected to be larger than indicated.
Similar sudden changes can be seen around 2070 for the CO2

impact from shipping and aviation, and for the non-CO2 im-
pact from aviation. Figure21e–h shows the evolution of the
sea-ice volume (in 1012 m3) in the Arctic. Due to the total
anthropogenic impact, the sea-ice volume decreases consid-
erably in March in the 21st century, which was not the case
for the sea-ice extent. Further, all transport sectors show the
same reduced sensitivities in September at the end of the 21st
century.

4.5 El Niño

In Fig. 22a we show the anomaly in the Niño 3.4 index (5-
month running average sea surface air temperature over the
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Fig. 22. (a) Evolution of the Niño 3.4 index anomaly over the
1860–2100 period for the 3 simulations forced by the total anthro-
pogenic forcing (reference value calculated as the ensemble mean
over 1971–2000).(b) Mean impact on the Niño 3.4 index of the dif-
ferent transport sectors over 2050–2099: the first three bars indicate
the non-CO2 impact (black for the dynamic O3 approach, blue for
the fixed O3 approach), the following two bars the CO2 impact, and
the last bar the total anthropogenic impact.

and 25 Sverdrup (Sv), values slightly higher than late 20th
century observations. In 2100, the model predicts a decrease
of the MOC down to 13–15Sv for the total anthropogenic
impact. Our modeled slowdown of the MOC corresponds
well with results obtained in IPCC (2007).

Figure 20f shows the transport impact on the MOC. The
CO2 road emissions lead to a decrease of 0.8 Sv in 2100,
corresponding roughly to 10 % of the total anthropogenic im-
pact. The non-CO2 impact from shipping is positive, while
all the other impacts are rather small.

4.4 Sea-ice

Figure 21a–d shows the impact on the sea-ice extent in the
Arctic (in 1012 m2) at the end of the winter (March) and at
the end of the summer (September) from total anthropogenic
influence (left) and from the transport sectors (right). It indi-
cates that the maximum extent of the sea-ice cover in March
is not affected very much by the changing climate, with quite
good agreement among the different simulations. In Septem-
ber, however, the sea-ice cover decays strongly in the second
half of the 21st century, showing large variability within and
among the different simulations. Importantly, two of the sim-
ulations have no sea-ice in 2100 in the Arctic in September.
The large variability in the Arctic sea-ice cover corresponds
with a large variability in the local surface air temperature.

From all transport sectors, we see small impacts in March
and large impacts in September. In addition, the CO2 im-
pact in September from road transport is very different before

2050 compared with after. This is due to the fact that in the
perturbed simulation there is no sea-ice in March from 2050
onwards, and the sensitivity is therefore reduced. The ac-
tual impact is therefore expected to be larger than indicated.
Similar sudden changes can be seen around 2070 for the CO2

impact from shipping and aviation, and for the non-CO2 im-
pact from aviation. Figure 21e–h shows the evolution of the
sea-ice volume (in 1012 m3) in the Arctic. Due to the total
anthropogenic impact, the sea-ice volume decreases consid-
erably in March in the 21st century, which was not the case
for the sea-ice extent. Further, all transport sectors showthe
same reduced sensitivities in September at the end of the 21st
century.

4.5 El Niño

In Fig. 22a we show the anomaly in the Niño 3.4 index (5-
month running average sea surface air temperature over the
domain 5◦ S–5◦ N, 120–170◦ W, Trenberth, 1997) for the ref-
erence simulations with the total anthropogenic impact. The
reference period is 1971–2000. One sees that the anomaly
in Niño 3.4 index increases in the 21st century. Figure 22b
shows the impacts from transport on the Niño 3.4 index over
the 2050–2099 period, and for reference the total anthro-
pogenic impact is also indicated. The strongest impact is that
from CO2 from road transport, which contributes to around
15 % of the total. The non-CO2 impact from shipping is
negative, whilst for aviation, the non-CO2* approach gives
a considerably smaller impact than the non-CO2 approach.

5 Conclusions

For the period 1860–2100 (SRES scenario A1B for 2000–
2100), we have studied the impact of road transport, mar-
itime shipping and aviation on climate with the atmosphere
ocean general circulation model CNRM-CM3.3. This is one
of the first studies with an AOGCM where the main forcings
of the transport sectors are explicitly taken into account.We
performed a reference simulation which represents the total
anthropogenic impact and several sensitivity simulationsto
estimate the impact of the transport sectors. We separately
estimated the impact from CO2 and from non-CO2 forcings.
As non-CO2 forcings, we included the impact of O3, CH4,
aerosols, contrails, CFC-12 and HFC-134a. Most of the
emission inventories we used were the ones generated within
the QUANTIFY project (http://www.ip-quantify.eu).

As a principal indicator of climate change we have looked
at global mean impacts. In the reference simulation, we
found an increase in annual global mean surface air temper-
ature of around 0.8 K in 2000, reaching 3.0 K in 2100. In
2000, the CO2 impact from all transport sectors together is
of the order of 0.1 K. The emission of CO2 from road trans-
port contributes to a global mean warming of 0.3 K in 2100,
while shipping and aviation each contribute to 0.1 K in 2100.

Fig. 22. (a) Evolution of the Nĩno 3.4 index anomaly over the
1860–2100 period for the 3 simulations forced by the total anthro-
pogenic forcing (reference value calculated as the ensemble mean
over 1971–2000).(b) Mean impact on the Niño 3.4 index of the dif-
ferent transport sectors over 2050–2099: the first three bars indicate
the non-CO2 impact (black for the dynamic O3 approach, blue for
the fixed O3 approach), the following two bars the CO2 impact, and
the last bar the total anthropogenic impact.

domain 5◦ S–5◦ N, 120–170◦ W, Trenberth, 1997) for the ref-
erence simulations with the total anthropogenic impact. The
reference period is 1971–2000. One sees that the anomaly
in Niño 3.4 index increases in the 21st century. Figure22b
shows the impacts from transport on the Niño 3.4 index over
the 2050–2099 period, and for reference the total anthro-
pogenic impact is also indicated. The strongest impact is that
from CO2 from road transport, which contributes to around
15 % of the total. The non-CO2 impact from shipping is
negative, whilst for aviation, the non-CO2* approach gives
a considerably smaller impact than the non-CO2 approach.

5 Conclusions

For the period 1860–2100 (SRES scenario A1B for 2000–
2100), we have studied the impact of road transport, mar-
itime shipping and aviation on climate with the atmosphere
ocean general circulation model CNRM-CM3.3. This is one
of the first studies with an AOGCM where the main forcings
of the transport sectors are explicitly taken into account. We
performed a reference simulation which represents the total
anthropogenic impact and several sensitivity simulations to
estimate the impact of the transport sectors. We separately
estimated the impact from CO2 and from non-CO2 forcings.
As non-CO2 forcings, we included the impact of O3, CH4,
aerosols, contrails, CFC-12 and HFC-134a. Most of the

emission inventories we used were the ones generated within
the QUANTIFY project (http://www.ip-quantify.eu).

As a principal indicator of climate change we have looked
at global mean impacts. In the reference simulation, we
found an increase in annual global mean surface air temper-
ature of around 0.8 K in 2000, reaching 3.0 K in 2100. In
2000, the CO2 impact from all transport sectors together is
of the order of 0.1 K. The emission of CO2 from road trans-
port contributes to a global mean warming of 0.3 K in 2100,
while shipping and aviation each contribute to 0.1 K in 2100.
The contribution of CO2 from the transport sectors to the to-
tal anthropogenic temperature change increases from 12.5 %
in 2000 to 16.7 % in 2100.

The non-CO2 impact differs strongly among the different
sectors. For road, this impact is largest between 2000 and
2050 (order of 0.1 K) becoming smaller at the end of the 21st
century. The non-CO2 impact from shipping is clearly neg-
ative reaching−0.1 K between 2050 and 2100, while from
aviation it is positive but depends strongly on the treatment
of the O3 perturbations, reaching possibly 0.15 K in 2100.
This indicates that during the period 1900–2100, the net im-
pact of road transport on climate is positive and dominated
by its CO2 impact, the net impact of maritime shipping is
mainly negative only becoming neutral at the end of the 21st
century, while for aviation it is clearly positive and presum-
ably dominated by its non-CO2 emissions, even in 2100.

The use of an AOGCM also allows us to obtain geograph-
ical distributions of impacts. We observe an amplification
of the surface air temperature signal at the poles, especially
in the Arctic, both in the reference simulation, as well as
in the sensitivity simulations. However, while for road and
shipping the non-CO2 impact on the surface air temperature
is only slightly stronger in northern than in southern mid-
latitudes, the impact for aviation can be up to a factor of 5
stronger in the northern hemisphere. The geographical pat-
tern of the non-CO2 climate impact for road transport and
shipping coincides well with the total anthropogenic impact,
while for aviation it is different. We also found a strong im-
pact from the aviation non-CO2 forcing on the NAO index.

Focussing on the ocean, we see that for the total an-
thropogenic impact and most of the transport impacts, the
strongest deep ocean heating is observed in the southern mid-
latitudes, while for aviation there is a significant response
in the northern mid-latitudes. Further we find a rise in sea
level due to thermal expansion in 2100 of 17.6 mm for road
transport and 4.6 mm for maritime shipping and aviation.
The rise due to non-CO2 emissions in 2100 is of the order
of 1 mm for road transport,−6.6 mm for maritime shipping
and probably between−1.2 and 4.3 mm for aviation. This
can be compared with a total anthropogenic impact in 2100
of around 180 mm. An overview of our principal results on
surface air temperature and sea level rise can be found in Ta-
ble5.

In order to obtain detectable impacts, we used ensembles
of 3 members together with a five-fold amplification of the
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Table 5. Global mean surface air temperature change and sea level rise for selected years. The values are 11-yr means around the year
mentioned, and averaged over the different members of the ensemble. The non-CO2* forcing is as the non-CO2 forcing except for O3 where
prescribed O3 perturbation fields are used (see Sects.2.2.4and3.1).

Temperature [K]

1950 1975 2000 2025 2050 2075 2100 Uncertainty

Total anthropogenic 0.260 0.420 0.837 1.113 1.777 2.347 2.830 ±0.060

CO2 Road transport 0.001 0.033 0.037 0.098 0.177 0.259 0.308 ±0.012
Shipping or aviation −0.002 −0.003 0.007 0.029 0.013 0.084 0.094 ±0.012

non-CO2 Road transport 0.001 0.007 0.012 0.033 0.020 0.008 0.003 ±0.012
Shipping −0.024 −0.036 −0.053 −0.035 −0.053 −0.060 −0.076 ±0.012
Aviation 0.000 0.002 0.006 0.039 0.053 0.132 0.144 ±0.012

non-CO2* Road transport 0.008 0.009 0.006 0.034 0.034 0.015 0.005 ±0.012
Shipping −0.026 −0.041 −0.045 −0.044 −0.048 −0.066 −0.075 ±0.012
Aviation −0.011 −0.002 0.003 0.007 −0.004 0.020 0.021 ±0.012

Sea level rise [mm]

1950 1975 2000 2025 2050 2075 2100 Uncertainty

Total anthropogenic 9.3 14.5 30.8 49.3 85.3 134.2 179.1 ±0.8

CO2 Road transport 0.0 1.0 1.6 3.9 7.6 12.8 17.6 ±0.2
Shipping or aviation −0.1 −0.2 0.1 0.7 1.0 3.2 4.6 ±0.2

non-CO2 Road transport 0.1 −0.3 −0.3 0.6 0.6 0.4 0.6 ±0.2
Shipping −1.0 −2.3 −3.1 −3.6 −4.8 −6.0 −6.6 ±0.2
Aviation −0.1 −0.1 −0.2 −0.1 0.6 2.2 4.3 ±0.2

non-CO2* Road transport −0.1 −0.5 −0.4 0.8 0.6 0.5 1.0 ±0.2
Shipping −1.1 −1.7 −2.6 −3.3 −4.6 −6.3 −6.6 ±0.2
Aviation −0.1 −0.3 −0.5 −0.7 −0.8 −1.1 −1.2 ±0.2

transport induced forcings. If the forcings had not been am-
plified, a larger and computationally more expensive ensem-
ble would have been required. We found that the amplifica-
tion of the forcing did not excessively disturb variables such
as the surface air temperature. However, for quantities like
sea-ice extent or sea-ice volume in the NH in September (a
period when the sea-ice is very sensitive to variations in a
non-linear way), the method has shown some limitations.

Further, we also observed shortcomings in the model. The
impact from BC has probably been underestimated, which
affects the results for road transport but has very little effect
for the other two sectors. We also observed a significant neg-
ative temperature response from aviation at high latitudes,
probably caused by sulfate aerosols. It is unclear whether
this impact is very realistic. We found values for the O3 ra-
diative forcing which were considerably smaller than those
found in other studies for similar perturbations. Although the
O3 impact in the lower troposphere was well described using
the extended linear ozone scheme, there were important dif-
ferences in the upper troposphere and lower stratosphere for
the impact from aviation.

The results presented here are obtained using only one
AOGCM, and therefore the results should be interpreted with

care. Impacts on modeled temperature are closely related to
the climate sensitivity of the model, and the climate sensi-
tivity is known to vary significantly among models (IPCC,
2007, Table S8.1). However, relative impacts of the trans-
port sectors w.r.t. the total anthropogenic climate impact are
probably rather robust. The emissions that are the basis for
this study are based on the SRES scenario A1B storyline for
GDP development. This scenario is only one out of more
GDP scenarios (Nakicenovic et al., 2000). Moreover alter-
native assumptions for the implementation of fuel efficiency
and emission factors for the same A1B storyline have been
suggested (Lee et al., 2009; Eyring et al., 2005).

The modeling of impacts from transport would benefit
from the description of ice supersaturation in the model, and
the possibility to advect tracers which might be beneficial for
the contrail parametrization, the extended O3 parametriza-
tion, or for the inclusion of small scale chemistry effects
(Cariolle et al., 2009). In addition, a more extensive chem-
istry, an explicit description of aerosol processes, and an inte-
grated carbon cycle would further increase the model’s capa-
bility to describe impacts from transport. This would allow a
more coherent modeling and limit the dependency on results
from other models.
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Although 2100 was the time horizon for our simulations
based on the SRES scenario A1B, climate change is clearly
not stabilized at that time: one can still see strong trends
in the CO2 forcings and in the response of the surface air
temperature and ocean temperature. It is clear that in 2100
the CO2 impacts (total anthropogenic impact and individual
transport sectors) are still increasing considerably, suggest-
ing further important changes in the 22nd century.

Acknowledgements.This work was supported by the
European Union FP6 Integrated Project QUANTIFY
(http://www.ip-quantify.eu/) under contract no. 003893 (GOCE).
We would like to thank Marianne Lund for providing CO2 mixing
ratio time series, Gaby R̈adel for providing time series for CFC-12
and HFC-134a emission estimates, Pascal Laveau for his work
on the extended linear O3 scheme, and Keith Shine for useful
discussions and his comments on the manuscript. We gratefully
acknowledge the work of Activity 1 in the QUANTIFY project for
creating emission estimates for the transport sector.

Edited by: M. Schulz

The publication of this article is financed by CNRS-INSU.

References

Bakan, S., Betancor, M., Gayler, V., and Gral, H.: Contrail fre-
quency over Europe from NOAA-satellite images, Ann. Geo-
phys., 12, 962–968,doi:10.1007/s00585-994-0962-y, 1994.

Balkanski, Y., Myhre, G., Gauss, M., Rädel, G., Highwood, E. J.,
and Shine, K. P.: Direct radiative effect of aerosols emitted
by transport: from road, shipping and aviation, Atmos. Chem.
Phys., 10, 4477–4489,doi:10.5194/acp-10-4477-2010, 2010.

Berntsen, T. and Fuglestvedt, J.: Global temperature responses to
current emissions from the transport sectors, P. Natl. Acad. Sci.
USA, 105, 19154–19159, 2008.
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