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Abstract. For the period 1860-2100 (SRES scenario A1Btion CO, emissions. Non-C®changes are of the order of
for 2000—2100), the impact of road transport, maritime ship-1 mm for road transport-6.6 mm for shipping, and the es-
ping and aviation on climate is studied using an Atmospherdimate for aviation varies betweenl.2 and 4.3 mm. When
Ocean General Circulation Model (AOGCM). In addition to focusing on the geographical distribution, the non-G@-
carbon dioxide (C®) emissions from these transport sec- pact from road transport and shipping on the surface air tem-
tors, most of their non-C®emissions are also taken into perature is only slightly stronger in northern than in southern
account, i.e. the forcing from ozone, methane, black car-mid-latitudes, while the impact from aviation can be a factor
bon, organic carbon, sulfate, CFC-12 and HFC-134a fromof 5 stronger in the northern than in the southern hemisphere.
air conditioning systems in cars, and contrails. For the yeafurther it is observed that most of the impacts are more pro-
2000, the C® emissions from all sectors together induce nounced at high latitudes, and that the nonsGnissions

a global annual-mean surface air temperature increase dfom aviation strongly impact the NAO index. The impacts
around 0.1 K. In 2100, the CCemissions from road trans- on the oceanic meridional overturning circulation and the
port induce a global mean warming of 0.3 K, while shipping Nifio3.4 index are also quantified.

and aviation each contribute 0.1 K. For road transport, the
non-CQ impact is largest between 2000 and 2050 (of the
order of 0.1K) becoming smaller at the end of the 21st cen-;
tury. The non-CQ impact from shipping is negative, reach-
ing —0.1K between 2050 and 2100, while for aviation it is |n recent years, the evidence for anthropogenic impacts on
positive and its estimate varies between 0 and 0.15 K'in 2100¢|imate (PCC, 1996 2001, 2007 has increased. Where ob-
The largest changes in sea-level from thermal expansion igervational studies have shown that the global mean surface
2000 are 1.6 mm for the CQGemissions from road transport, aijr temperature has risen by around 0.8 K over the 20th cen-
and around-3mm from the non-C@ effects of shipping.  tury, modeling studies have demonstrated that this increase,
In 2100, sea-level rises by 18 mm due to the;@missions  n particular since the mid-20th century, can be attributed
from road transport and by 4.6 mm due to shipping or avia-mainly to anthropogenic influences. Each activity which
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alters the radiative properties of the atmosphere (by emisond indirect effect) of clouds as well as a semi-direct forcing
sion or formation of greenhouse gases (GHGs) and aerosolgjue to BC — these forcings are much more uncertainl{eee
or modifies the properties of the Earth’s surface (a change iret al, 201Q Eyring et al, 201Q Uherek et al.2010.
land-use can affect the local hydrological cycle or the albedo) Several modeling and observational studies have tried to
may have an impact on climate. A wide range of anthro-assess the global impact of contrails and aviation-induced
pogenic activities such as industrial production processesgirrus (e.g.Bakan et al.1994 Minnis et al, 2004 Marquart
agriculture, transport, power generation, or domestic heatingt al, 2003 Stordal et al. 2005 Burkhardt and Krcher
therefore possibly contributes to climate change. 2009 2011 Karcher et al.2010. Best estimates for the
Itis important to quantify the contribution from individual current radiative forcing due to contrail and aviation-induced
sectors such as road transport, shipping, or aviation to clicirrus impacts vary between 10 and 80 mW4r{Lee et al,
mate change, because this allows more informed assessmer##809. The most recent best estimates with the most detailed
of the potential effects of mitigation of emissions from these models of contrails and aviation-induced cirrus are at the
sectors, given the high growth rate of transport emissions idower end of this range, around 31 mW (Burkhardt and
comparison to other anthropogenic sources. Over the last tw&archer 2011). Detailed process studies show an increased
decades, many studies have been performed which addressadderstanding of the formation and properties of contrails
this question — three recent reviews presented current asseq$augam et al2010.
ments of the radiative forcing due to road (and rail) transport In addition to detailed studies focussing on one or a few
(Uherek et al.2010, shipping Eyring et al, 2010, and avi-  aspects of the impact of transport, some studies have tried to
ation (Lee et al, 2010 — see alsd-uglestvedt et al(2008. calculate its total radiative forcing-(iglestvedt et al2008
From the transport sector, an important contribution to cli- Penner et a).1999. For aviation, multiple assessments have
mate change is from carbon dioxide (gGemissions, but been made to assess its total imp&rtagseur et 81.1998
the emissions of other species, including short lived ones, ar®enner et al1999 Sausen et 2005 Lee et al, 2009. As
also important. Several studies have assessed the impact ofentioned earlier, impacts on climate of all three modes of
the emission of reactive gases (nitrogen oxides x,Nfar-  transport have recently been assessed (EU projects QUAN-
bon monoxide — CO or volatile organic compounds — VOCs) TIFY and ATTICA) (Lee et al, 201Q Eyring et al, 201Q
on tropospheric ozone ¢pand the hydroxyl radical (OH) Uherek et al.2010.
from road transportGranier and Brasseu?003 Niemeier The impacts on climate in terms of changes in temperature
et al, 2006 Matthes et al.2007), shipping Granier et al. and precipitation, are also of interest. Therefore, some stud-
2006 Eyring et al, 2007) and aviation Brasseur et al. ies use Atmosphere General Circulation Models (AGCMs)
1996 Kentarchos and Roelqf2002 Gauss et al.2006), or coupled to slab ocean models. Slab ocean models repre-
from all three sectorsHoor et al, 2009 Koffi et al., 201Q sent the ocean mixed layer but not the deep ocean, and they
Dahlmann et a).2011;, Myhre et al, 2011). The present-day use prescribed local tendencies to represent large-scale ocean
tropospheric @ changes lead to a radiative forcing between transport. These tendencies are assumed not to be affected by
10 and 30 mW m? for the different transport sectors indi- climate change, which might influence the quality of the cli-
vidually. These @ perturbations have a typical lifetime of mate predictions of this type of models. AGCMs coupledto a
a few weeks $tevenson et al2004. Through the impact slab ocean model are used to study the climate change which
of NOy emissions on the OH concentration, transport alsowould occur when the perturbation or anthropogenic influ-
affects the concentration of methane ({JHGenerally, this  ence is constant for a long period (eQfuber et al.2001,
is a reduction in the concentration of gHand therefore a 2005 Joshi et al.2003 Ponater et 2006, but are not able
negative radiative forcing; the GHeduction also leads to to describe so well the transient phase of climate change.
an associated reduction ingODue to the long lifetime of When the climate system is subject to a variable forcing,
CHjg, these perturbations have a lifetime in the order of 1 toits thermal inertia will cause a delay in its response. Ini-
2 decadesStevenson et 3l2004). For the current emissions tially, there is a fast response of the atmosphere, the land
from the transport sectors the net combined effect (frogn O surface and the ocean mixed layer with a characteristic time
and CH) for road transport and aviation is a positive radia- scale of 1 to 5yr (e.gdasselmann et al1993 Boucher and
tive forcing while it is negative for maritime shippiniyighre Reddy 2008 Olivié and Stuber2010. This fast response
etal, 2011). contributes around 60-80 % to the total long term response.
The emissions from the transport sectors also lead tdn addition, the deep ocean is responsible for a slow re-
increased concentrations of aerosols such as black carbaponse (which contributes 20-40 %) with an estimated time
(BC), organic carbon (OC) and sulfate. Aerosols have a discale in the order of 100 to 500yr. For the study of the
rect impact through their scattering and absorption of radiaimpact of the transport sectors, this inertia has been taken
tion. This impact has been assessed for the three transpairito account mainly in studies on aviatioBgusen and Schu-
sectors irBalkanski et al(2010 and inEyring et al.(2007) mann 200Q Ponater et al2005 2006 Lim et al, 2007 Lee
for shipping only. Aerosols also have an indirect effect by et al, 2009. Also slightly more complicated Simple Cli-
changing the albedo (first indirect effect) and lifetime (sec-mate Models (SCMs) which contain a simple representation
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of ocean and sea-ice thermodynamiesivey et al. 1997 sphere, and in Sect.their impacts on the ocean. In Sebt.
Skeie et al.2009, have been used. They all simulate rea- we present our conclusions.
sonably well the transient phase of climate charigeig-
shausen et gl2011ab), but do not give information on the
geographical distribution or seasonal variation of impacts. 2 Description of the model, forcings and experiments

A more complete but computationally more expensive ap-
proach is to use an Atmosphere Ocean General Circulatio?.1 The CNRM-CM3.3 AOGCM
Model (AOGCM) which contains a detailed description of
the atmosphere, ocean and sea-ice. Within the perspective dihe Centre National de Recherchesétdbrologiques
climate change, oceans play an important role in redistribut{CNRM) Coupled Model version 3.3 (CNRM-CM3.3)
ing heat, in mitigating atmospheric heating in the transient(Johns et al.2011) consists of the atmosphere component
phase due to their large thermal inertia, and in the radiativeARPEGE-Climat4.6, the ocean component OPA8.0 and the
balance due to the possible presence of sea-ice at high lagea-ice component GELATO2. CNRM-CM3.3 is an updated
itudes (impact on albedo). Over the last decade, AOGCMsput very similar version of the CNRM-CM3.1 coupled model
have been used frequently to model the total climate impactised for simulations described 8alas-Mlia et al.(2009,
from anthropogenic forcinglPCC, 200). These models IPCC(2007) andOlivié and Stube¢2010.
are currently able to reproduce the temperature change ob- The atmosphere component ARPEGE-Climat4.6 is a spec-
served in the 20th century, and confidence exists in the qualtral model with a T42 horizontal resolution (equivalent to
ity of their projections of future climate chand@®CC, 2007, about 2.8x2.8°) and 31 hybrid sigma levels (model top at
Chap. 8). This confidence is stronger at continental than rel0hPa). Turbulent vertical fluxes and dry convection are
gional scales, and higher for variables as temperature than fatescribed byRicard and Royef1993, and deep convec-
precipitation. However, although the AOGCMs are the mosttion (Bougeault 1985 is modeled using a mass-flux scheme
advanced tools, there remain important uncertainties in thavith Kuo-type closure. The cloud microphysics is also de-
representation of some processes, for example those definirggribed inRicard and Roye(1993, and the model does not
the strength of cloud-climate feedback3CC, 2007). Inad-  take into account ice supersaturation. The model uses the
dition, AOGCMs, when used to make global climate studiesFMR15 radiation schemeMorcrette 199Q 1991), which
over multiple decennia or centuries, cannot be expected teonsiders two shortwave and six longwave spectral bands.
describe all physico-chemical processes in the atmosphere ihhe model takes into account the radiative impact of water
great detail, e.g. emissions, formation and transformation of/apour (H0), of the well-mixed GHGs C& CHa, N20,
aerosols and chemical species, and possible removal mech&FC-11, CFC-12, and of thez0and aerosol distributions,
nisms. Therefore, distributions of long-lived GHGs are oftenas well as clouds. Six types of aerosols (prescribed as
assumed to be homogeneously distributed in the atmospheronthly mean 3-D climatologies) are considered: continen-
(COy,, CHy, nitrous oxide — NO, and chlorofluorocarbons tal (including BC and OC), marine, desert, volcanic, strato-
— CFCs), but their global concentration might evolve with spheric, and sulfate aerosols. The model takes into account
time (according to a prescribed scenario). For aerosols antheir direct effect, and the indirect effect of sulfate aerosols
O3 (or its precursors) which, due to their shorter lifetimes, based on a parametrisation Bbucher and Rodh€1994
are inhomogeneously distributed in the atmosphere, threeand Boucher and Lohman(1995 with a calibration from
dimensional (3-D) prescribed climatologies are often usedPOLDER satellite datafuaas and Boucheg2005. The G
based on calculations from more detailed models. Here walistribution is determined by a parametrisation of its homo-
present one of the first studies where an AOGCM is used t@eneous and heterogeneous chemisdariplle and EqLg,
assess the impact of the transport sectors on climate. Ust986 Cariolle et al, 199Q Cariolle and Teyssdre 2007)
ing an AOGCM allows the study of geographical distribu- (see further in Sec.2.4. The model contains a descrip-
tions of changes in surface air temperature, precipitation andion for river routing from Tokyo University@ki and Sud
cloud cover, and to quantify impacts on typical ocean param-1998 Oki et al, 1999. Changes in land use are introduced
eters such as ocean 3-D temperature, sea-level rise, and tilerough a modification of the fractions of crop and pasture
meridional overturning circulation (MOC). We study the pe- types in the land-surface classification, and the resulting sur-
riod 1860-2100 and perform full 240-yr long integrations. face properties have been computed with an updated ver-
We focus on the impact of road transport, maritime shippingsion (ECOCLIMAP-2) of the ECOCLIMAP vegetation map
and aviation, and distinguish between the impact fromp CO (Champeaux et al2005. Both the ocean model OPA8.0 and
emissions and the impact from all other emissions (which wethe sea-ice model GELATOZS@las-Mlia, 2002 are grid
call, collectively, non-CQ). point models and share the same mesh of<IE&2 points.

In Sect.2 we describe the AOGCM which is used, the OPA8.0 has 31 levels, including 10 levels in the upper 100 m
emissions from the transport sectors that are taken into acef the ocean.
count, and the simulations which are performed. In Sgéct.  The principal changes w.r.t. CNRM-CM3.1 are a revi-
we analyze the impacts of the transport sectors on the atmasion of the atmosphere-ocean coupling through OASIS2.2
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to achieve a better conservation of the energy fluxes durinduel efficiency improvement is projected over the whole pe-
interpolations between the atmosphere and the ocean gridsiod 2020—-2100 (1 % yr'), and the emission factor for NO
Moreover, in the ocean and sea-ice models minor correcis assumed to decrease up to 2050 and remain constant there-
tions have been implemented to improve energy conservaafter. For shippingEyring et al, 2005 2010 Eide et al,
tion. These improvements have led to reduced drift in the2007), it is assumed that gas usage will increase rapidly and
ocean temperature fields and in surface air temperature. Fstrongly, and legislation for reduced emission factors will be
nally, the atmospheric component of the model was updatedimplemented at a moderate pace. One assumes that around
from version 3 to 4.6. 2050 maritime shipping will have fulfilled the full potential
The model (version CNRM-CM3.1 and CNRM-CM3.3) for emission reduction for the given engine types and fuel
has been used to simulate both past and future climate chandgpes Eide et al, 2007). The estimated use of biofuels is
(Salas-Mlia et al, 2005 IPCC, 2007 Johns et a.2011). moderate for shipping and low for aviation.
In the historical simulation of the period 1860-2000 with  From the transport sectors, we take into account 6 differ-
CNRM-CM3.3, the heating (global mean surface air temper-ent forcings. This includes for all sectors, the forcing from
ature) over the 1901-2000 period was 0.7 K, being slightlyCO,, CH4, O3, and aerosols. In addition we take into account
smaller than the observed trend over the 20th century (0.8 Kthe emissions of CFC-12 and HFC-134a from road transport
Brohan et al.2006. Sea-ice distributions were reasonably (from air conditioning systems in cars), and contrails and
well modeled Salas-Mtlia et al, 2005, and the deep con- aviation-induced cirrus. The perturbations from £ QHy,
vection sites simulated by OPA8.0 within CNRM-CM3.1 CFC-12 and HFC-134a are assumed to be homogeneous per-

were found to be realisticuémas and Salas-dlia, 2008. turbations (both horizontally and vertically), while the other
perturbations have a geographical and vertical distribution.

2.2 Forcing agents In Sect.2.2.1to0 2.2.6 we describe the forcings in more de-
tail.

To model the climate change over the period 1860-2100, Most of the emission data we use were developed during
CNRM-CM3.3 takes into account changes in well-mixed the QUANTIFY project, and can be found dritp://www.
GHGs, aerosols, total inorganic chlorine, and surface properip-quantify.eu{Borken et al,2007). These data are spatially
ties. Changes in the total solar irradiance and aerosols resulttisaggregated with a°k1° horizontal resolution for each
ing from volcanic eruptions are not taken into account. Fortransport sector for the years 2000, 2025, 2050, 2100, and
the period 2000-2100 we consider the SRES scenario A1Bilso include time series of decadal global emission estimates
(Nakicenovic et al.2000. The A1B scenario is based on the for the complete period 1860-2100. In this study we have
assumptions, for the 21st century, of rapid economic growthtaken the point of view that we limit the transport activity
further population increase until 2050 and a decline there+o the tailpipe emission plus the direct energy consumption
after, global adoption of efficient technologies, and a bal-to generate the fuel. An overview of the emissions by road
anced reliance on fossil- and non-fossil-fuel energy sourcestransport, maritime shipping and aviation can be found in
In comparison to other SRES scenarios, this scenario resultfablesl, 2, and3.

in a middle-of-the road increase in anthropogenic forcing. As

the original SRES scenarios are not disaggregated enoug2,2.1 Carbon dioxide

this general storyline was translated into specific emission

scenarios for each transport sector individually €fring  Of all the CGQ emitted in the atmosphere, about 10 % disap-
etal, 201Q Lee et al, 201Q Uherek et al.2010. The trans-  pears from the atmosphere on relatively short time scales of
port emission estimates for the 21st century are based on trafround 1 to 2 yr. A large proportion of the emitted £€ays

fic demand estimates (which are assumed to be mainly drivemuch longer in the atmosphere as it is taken-up only slowly
by the gross domestic product (GDP) and population develby oceans during the centuries following its emission. A sig-
opment), fuel efficiency estimates, and emission factor estihificant fraction (between 20 and 30 %) of the £@mains
mates (emission factors indicate how much,W&D,/BC/... in the atmosphere on time scales longer than 1000yr, CO
is emitted per unit fuel burnt). A distinction is made between has thus a long residence time and is rather well mixed in the
different world regions, different vehicle, ship and aircraft troposphere and the stratosphdRQC, 2007).

types, different engine types and different fuel types. In sce- Figure 1la shows the evolution of the GCconcentra-
nario A1B, fuel consumption is assumed to grow for all threetion from 1860 until 2100 assuming the A1B emission sce-
sectors, with some stabilization for road transport in the sechario as developed in QUANTIFY for the transport sectors
ond half of the 21st century. For road transptthérek et al. (http:/lwww.ip-quantify.el/ and the remaining COemis-
2010 itis assumed that emission standards will be taken ovesions from the respective marker scenafiaifg et al.2000.

in the next decades on a global scale such that it will ulti-The CGQ concentration has risen from 286 ppmv in 1860
mately lead to a net decrease in Nénissions from 2030 on, up to 360 ppmv in 2000. One sees a further increase up
despite the sustained increase in fuel consumption. For avigdo 700 ppmv in 2100. Figur@ shows the distribution of
tion (Lee et al, 2009 2010 Owen et al. 2010, a sustained the CQ emissions in 2000 from road transport, maritime
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Table 1. Time series of road transport emissioB®tken et al. 2007 Uherek et al.201Q http://www.ip-quantify.eld. NOx emissions are
given as equivalent N

NOy cO CO BC oC SQ@ CFC-12 HFC-134a
Tgyrl Tgyrl Tgyrl! Tgyrl Tgyrl Tgyrl Tgyr! Tgyr?
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 emissiorEn@iresen Table 3. Time series of aviation emissionkge et al, 201Q http:

et al, 2003 Eyring et al, 201 http:/Aww.ip-quantify.ey [hwww.ip-quantify.eu).
NOy CO, BC ocC SG
Tg yrfl Tg yrfl Tg yrfl Tg yrfl Tg yrfl NOx CO, BC oC SO
Tgyrt Tgyr! Tgyrl Tgyrl Tgyr?

1900 0.34 109 0.0062 0.0160  1.280

1910 0.52 167  0.0095  0.0244 1.957 1940 0.09 28 0.0002 - 0.0036
1920 0.66 213  0.0121 0.0312 2.500 1950 0.19 61  0.0005 - 0.0078
1930 0.77 247  0.0140  0.0362 2.800 1960 0.41 132 0.0010 - 00168
1940 1.11 198  0.0112  0.0290 2.400 1970 0.89 286  0.0021 - 0.0363
1950 2.12 261 0.0148 0.0383  3.800 1980 1.34 407 0.0030 - 00516
1960 4.10 350 0.0199 0.0513  5.500 1990 2.04 549 0.0041 - 0.0645
1970 11.10 480 0.0273  0.0703 7.600 2000 2.80 677  0.0050 - 0.0873
1980 11.44 504 0.0286 0.0738 7.000 2010 3.29 832 0.0062 - 01029
1990 12.13 534 0.0303 0.0783 6.900 2020 4.00 1062 0.0078 - 01439
2000 14.98 626  0.0355 0.1198 8.721 2030 .12 1449 0.0105 - 02252
2010 17.43 845  0.0457  0.1543 8.553 2040 6.54 1975 0.0140 - 03071
2020 19.88 1065 0.0559  0.1888 8.384 2050 7.50 2418 0.0169 - 03760
2030 22.56 1393 0.0700 0.2364  8.520 2060 9.51 3066  0.0214 - 03815
2040 25.48 1832 0.0880  0.2972 8.960 2070 11.28 3634 0.0254 - 03392
2050 28.40 2271  0.1060 0.3580  9.400 2080 12.91 4161 0.0290 - 0.2590
2060 29.75 2811 0.1128  0.3808 7.705 2090 14.42 4647 0.0324 - 0.1446
2070 3111 3350 0.1196  0.4036 6.009 2100 15.72 5067 0.0354 - 0.0051

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
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shipping and aviation. Because the CNRM-CM3.3 modelcars span the 1970 to 2010 period and peak around 1990—-
does not represent the carbon cycle, it does not usg C01995, HFC-134a emissions span the 1993—-2053 period and
emissions as input data but needs prescribed €ihcen- peak around 2015). We do not take into account the impact
trations. These are taken from simulations with a SCMfrom these extra CFC-12 and HFC-134a emissions on strato-
(Skeie et al.2009 including a description of the carbon cy- spheric Q destruction.Uherek et al (2010 estimated that

cle (M. Lund, personal communication, 2009). These SCMthis impact is smaller thar10 mW n12 in the period 1980—
simulations allow the derivation of the contributions from the 2000.

different transport sectors to the total €€bncentration and

it is this partitioning which is used in the CNRM-CM3.3 2.2.3 Methane

model. In our simulation, we use observed £&»ncen- i . _ )
trations until 2000 and the SCM modeled £Eoncentra- The gvolutlon qfthg Chimixing rat|(_)f0r the SRE_S scenario
tions from 2000 onwards. To avoid a discontinuity due to a”*1B 1S shown in Fig.1b: the large increase during the 20th

small difference of around 3.5 ppmv between the observecgentury continues in the first half of the 21st century followed

and modeled C@concentrations around 2000, we phase out y a decrease. The transport sectors also have an impact on
this transition over the period 1990—2010. the CH, concentration, not by direct GHemissions which

Once the C@ contribution from each sector is known, it are assumed small for the transport sectors, but by an en-

is possible to estimate the corresponding radiative l‘orcinghanced destruction of Giby increased OH concentrations

. . . ) related to NQ emissions. This impact is often expressed
aggri)m CQ, using the simple formula ifPCC (2001, Ta as a reduction of the CHiifetime (Prathey 1994. For the

transport volumes of the year 2008por et al.(2009 cal-
rco, (1) culated for each sector, the impact on the OH distribution.
rgoz’ As the reaction with OH is the principal sink of GHone

can use these results to obtain the reduction in @fetime
by each transport sector. For the year 2000, they found re-
ductions of the CH 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-stateuglestvedt et al1999. Their results

ere 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-

AF =535Wm?xlog

Whererg02 andrco, refer to the reference and perturbedCO
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.)

Figurelc shows the radiative forcing from G®y the dif-
ferent transport sectors. It is clear that road transport has th
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 casts (ECMWF).

o : We use OH perturbation fields very similar to those of
from shipping starts somewhat earlier (around 1900) than . : .
the contribution from aviation (around 1940). The radiative Hoor et al.(2009, derived from simulations by 3 CTMs (p-

forcing estimates compare reasonably well with the vaIuesTOMCAT’ LMDZ-INCA and Oslo-CTM2) which used up-

in Fuglestvedt et al(2008 for the year 2000 who obtained 32ted emissions for road transport and aviatidaf{ et al.,

150 mW n2 for road transport and 35 and 21 mW-Anfor 201Q Hodnebrog et al.2013). In addition to transport vol-
shipping and aviation, respectively. 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

Air conditioning systems in cars currently contain CFC-12 these 3 CTMs, Chilifetimes and lifetime changes for the
and HFC-134a, and these GHGs can end up in the atmoY€ars 2000, 2025 and 2050 are calculated. For intermediate

sphere due to leakage or at the end of the car's lifetime/€arS OVer the period 1860-2100 where no CTM results are
(Clodic et al, 2005. Their radiative impact can be as large available, we linearly interpolate or extrapolate the,Qif¢-
as 20mWm2 and it is therefore taken into account here M€ scaling the Chilifetime change caused by a specific
(G. Radel, personal communication, 2009). CFC-12 angSector with the total global Npemission from that sector.

HFC-134a are also used in cooling and freezing systems foirhe time series of the t(_)tal NQer_nission for the_ different
the transport of goods, but we do not take this into account.seCt%rT, are shor\]/vn in Fidg. d Using Fhesi Ch-lhllfetlmes
Figurele shows the radiative forcing by these two gases. For* and lifetime c ang?m an assum|_ng.t at the transport
the radiative efficiency we use 0.32 and 0.16 Wappb-1 sector doe; not contribute to the ﬁ:éhwlss_lons, one can cal-
for CFC-12 and HFC-134a, respectivelPCC, 2001, Ta- culate the impact of the.reducgd Q:Iert!me on the CH
ble 6.7). Due to the relatively long lifetimes (100 and 14 yr concentration from the differential equation

for CFC-12 and HFC-134a, respectively), their effect goes ONdArch, _ Arch, N r8H4 At

well beyond the emission periods (CFC-12 emissions from a . : 7’ (2

2.2.2 CFC-12 and HFC-134a
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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 the evolution
of (a) CO, 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 CQ, (d) radiative forcing from CH, (e) radiative forcing from CFC-12 and HFC-134a from road transport,

(f) global annual fuel consumption, and emissions (@M Oy, (h) BC, (i) OC and(j) SO».

200

100

500 1000 gram[CO ] m? yr*

Fig. 2. Global maps of the annual G@mission estimates (in gram[GIm—2yr—1) for the year 2000 from road transport (left), maritime
shipping (middle) and aviation (right). For more details, 8seken et al.(2007), Endresen et al(2003, Lee et al.(2010, andhttp:
Ilwww.ip-quantify.eu/
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where one takes the background evolution of meth@n,_@ tive below a threshold temperatufg = 195K and for so-
from IPCC (2001, Appendix Il). In this approach we disre- lar zenith angles smaller tha. = 90°. The coefficients
gard the stratospheric and soil sinks for £With lifetimes cs,...,c13 describe the linearized impact of NOCO and

of 120 and 160 yr, respectiveJRCC, 2001). Also, one must  H>O on the net @ production. In this setup the NOCO

be aware that the reference ¢lifetime is based on the men- and RO fields can be seen as external forcings, in the same
tioned CTM simulations and does not necessarily agree withway AOGCMs often use prescribed aerosol climatologies.
the lifetime used iHPCC (2001, and therefore might ham- The zonal-mean distributions of the N@erturbations can
per a coherent reconstruction. Figur@ shows the reduc- be seen in Fig3a, representative for June-July-August (JJA)
tion of radiative forcing due to CHperturbations for the around the year 2000. In the current study, we do not use
different sectors, calculated usinBCC (2001, Table 6.2).  the dependency on the;B concentration, and for CO we
Shipping has the strongest impact on the,Qifétime (Hoor only use it for the impact from road transport. To obtain the
et al, 2009 and thus on its concentration and radiative forc- net G; production for other years than 2000, 2025 or 2050,
ing. Both shipping and aviation show an increasing impact ofwe scale the NQand CO perturbation fields with the total
CHyg in the 21st century due to increasing Némissions. At global NG, and CO emissionshftp://www.ip-quantify.eu/.

the end of the 21st century the impact from aviation oyCH  In a second approach (fixecs@pproach), we use the 3-D
even equals the shipping impact. We do not take into accoun©s perturbations originating from the CTMs directly in the
the impact from CH-induced Q changes, which might add AOGCM. These perturbations can be seen in Bigand are

an extra 42 % negative radiative forcingdor et al, 2009. added to the backgroundsQ@lescribed by Eq.3), but now
with ¢g = cg = c10=c11 = c12 =c13=0. To obtain perturba-
2.2.4 Ozone tion fields for years other than 2000, 2025 or 2050, we scale

the G; perturbations with the NQemissions, assuming that
NOy is the predominant factor for tropospheric and lower
stratospheric @perturbations.

CNRM-CM3.3 contains a simplified $chemistry descrip-
tion which was specifically developed to simulate strato-
spheric Q in AGCMs (Cariolle and Bque, 1986 Cariolle
et al, 199Q Cariolle and Teyszdre 2007. To be able 555  contrails and aviation-induced cirrus
to account for the tropospheric and lower stratosphegc O
changes induced by the transport sectors, we additionally usgynen describing the clouds generated by aircraft, one usu-
information from the CTM simulations mentioned earlier. ally distinguishes between linear contrails (condensation
From these simulations, the impacts of transport @NDy,  {rajls) and aviation-induced cirrus. Contrails are line-shaped
CO, and many other atmospheric components (e.g. OH, segjrrys clouds produced in the wake of an aircraft when hot
Sect.2.2.3 were obtained for the years 2000, 2025 and 2050.and moist air from the exhaust mixes with ambient air that
To take into account the£dmpact from transport, we use s pelow a critical temperatur&¢humann1996. Observa-
two different methods. In a first approach (dynamicalad-  tjonal studies have been performed using satellite images to
proach), we use an extended version of the linegs€deme.  estimate the presence of contraildannstein et a).1999.
As the tropospheric @production is strongly dependent on pifferent modeling studies have estimated the cloud cover
the NQ, and CO mixing ratio, the linear $parametrization  anq radiative forcing associated with linear contraiaf-
of the AOGCM (Cariolle and Teys=dre 2007 has been ex-  quart et al. 2003 Radel and Shing2008 Rap et al, 2010,
tended to take into account the impact of N@O and HO  \here the contrail coverage has been parameterized rely-
perturbations on the net:Qroduction. The net ©produc-  ing on observed values for the contrail formation frequency
tion P is approximated by (Bakan et al.1994. Lee et al(2009 estimated the impact in
2005 of 12 mW nt2. When linear contrails persist, they can
give rise to aviation-induced cirrus which due to the loss of
+ C7V(2:|y9(Tc —1)0(¢pc— ) the linear shape become indistinguishable from natural cirrus
clouds. Therefore aviation-induced cirrus is much more dif-
ficult to estimate Stordal et al(2009 have used 16 yr of ob-
with T the temperatures.o, the local overhead total £xol- servational cloud data (1984-1999) to estimate the increase
umn, ¢ the solar zenith anglé, the unit step function, and or decrease in the presence of cirrus, and derived a radia-
ross 'NOys co, andry,o the mixing ratios of the indexed tive forcing of 30 mW n? that includes both linear contrails
species. The coefficients,c1,...,c13 are zonal monthly  and aviation-induced cirrus. Recently, modeling studies have
climatologies derived with the 2-D stratospheric chemistry been performed which model the evolution and aging of con-
transport model MOBIDIC Cariolle and Teyssdre 2007). trails: Burkhardt and karcher(2009 2011) derived a radia-
Coefficientc; (< 0) represents stratospheric heterogeneoudive forcing of 31 mwW n2,
destruction withrcy, the total inorganic chlorine mixing ra- We use in CNRM-CM3.3 a simple description of the ma-
tio. The facto (T; — T)6 (¢, — ¢) with 6 the unit step func-  jor forcing from linear contrails and aviation-induced cir-
tion assures that the heterogeneous destruction is only acus. To model the possible presence of linear contrails and

P = co—l—cl(T—cz)+cg(Eo3 —C4)+C5(r03 —ce,)

+ cg(rno, —c9) +c10(rco—c11) +c12(rH0 —c13) . (3)
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Fig. 3. Contribution by road transport (left), shipping (middle) and aviation (right) to the distributiga)dfOyx (pptv), (b) O3 (ppbv),
(c) sulfate (ppt){d) BC (ppt), ande) OC (ppt) in JJA 2000. These contributions are obtained by off-line CTM simulationan@® NG, 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, logical analyses for 2003. For aviation, monthly 3-D fuel
we use a “recent exhaust” distribution obtained with a CTM consumption data are available for the years 2000, 2025,
(Teys®dre et al.2007). We model the distribution of this 2050, and 2100http://www.ip-quantify.el. The monthly
tracer for the years 2000, 2025, 2050 and 2100, taking asnean distribution of the “recent exhaust” tracer is used in
its source the fuel consumption, assuming a lifetime vary-CNRM-CM3.3 to indicate air masses affected by recent air
ing with height (i.e. 15h at 250 hPa and 2 h at 850 hPa), andraffic. We assume that high concentrations of this tracer
integrating the large scale transport with ECMWF meteoro-can induce a cirrus cloud if the temperature is bele®0°C
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Table 4. Time series of mixing ratios of GHGs and total inorganic cal depth, where the grey body em|ss.|V|ty-formuIat|0n had
chlorine as used in the reference simulation. been replaced by a two-stream approximation in order to ac-

commodate the prescribed optical properties of the contrail, a
CO, CH; N,O CFC-11 CFC-12 Chlorine value of 0.19 W m? was reported for CNRM-CM3.3, close
ppmv  ppbv  ppbv pptv pptv pptv  to the best estimate of 0.163Wth Myhre et al.(2009
further mention that for this experiment they found a strong

1850 285 792 276 12.5 0.0 484 o . L. .

1860 286 806 277 125 0.0 aga  Similarity in th(_a spatial pattern of the rqd|at|v9 forcing among
1870 288 821 277 125 0.0 484 the models, with rather low values at high latitudes. For years
1880 291 837 278 12.5 0.0 484  other than 2000, 2025, 2050 and 2100, we interpolate the 3-
1890 294 857 279 12,5 0.0 484 D recent exhaust tracer distributions scaling them with the
1900 296 879 280 12.5 0.0 484 global annual fuel consumption by aviation, which can be
1910 300 924 281 1255 0.0 485 found in Fig.1f.

1920 303 978 283 13.1 0.0 490

1930 308 1036 286 14.6 0.0 503 556 Aerosols

1940 311 1089 288 19.8 0.3 547 -

1950 811 1148~ 290 32.8 6.8 661 " The CNRM-CM3.3 model accounts for both direct and indi-
1960 317 1248 293 50.6 32.6 805 ff f Is. The indi ff is h i
1970 326 1386 296 134.0 1233 1321 rect effects of aerosols. The indirect effect is however lim-
1980 339 1547 302 3298 307.7 2424 |ted_t0 the sulfate component, which leads to an underesti-
1990 354 1694 308 563.3 485.2 3471 mation of the total indirect effect. As the transport sectors
2000 375 1760 316 653.5 535.0 3453 are a source of aerosols in the atmosphere, we take into ac-
2010 397 1871 324 778.3 527.3 3336 count the BC, OC and sulfate aerosols from the different
2020 425 2026 331 785.8 485.7 3009

transport sectors, and use monthly mean 3-D distributions

2030 458 2202 338 769.1 440.8 2622 which are available from simulations with the INCA-AER

2040 493 2337 344 834.0 399.6 2321

2050 531 2400 350 948 8 3623 2061 Model Balkanski e_t al. 2019, using the emissions from
2060 568 2386 356 1083.3 328.5 1850 http://WWW.Ip-quantlfy.eu/ Flgure 3c—e shows the zonal
2070 603 2301 360 1199.1 297.8 1683 Mmean distribution of the perturbation in BC, OC and sul-
2080 636 2191 365 1264.6 270.0 1546 fate aerosols induced by the different transport sectors in JJA
2090 667 2078 368  1303.4 244.8 1431  2000. We use these 3-D aerosol distributions in the AOGCM
2100 694 1974 372 13159 = 2220 1331 i 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.(201Q Table 2). However,
and if the relative humidity is above 80 %4del and Shine changes in pet incoming radiation at the TOA are quite dif-
2008. We impose this 80% limit as the current version ferent. BC mdt;_ces changes at the TOA of 1.15, 0.027 and
of the atmospheric model does not consider ice supersatlf2-00014 mWm* for road transport, shipping and aviation
ration. The relationship between the recent exhaust tracef€SPectively, which is at least a factor 40 lower than men-
and the presence of linear contrails or aviation-induced cir-ioneéd inBalkanski et al(2010. This will mainly have an
rus is calibrated to have a top of the atmosphere (TOA) ralMpact on the road transport sector (see Efg. With cor-
diative forcing of 0.024 W m? for the year 2000 (slightly rect forcings one would probably see a slight increase in the
lower than the 31 mW m? in Burkhardt and Krcher 2011). warming from the road sector, although this would depend
This value of 0.024 W m? is based on the assumptions that N the poorly understood semi-direct effect of BC on clouds.
the impact from linear contrails alone is 0.006 W#nin For OC we find equally small values. For sulfatezwe find
the year 2000Radel and Shine2009 and that the impact  ch1anges at the TOA of 32.2, ~95 and—4.5mWnr=for
of aviation-induced cirrus is 3 times larger than from lin- Fo2d transport, shipping and aviation, respectively. This is
ear contrails Euglestvedt et a1.2010. Using these distri- considerably more than the valuesHalkanski et al(2010),
butions in CNRM-CM3.3, we find TOA net radiative forc- which only included the direct aerosol effect. As we also in-
ings in 1980, 2000, 2025, 2050 and 2100 of 14.9, 24.1 44 oclude the first indirect aerosol effect, part of the differences
101 and 211 mW m?, respectively. In tests where we im- ¢@nbeattibuted tothat.
pose a global uniform contrail coverage of 0.01, 0.1 and 1 To obtain the aerosol distribution for years other than
with a contrail optical depth of 0.3, we find net TOA ra- 2000, we scale the 3-D distribution with the annual global

diative forcings of 0.16, 1.63 and 15.1W# This value BC, OC, and S@emissions (see Figh—j). Road transport
of 0.16 W nT2 corresponds well with the values mentioned is the main contributor to BC and OC emissions, while the

in Myhre et al.(2009 which is a comparative study among SO, emissions are strongest for shipping however showing a

different line-by-line radiative transfer codes and codes used29€ reduction at the end of the 21st century. The &is-
in AGCMs, including the one used in CNRM-CM3.3. For SIOns from aviation, that peak around 2050, are much lower

an experiment with a 0.01 global contrail cover at 0.3 opti- than from shipping.
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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 COor non-CQ emissions of one of the transport sectors are modified. The blue curve (box) denotes a simulation
without CO, emissions of one of the transport sectors, and the red curve (box) denotes a simulation with 5 times éh@<sns of the

same sector. The green curve (box) indicates a simulation with 5 times the npar@i€sions from one transport sector, using the dynamical

O3 approach. The purple curve (box) indicates a simulation with the same emissions but using the; fematdach (see Se@.2.4. A

simulation with doubled C®concentration (grey box) is used to derive the climate sensitivity.

2.3 Experiments tions using the dynamical £approach (which we will call
non-CQ, green line or box in Fig4), and simulations us-
We perform several simulations with the CNRM-CM3.3 ing the fixed @ approach (which we call non-G& purple
model over the period 1860-2100. A schematic picture of thdin€ or box in Fig.4). Each simulation is repeated 3 times,
different simulations can be found in Fig. The reference USing different initial conditions for the ocean, sea-ice and
simulation (see black curve and black box in Fjuses the ~ atmosphere, resulting in small ensembles of 3 members. The
standard forcings to model the evolution of the Earth’s cli- initial conditions for the members of the ensembles are taken
mate over the period 1860-2100 (scenario A1B from 2000{rom a pre-industrial simulation with a 10yr time interval.
onwards). The C@and CH, evolutions used are shown in Figure5 indicates how the use of ensembles and amplifica-
Fig. 1a—b, but also MO, CFC-11, CFC-12, the surface prop- tion of the forcings reduces the overlap between the uncer-
erties and the sulfate aerosol evolve with time. An overviewt@inty interval of the reference experiment and a perturbation
of the time series of prescribed GHGs as used in the refereXperiment: using more members in an ensemble reduces the
ence simulation can be found in Table Comparing this ~ Size of the uncertainty interval, and amplifying the forcing
simulation with a simulation under pre-industrial conditions increases the spacing between these intervals. Note that due

(grey box in Fig4) allows the derivation of the “total anthro- 0 non-linearity, the best estimate based on an amplification
pogenic impact”. of the forcing (red dot, Fig5) might be different from the

To study the impact of the different transport sectors, WeaCtuaI |mpac.t (Qrey S1 do).
perform a number of sensitivity simulations (also indicated AS the emissions of the transport sectors are assumed neg-
in Fig. 4), making separate simulations to quantify the.CO ligible before 1890, our perturbation simulations do not show
and non-CQ impact. The non-C@impact includes the ef- any impact before 1890. Because shipping and aviation have
fects from @, CH4, CFC-12 and HFC-134a, aerosols, and almost the same temporal evolution for their £€dntribu-
contrails. To study the C£&impact, we do two types of sim- fion in scenario A1B (see Fidc), we perform only one sim-
ulations, represented in the upper right panel of Big first ~ ulation that represents the G@npact for both sectors. We
one without the C@contribution from a certain sector (blue /S0 make a 100-yrlong simulation where we double the CO
curve), and a second one with five times the,G@ntribu- mixing ratio (grey box in Fig4) w.r.t. the pre-industrial value

tion from that sector (red curve). To study the non-G@- to estimate the climate sensitivity according3egory et al.
pact (see lower right panel in Fid), we perform simulations ~ (2004.
where we add 5 times the non-@@brcing from a certain Finally, we want to mention that we do not consider certain

sector w.r.t. the reference simulation. We perform simula-forcings from the transport sectors such as the impact of BC
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A 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: @, 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 @ non-

Forcing scaling > CO; impacts, and, as a reference, we also show the total an-

1 5 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®CC (2007).

Fig. 5. Schematic representation of the impact of ensemble size

and amplification of the forcing on the signal-to-noise ratio. There-3.1 QOzone

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 \we yse two different methods to take into account the O

once the forcing from a transport sector, and (S5) a simulation in'perturbations. In the first method (dynamicaj @pproach)

clud_lng 5 tlm_es Fhe forcing from t.hat transport sec_tor. The blackWe impose 3-D N and CO perturbations which are used
vertical bars indicate the uncertainty on the experiments best es:

timates. Increasing the ensemble size reduces these uncertainti&y the thended Ilnealr ;Osc?gme t‘? palculgte theh ng,ﬁjo
Note that due to non-linearity, the best estimate based on an ampliprOdUCt'on' The actual resultingz@nixing ratio might dif-

fication of the forcing (red dot) might be different from the actual fer considgrably from the prescribec @grturbations of the
impact (grey S1 dot). second (fixed @) approach, where we impose 3-1} Per-

turbations directly. Figuréa—d shows the impact from the

transport sectors on the evolution of the @ixing ratio at
on the formation of ice cloud$€nner et al2009 Liu et al,, 850 and 250 hPa in the SH and NH. At 850 hPa, there is a
2009, the impact of NO emissions (conversion of NO reasonable agreement between the dynamical and fixed O
into N2O in catalytic converters in cars), the impact of wa- approaches. The correspondence is rather strong in the SH
ter vapour emissions from aircraft in the upper troposphereand for shipping in the NH, but the impacts from road trans-
or lower stratosphere, the direct impact of £&imissions,  port and aviation in the NH differ by a factor of 2. In gen-
the impact of CH changes on stratospheric water vapour, eral, the dynamical approach leads to larggp@rturbations.
or the impact of CH changes on @ We also do not take For both approaches, we see stronger impacts in the NH than
into account the indirect impact of increased €ncentra-  in the SH. Shipping has the smallest hemispheric difference,
tions (from NQ, emissions) on the CQuptake by vegetation with an impact in 2100 of slightly more than 3 ppbv in the
(Sitch et al, 2007, Collins et al, 2010. Furthermore, in our NH and slightly less than 2 ppbv in the SH. The impact of
approach resultant climate impacts do not feed back or affectoad transport is strongest between 1990 and 2020, and de-
the forcing mechanisms. E.g. OH, NGnd Q distributions  creases rapidly after 2020. Finally one can see that at the end
for the year 2050 have been calculated using 2050 emissionsf the 21st century the impact of aviation and shipping are of
but using year 2000 (or 2003) meteorology, such that im-similar magnitude. At 250 hPa, the differences between the
pacts of possibly warmer and wetter conditions on the presdynamical and fixed @ approach become especially large
ence of these species are not taken into account. Expectddr aviation. The impact at 250 hPa is generally dominated
impacts of changes in precipitation on aerosol distributionsby aviation, whereas before 2020 the impact in the SH from
are not taken into account either. Several studd¥agseur road is dominant. The impact from aviation in the SH is al-
et al, 2006 Wu et al, 2008 Hedegaard et al2008 Koffi most a factor of 5 smaller than in the NH, a consequence
et al, 2010 investigated the impact of climate change on of the much stronger emissions in the NH, the short tropo-
tropospheric chemistry and aerosols. Over the period 2000spheric Q lifetime and the slow inter-hemispheric mixing.
2050,Wu et al.(2008 found that OH changes from climate  Figure6e—f shows the evolution of the totak@olumn in
change prevail on changes from emissions, whjelkanges  Dobson Units (DU), due to the total anthropogenic impact
are mainly driven by emission chang@&dsseur et al2006 (left, absolute columns), and due to transport impacts (right,
Wu et al, 2008 Koffi et al.,, 2010. Hedegaard et a{2009 changes in @columns). The @column is around 315 DU in
found both regions with increasing and decreasing wet depothe first part of the 20th century, but at the end of the 21st cen-
sition of aerosols, but none of these changes were significartury it reaches 325 DU. This increase is related to the impact
in their simulations. of a colder stratosphere in a changing climate @rc@ncen-

trations. The Antarctic @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 ©hole, we show the meanzO

Response

py)
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Fig. 6. Time series of the @evolution: impact from the transport sectors on thenlixing ratio at 850 hPa in th@) SH and(b) NH, and
at 250 hPa in théc) SH and(d) NH; total O3 column(e)in the reference simulation arff) impact from the transport secto(g) O3 mixing

ratio in the reference simulation at 50 hPa averaged over the 8@&-8€gion in September ar(fl) over the 60—90N region in March.
In (a), (b), (c), (d) and(f), full lines indicate the dynamical £approach and dashed lines the fixeglapproach. Ir{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 60-9th Septem-  These changes are in agreement with the total anthropogenic
ber in Fig.6g and over 60—90N in March in Fig.6h for the impact. For the non-C&@impact from aviation, the evolution

3 members of the reference simulations. One sees an imef the Q; column clearly shows again the strong difference
portant decrease in the 60<=30 O3 concentration in 1990— between the perturbations due to the non,@0ll line) and
2010, with an almost complete recovery up to pre-1960 val-the non-CQ* (dashed line) approaches.

ues in 2070-2080. This agrees rather well with results from

AGCMs with full stratospheric chemistry\(MO, 2010. 3.2 TOA forcing

CO, emissions from transport also have some effect on
the total @Q column (Fig.6f), probably due to a cooler strato- For CQ,, CH,, CFC-12 and HFC-134a, the radiative forcings
sphere: there is a small increase at the end of the 21st centufyom the transport sectors were presented in Eége. Here
of around 1 DU due to road transport (light blue line), and we present the TOA radiative forcing caused by @xed
less than 0.5DU due to shipping or aviation (purple line). O3 approach), contrails and aerosols. To obtain these values
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(a) TOA net SW radiative forcing ingly the values for the year 2000 are lower than the values
04— ‘ ‘ ‘ from Hoor et al.(2009 their Table 8), especially when one
03¢ g'r:ié”&rgﬁgé) : takes into consideration their lower road transport and avia-
T 02¢ ; tion emissions: they found 27.9, 27.3 and 16.3 mWrfor
z 0-1:’ E road transport, shipping and aviation, respectively. Our val-
0.0 —— s ues are also smaller than the onediyhre et al.(2011) who
01g E found 31, 24 and 17 mW nf. The discrepancy can be par-
-0.2 . . . . . . . ..
1900 1950 2000 2050 2100 tially caused py Q|ﬁerences in .the radla't|on scheme. For road
Time [yr] transport, shipping and aviation, the impact from aerosols
(b) TOA net LW radiative forcing and con_tralls_ is found to be28.4,—89.0 and 18.3 mW P
0.4 ‘ ‘ ‘ ‘ respectively in the year 2000. These values correspond rea-
0.3¢ /;:_(non-cgé 3 sonably well with the results for aerosols and contrails in
& 025 Ship(nonCo) Sects2.2.5and2.2.6 As the forcing from BC is very small
§ 0.1¢ . in our model, we find the total impact from road transport
Y T aerosols to be negative (this contrasts \tlglestvedt et a|.
01F 3 2008 Balkanski et al.201Q Uherek et al.2010. The value
-0.2E : : : : 3 for aviation is the sum of the positive impact from contrails
1900 1950 2000 2050 2100 S .
Time [yr] and the negative impact from sulfate. In 2100 we find forc-
TOA net radiative forcin ings of —0.7, —18.1 and 209 mW m? for road transport,
0.20F © et radigtve Toreing shipping and aviation, respectively. The strong decrease in

0.15F Air (non-CO,) the SQ emissions of shipping in the last 50yr of the 21st

o~ 010p ShiP(non-cO) century leads to this strongly reduced forcing in 2100.
E o0s5f ] In Fig. 8 we show global maps of the net TOA radiative
= 0.00 [ g e e I j impact from @ perturbations (rows a, b and c) and from
-0.05¢ ) E aerosol and contrail perturbations (rows d, e and f). The
-0.10¢ ‘ ‘ : 3 O3 perturbations are more zonally homogeneous than the
e 20 H9  summed aerosol and contrail perturbations, and for aviation

we see the strongest impact between 10 aritNdWhen fo-
Fig. 7. Time series of annual global mean impact of @erosols cussing on the aerosol and contrail impacts, we also see for
and contrails on TOAa) shortwave(b) longwave andc) net radia- ~ road a negative impact caused by sulfate (due to underestima-
tive fluxes from road transport (green), maritime shipping (blue) andtion of the BC impact). The impact is clearly stronger in the
aviation (red). The impact from £X(from the fixed Q approach)  northern hemisphere (NH). For shipping, the strongest im-
is indicated by the dashed lines, while the impact from aerosols angact is over the NH oceans, and this perturbation is clearly
contrails together is indicated by the full lines. greatest in the periods 1980-1999, 2011-2030 and 2046—

2065, in agreement with the time series of ;Sénissions.

. . For aviation, the strongest positive impact is seen over the
for the perlod.1860—2100., we perform the' radiative transfermOSt frequently used aircraft routes in the NH. In regions
c_alculatlon twice, once .W'th the transport mduceq perturba-of low air traffic however, we see some areas where the im-
tion agen'Fs,_and once \_N'thOUt them (for the d_ynamu:gaﬁ@_ . pact on TOA radiation is negative. This is clearest in the
proach this is not possible). The difference gives the radlatlv{eriod 2046-2065 in the NH over the Arctic, and over the
imbalance induced by the forcing agent. With this method

btain f h Cesimulati h di subtropical Atlantic and Pacific. As we do not find any of
we obtain rpmt & non-Cgsimulations the summed impact ,0qe signatures in simulations that included contrails only
from contrails and aerosols, and from the nons€€imula-

. h di ; i q s B (not shown), we attribute the local negative forcing to sul-
tions the summed impact fromgQxontrails and aerosols. By fae gyifate has a clear signature in the Arctic (see the avia-

taking the difference between these approaches one can al%%n sulfate distribution in Fig3c), is mainly confined to the

derive the fixed @impact. NH and peaks around the year 2050. As the lifetime of con-
Figure 7 shows the net TOA radiation impact from the trails and SQ/sulfate are different, one can have different

O3 forcing (dashed line) and from the combined aerosol anddistributions for their radiative forcing. Moreover the con-

contrail forcing (full line). The @ impact in 2000 is 23.5, trail and sulfate distributions result from two distinct CTMs,

16.8 and 13.5 mW ¥ for road transport, shipping and avi- driven by different ECMWF analyses.

ation, respectively, and evolves in 2100 to 0.7, 36.5 and

85.3mW nt2. Although the NQ emissions in 2100 are still 3.3  Surface air temperature

considerably lower for aviation than for shipping, their radia-

tive impact is considerably stronger — the radiative impact of Figure 9a shows time series of the global annual mean of

both sectors is of similar size around 2020-2030. Surpristhe 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 in the periods 1980-1999, 2011-2030, 2046—2065 and 2080-2099
by Oz perturbations fron{a) road transport(b) maritime shipping andc) aviation, by aerosols frortd) road transport an¢e) maritime
shipping, andf) by aerosols and contrails from aviation.

reference simulation. Around the year 2000, the tempera- Figure 9b shows time series of the impact of the trans-
ture increase is around 0.8 Kw.r.t. 1860, increasing by almosport sectors on the evolution of the global annual mean of
3.0Kin 2100. One notices that the three members of the enthe surface air temperature. The thin black lines show the
semble show a very similar behavior. Using the results fromannual global mean impact for the individual members of the
the pre-industrial and doubled G@imulation, we can de- ensemble, and the thick colored lines show the 11-yr run-
termine the climate sensitivity using the methodG@kegory  ning mean, averaged over the 3 ensemble members. For CO
et al. (2004 and find a value of around 0.8 K (WTR)~1, the impact of road transport is strongest, showing a temper-
which corresponds with a 2.97 K temperature increase for ature increase of around 0.05K in 2000, reaching 0.3K in
doubling of the C@ concentration. This is well withinthe in-  2100. For aviation and shipping, the temperature impact un-
terval mentioned itPCC (2007) of 2.1 to 4.4 K with a mean  til 2050 is small, reaching 0.1K in 2100. The non-£in-
value of 3.2 K. pact from road is strongest between 2000 and 2050 (around
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Fig. 9. Left: time series of annual global meéa) surface air temperaturég) precipitation, ande) 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(bhsurface air temperaturéd) precipitation, andf) cloud cover by road transport, shipping

and aviation, separately for their GOnon-CGQ and non-CQ* impact (the non-C@* 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.

0.05K), and reduces thereafter. This is mainly caused by aviation-induced cirrus. However, in the extended linegr O
strong reduction in the road transport emissions ofkxNl©®  scheme the @production in the upper troposphere seems to
the second half of the 21st century and of the earlier reduche overestimated (see Se8tl). Using the non-Cg* ap-
tions in the emission of CFC-12 and HFC-134a. Taking intoproach leads to almost no temperature signal, except for a
account a stronger impact of BC would probably strengthenvery small increase in the last part of the 21st century. Both
this behaviour. The non-CGQemissions from shipping show approaches probably are affected by the too strong negative
a negative impact on the temperature of arour@l05 to  forcing from sulfate aerosols (see Sezi2.§. Taking this
—0.1K over the period 2000-2100. This is caused by sig-into consideration together with the fact that the model is not
nificant SQ emissions leading to the formation of sulfate very sensitive to @ perturbations (see Se@.2.4, we as-
aerosols, together with a strong impact of OH on4Qy, sume that the actual impact from aviation will be somewhere
on the one hand, significant N@missions, and on the other in between the results for both approaches.

hand, a characteristic strong impact of N€hipping emis- Sausen and Schuma(2000 made projections of the im-
sions on the Chlifetime (Hoor et al, 2009. For the non-  pact of aviation on the global mean surface air temperature.
CO, impact from aviation we see a strong difference be-They included the impact from GOand G changes due
tween the non-C@and non-CQ* approaches, caused by to NO, emissions but not the impact from the reduction in
the rather different @ perturbations (see Fi@). The non-  the CH, lifetime or the impact from contrails or aviation-
CO; approach shows a positive impact reaching 0.15K ininduced cirrus. One should also note that the climate sen-
2100. This is caused by the strong increase in the BND-  sitivity of their SCM was rather low, i.e. 0.61 K (Wmg)~1.
ation emissions that are more than 2.5 times more efficientrhey found a temperature increase of 0.006 K in 2000, and
than the other transport emissions at producigg<@eHoor  for their scenarios Fal, Eab and Eah, respectively 0.025,
et al, 2009, and by the impact from the linear contrails and 0.033 and 0.050K 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 forcings shows a smaller impact at mid-latitudes (50-$0
0.25K for the non-C@ approach and around 0.15K using 40-5C N), but an amplification at the poles which is most
the non-CQ* approach.Skeie et al(2009 performed simu-  pronounced in the Arctic. The confidence intervals are larger
lations with a more evolved SCM, using the SRES scenariogloser to the poles and smaller in the extra-tropics to mid-
A1B, A2, B1 and B2, and calculated the combined CGod latitudes. Figurd 1b—i shows the C@and non-CQ impacts
non-CQ impact on surface air temperature for the different of the transport sectors on the annual zonal mean surface air
sectors. With a climate sensitivity of 0.8 K (WTH)~1, they  temperature. The COimpact from shipping and aviation
found for the A1B scenario, an annual global mean surfaceonly becomes clearly distinguishable in 2080-2099 (around
air temperature impact in 2100 of 0.38 K for road, 0.02 K for 0.1 K in low and mid-latitudes), with a large amplification
shipping, and 0.28K for aviation, which is in rather good in the Arctic. The impact from road transport is stronger:
agreement with our results. They used similar emission sceat low latitudes, it is significant as from 2011-2030 (0.1 K),
narios, however they took into account more forcings (strato-going up to 0.3K in 2080-2099, and shows also a strong
spheric water vapour feedback, methane ozone feedback, ..amplification in the Arctic. In contrast, the non-g@®npact
Berntsen and Fuglestve(®008 did a similar study but only  from road in the tropics and at mid-latitudes is strongest in
looked at the present-day impact. the periods 2011-2030 and 2046—-2065 and has large confi-

We now focus on the geographical distribution of the sur-dence intervals in the Arctic and Antarctic. From shipping,
face air temperature impact. In Figj0 we present the an- the non-CQ impact is negative everywhere (except at south-
nual mean changes averaged over the periods 1980-1996rn high latitudes for the period 2011-2030 when it is weakly
2011-2030, 2046—-2065 and 2080—2099 from the total anpositive), with similar values in 2011-2030 and 2046-2065
thropogenic impact (row a) and from the separate transporin the tropics and extra tropics, and larger ones at northern
impacts (rows b—g). Note the difference in the contour in- high latitudes. The strongest non-g®ignal is from avia-
tervals between the first row and the other rows. For thetion with a very asymmetric response of up to 0.3K in the
total anthropogenic impact, a clear signal can already beegion 20—60N in 2100. The non-C¢F approach however
seen in 1980-1999, which increases gradually until 2080-shows a much weaker signal, clearly positive between 20 and
2099. Continents show a considerably stronger impact thas0° N, but negative between 60 and°30. This local nega-
oceans, and the temperature over the Labrador Sea shows &ive impact is possibly a consequence of the over-estimated
even stronger negative temperature response in 2046—206%ilfate (see the aviation sulfate distribution in F3g) and
and 2080-2099. In the Southern Ocean, we also find ainderestimated ©impacts.
weak warming. A strong impact is also noticeable poleward To estimate the difference in geographical distribution of
of 65° N. These results compare well with results shown in the impacts, we quantify the correlation between the patterns
IPCC (2007, Fig. 10.8). of climate change in the different periods shown in Hi@.

For the road sector, we find a significant £@npact  For each impact in each period we calculate the correla-
of 0.2K over continents for 2011-2030, with some regionstion with the distribution that shows the strongest signal, i.e.
showing increases of more than 0.4 K in 2080-2099. Largethe total anthropogenic impact in 2080-2099. Similar com-
similarities with the total anthropogenic impact exist, e.g. theparisons have been performedICC (2007, Table 10.5),
stronger impact at high northern latitudes and the strongebut using different measure®vatterson1996. Figurel2a
impact over continents. For the G@npact from shipping  shows these correlations for the surface air temperature dis-
and aviation, increases of 0.2K over continents are seetribution. One sees a strong correlation for the first 3 periods
in 2080-2099. The non-COmpact for road transport is of the total anthropogenic impact, and for the Lithpact
slightly positive in 2011-2030 and 2046—-2065, whereas thafrom road transport. Further, we see a negative correlation
from shipping is clearly negative and rather constant overwith the non-CQ impact from shipping. For the non-GO
the 21st century, with some extremes over the continentsmpact from road, we see a positive correlation, which, how-
and over the northern high latitude regions. Using the non-ever, disappears in 2080—2099.

CO, approach, the impact from aviation is clearly positive  In the sensitivity simulations, we amplified the forcings by
by 2011-2030, and a steady increase is seen for the periodsfactor of five to derive the impacts from the different trans-
2046-2065 and 2080-2099 especially in the NH. Howeverport sectors. Whether such an amplification of the forcing is
using the non-Cg¥ approach, we observe a clearly positive justified is determined by whether the perturbations are still
signal over the NH mid-latitudes only in 2080—2099. small enough for the system to be in a linear regime (see

In order to investigate the latitudinal dependence of theFig. 4). For the strongest perturbation (i.e. where we model
impacts, we show the annual zonal-mean surface air tempethe CQ impact from road) we can expect the strongest non-
ature in Fig.11a. Results are shown for the periods 1980—-linearity. In the year 2100, we find an increase in global
1999, 20112030, 2046—2065 and 2080-2099, and are theean surface air temperature of 0.3 K due to the €Mis-
mean of the 3 members over the 20-year periods. We alsgions from road transport. This means that the actual tem-
indicate the 95 % confidence intervals with thin lines. The perature difference between the simulations is around 1.5K,
zonal mean temperature response to the total anthropogenighich is large w.r.t. a total climate change of around 3K. To
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Fig. 10. Global maps of the annual mean surface air temperature impact in the periods 1980-1999, 2011-2030, 2046—2065 and 2080—-209¢
caused bya) the total anthropogenic forcing, the G@rcing from (b) road transport ant) shipping or aviation, by the non-Gdorcing

from (d) road transport(e) shipping andf) aviation where we use the dynamicag @pproach to take into account the effect of, @nd

(g) by the non-CQ* impact from aviation (using the fixed £2approach). Notice that the contour intervals are 5 times larger for the total
anthropogenic perturbatida).
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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, GOmpact from(b) road transport an¢t) shipping or aviation, non-C&impact using the dynam-

ical Oz approach fold) road transport(e) shipping andf) aviation, and non-C&¥ impact using fixed @ approach fofg) road transport,

(h) shipping and(i) aviation. Thick lines are the mean over the 3 members and thin lines indicate the 95 % confidence interval.

(a) Temperature (b) Cloud cover (c) Precipitation

1.0F - 1.0f ] 1.0
- 05F B - 05F B - 05F B
2 r ] E ] S
B 00f ] 3 00F 9 T 00f e e S 1
S 3 S 3 ] S Anthrop. AiF(non-CO3~ .
o o O ggp 2mnrop. - ANAON-LLL s

05F B 05F ] 051 ship (non-co)) E

-1.0t -1.0F ] 1.0 Ship or air (CO)

1980-1999  2011-2030  2046-2065  2080-2099 1980-1999  2011-2030  2046-2065  2080-2099 1980-1999  2011-2030  2046-2065  2080-2099
Time [yr] Time [yr] Time [yr]
(d) Temperature (e) Cloud cover (f) Precipitation

1.0F 1.0F >O ] 1.0
- O05F P—— 1 - O05F E c 05 ——— E
2 L 2 L ] )
$ 00F ] S 00F E $ 00F E
S f S f i S Air (non-CO Ship (non-cO
O .osF E O sl ] S osh ( ,) p( )

-1.0f -1.0f 1 -1.0

1980-1999  2011-2030  2046-2065  2080-2099 1980-1999  2011-2030  2046-2065  2080-2099 1980-1999  2011-2030  2046-2065  2080-2099
Time [yr] Time [yr] Time [yr]
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Fig. 14. Annual zonal mean surface air temperature impact
from road transport for the perioda) 1980-1999(b) 2011-2030,

L2 . . ) ) (c) 2046-2065 andd) 2080-2099 using scaling 1 (dashed lines)
transport (red line in Figd) with a simulation with no C@ 514 scaling 5 (full lines). The thin lines indicate the 95 % confi-
emissions from road transport (blue line). The O@pact  gence interval.

from road transport can also be analyzed using the difference

between the reference simulation (black line) and the simula-

tion with no CQ emissions from road (blue line). Figui8 2011-2030 and 2046-2065 (although an indication of a low-
shows the evolution of the annual global mean surface ailatitude mid- to upper-troposphere temperature increase ap-
temperature for both approaches. The approach without ampears). In 2080—2099 this impact goes up to 0.15K in the
plification of the forcing gives a much noisier result, with tropical upper troposphere.

a high inter-annual variability, while the approach with a5  The non-CQ impacts for the transport sectors are shown
times stronger forcing shows a much more stable signal angh Fig. 15d—g, with both non-C@and non-CG* approaches

a suppressed variability, but on average both approaches cghown for aviation. We observe a positive signal in 2011—
incide. Figurel4 shows the impact on the zonal mean sur- 2030 and 2045—2065 for road transport, and a smaller impact
face air temperature from both approaches for the periodsit the end of the 21st century. For maritime shipping, there
1980-1999, 2011-2030, 2046-2065 and 2080-2099. Thergs a distinctive negative impact over the whole depth of the
one sees that both approaches agree in the tropics up to theyposphere which is strongest in 2080-2099. The nos-CO
mid-latitudes rather well, but that at high latitudes the differ- impact from aviation is clearly positive in the troposphere,
ences are larger. The 95% confidence interval is considerand in contrast with that from road transport and maritime
ably smaller for the simulations where we apply 5 times theshipping, it is very asymmetric being much stronger in the
actual forcing. NH with a maximum around 300 hPa at 30260 Here, the
temperature increases by more than 0.5K in 2100. Using the
non-CQ* approach the general pattern is similar, although
the heating is weaker and one observes a strengthened cool-
Figure 15a shows the total anthropogenic impact on the an-ing around 200 hPa between 50 and BOMoreover, a neg-
nual zonal mean temperature profile for the periods 1980-ative signal appears at the surface between 60 ahbl 90s-
1999, 2011-2030, 2046—2065 and 2080-2099 w.r.t. the preing an AGCM coupled to a slab ocean model and the emis-
industrial simulation. Strongest values appear in the low-sion scenario FaPonater et al(2005 found a maximum
latitude mid- and upper-troposphere, up to 1, 1.5, 3.5 andzonal mean temperature impact from aviation for the year
5K for the respective 4 periods, which correspond well with 2050 of 0.35 K around 40-5M at 300-400 hPa.

those inlPCC (2007, Fig. 10.7). The impact at the surface is
smaller and shows more variability. FigutBb—c shows the
impact on the annual zonal mean temperature profile by CO
from road transport and maritime shipping or aviation. The Time series of cloud cover and precipitation can be found in
CO, impact from road transport is much stronger than thatFig. 9c—f. Taking into account the total anthropogenic im-
from shipping or aviation. In the mid- to upper-troposphere pact, the precipitation rises by 0.2 mm d&yin 2100, while

it varies around 0.05, 0.15, 0.35 and 0.5K in 1980-1999,the cloud cover decreases by 1.8 %, coinciding with the in-
2011-2030, 2046—-2065 and 2080—2099, respectively. Focrease in global mean surface air temperature. A similar re-
shipping and aviation, there is no clear signal in 1980-1999]ationship is seen for individual transport sectors, although

obtain the CQ impact from road transport, we thus compare
a simulation containing 5 times the G@®missions from road

3.4 Atmospheric temperature profile

3.5 Precipitation and cloud cover
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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 order of
the plots is as in Figl0. Notice that the contour intervals are 5 times larger for the total anthropogenic pertur@ation
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Fig. 16. Zonal annual meafga) cloud cover andb) precipitation 1900 1950Time [yezg]oo 2050 2100
change in 1980-1999 (green), 2011-2030 (blue), 2046—2065 (red)
and 2080-2099 (black) from total anthropogenic forcing. The thick (b) NAO index change
lines indicate the best estimate, the thin lines indicate the 95 % con- 0.5 ‘ ‘ ‘ ‘ ‘
fidence interval. 0.4
0.3

for cloud cover the evolution is rather noisy. Largest im- 0-2
pacts can be observed for g&om road transport, show- 0.1
ing in 2100 a 0.015 mm day increase in precipitatonanda 0.0
0.15 % decrease in cloud cover. All other impacts are below 01
0.01 mmday for precipitation and 0.1 % for cloud cover.

thg?o?aelt ;rrllhlgoesogfe:;s i?;;étn;:i?gg_lsgfhbeui?gjé \éVgV:?OWFig. 17. (a)Mean NAO anomalies calculated from sea level pres-

. | ¢ ffected in the tropics. d id sures taking into account the total anthropogenic impact (the dif-
remains aimost unafiected in the tropics, decreases ConsIOefg qnt colors indicate the 3 simulations of the ensemble). Single

ably in the subtropics, and has a strong increase at northerfys jngicate yearly values, and lines show 11-yr running averages.
high-latitudes. These characteristics correspond well withp) impact of the transport sectors on the NAO anomaly averaged
those o PCC(2007, Fig. 10.10). There is generally less con- over 2050-2099. The first three bars show the non-@ack) and
fidence in the changes in precipitation but increases in prenon-CG* (blue) impacts, the following two the COmpacts, and
cipitation at high latitudes are very consistent among modelsthe last one the total anthropogenic impact.
and can also be observed in Figlh. Our model also shows
a decrease in subtropical regions.

In Fig. 120—c, we show the correlation between the pat-4 Ocean
terns of precipitation or cloud cover with the total anthro-
pogenic impact in 2080-2099 (as for the surface air temper]ﬂ this section we describe the impact from the different
ature). The results are similar to those for surface air tempertransport sectors on ocean temperature, sea level, MOC, sea-
ature but in general the correlations are weaker, e.g. the norice extent and the b 3.4 index.
CO, impact from shipping shows a strong anti-correlation
only for the period 2080-2099. The behavior of the non,CO 4.1 Ocean temperature
impact from aviation is very different: there is no correlation

Road Ship Air Road Air or ship Anthrop.

neither for cloud cover nor for precipitation. Figure 18 shows zonally averaged impacts on ocean tem-
perature to a depth of 4000 m for the same periods as for
3.6 North Atlantic Oscillation the atmosphere, i.e. 1980-1999, 2011-2030, 2046—2065 and

2080—-2099. Figurd8a shows the total anthropogenic im-
Figure 17a shows time series of the North Atlantic Os- pact. For all periods one observes a heating of the southern
cillation (NAO) index over the period 1860-2100 taking ocean, and the strongest impact can be seen in the south-
into account the total anthropogenic impact. NAO anoma-ern mid-latitudes where the heating signal easily penetrates
lies represent the Lisbon (38.N, 9.1° W) minus Reykjavik  down to 3500-4000m. At low latitudes, one sees initially
(65.1° N, 22.7 W) normalized December-March average sea(1980-1999 and 2011-2030) a cooling of the waters between
level pressure anomalies, with 1971-2000 as reference. Ong00 and 2000 m, probably caused by reduced mixing in re-
can observe a weak positive trend. Figdid shows the sponse to more stable temperature profiles. Fidile-g
mean impact over the period 2050-2099 from the differ-shows the impacts from the transport perturbations: the CO
ent transport sectors on the NAO index. The O@pact impact from road transport is the most important, while the
is positive, road impact being around 20 % of the total an-non-CQ emissions from shipping have a cooling impact.
thropogenic one, and shipping or aviation being 5%. ForThe non-CQ effects of aviation have their greatest impact
the non-CQ and non-C@* cases, we find small impacts for inthe NH.
shipping and road transport, but a relatively strong one for Figurel19 shows the zonally averaged increase in the heat
aviation, both for the non-C£and non-CQ@* approaches. content in the ocean integrated over the whole depth of
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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 Fig10.
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Fig. 19. Zonally integrated heat uptaken by the ocean (iR®D0m~1) in 1980-1999 (green), 20112030 (blue), 2046—2065 (red) and
2080-2099 (black). The order of the plots is as in Bily.

the ocean (in ¥Jm1). The total anthropogenic impact 4.2 Sea level
(Fig. 19a) shows two characteristic features: most of the heat
is stored in the southern ocean, while almost no heat is storeea level rise in a changing climate results from thermal ex-
north of 45 N, and the increase is very regular over the 4 pe-pansion of the oceans as well as from melting of glaciers,
riods. The CQ impacts from road transport, shipping or avi- ice caps and the Greenland and Antarctic ice sheets. Fig-
ation present similar features. For the nonsQf@pact, we  ure20c—d shows the sea level rise (in mm) that includes only
notice the small values for road transport, the negative impacthe thermal expansion of the oceans calculated from the stan-
for shipping, and the large heating between 25 arfd\bfor dard expression for the density as a function of pressure, tem-
aviation in the non-C@approach, larger than that of the non- perature and salinity iMillero and Poissoi§1981). The total
CO,* approach concentrated between 30 anti’$0 anthropogenic induced rise in sea level is 30 mm in 2000 and
Time series of the global mean ocean temperature can biacreases to 180 mm in 2100. The ginpact from road is
seen in Fig.20a—b. One notices that these time series arearound 18 mm in 2100. The strongest non-AO@pact re-
rather smooth and show less inter-annual variability than thesults from shipping, causing a 3 mm decrease in 2000 and
time series of the surface air temperature (seeigb). The  almost 8mm in 2100. The GOmpact from shipping or
non-CQ impact from shipping is negative, and prevails over aviation and the non-COmpact from aviation are similar,
the non-CQ impact from aviation and the GOmpact from  leading to a rise in sea level of around 4 mm in 2100. The
shipping or aviation — a fact which is not clear for the surfacenon-CQ* approach for aviation shows almost no impact.
air temperature evolution. Another interesting feature is the [PCC (2007 report a sea level rise due to thermal expan-
significant difference for shipping between the nonsG&Ad  sion of between 130 and 320 mm (anthropogenic impact in
non-CQ* approaches in the second half of the 21st century.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. 20. Left: time series of total anthropogenic impact @) the ocean mean temperatu(e) sea level ande) 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 theipQ®n-CQ and non-CQ@* impact (the non-C@* impact is indicated by the dashed

lines) on(b) the ocean mean temperatu@) sea level an€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 SchumarfR000 estimated the rise in sea simulation between 1860 and 1970 varies mainly between 21
level due to emissions from aviation. Their results were ob-and 25 Sverdrup (Sv), values slightly higher than late 20th
tained using an SCM (see Se8t3), whose calibration was century observations. In 2100, the model predicts a decrease
based on an AOGCM that accounted for the rise in sea levebf the MOC down to 13-15 Sv for the total anthropogenic
due only to thermal expansion. They included the impactimpact. Our modeled slowdown of the MOC corresponds
from melting ice-sheets by almost doubling the parameter rewell with results obtained itPCC (2007).
sponsible for the rise in sea level in the SCM. They found in  Figure 20f shows the transport impact on the MOC. The
2100 increases in sea level by 6.5, 11.2 and 18.6 mm for theiCO, road emissions lead to a decrease of 0.8 Sv in 2100,
scenarios Fal (that best corresponds with our aviation emiseorresponding roughly to 10 % of the total anthropogenic im-
sion scenario A1B), Eab and Eah, respectively, comparegact. The non-C®impact from shipping is positive, while
with our values of between 3.5 and 8.5mm in 2100 due toall the other impacts are rather small.
thermal expansion only.

4.4 Sea-ice
4.3 Meridional overturning circulation

Figure 21a—d shows the impact on the sea-ice extent in the
Figure20e shows the evolution of the MOC. It is calculated Arctic (in 1012m?) at the end of the winter (March) and at
as the maximum of the depth integrated northward mass fluxhe end of the summer (September) from total anthropogenic
at 30 N in the Atlantic Ocean. As our ocean model grid is influence (left) and from the transport sectors (right). It indi-
not regular in the NH, the location of the integration varies cates that the maximum extent of the sea-ice cover in March
slightly between around 33 and2¥. Compared with ocean is not affected very much by the changing climate, with quite
temperature and sea level, there is a much stronger intelgood agreement among the different simulations. In Septem-
annual variability. In our model, the MOC of the reference ber, however, the sea-ice cover decays strongly in the second
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Fig. 21. Left: time series in the reference simulation@f NH sea-ice coverage (in iémz) in March,(c) NH sea-ice coverage in September,

(e) NH sea-ice volume (in 1 m3) in March and(g) NH sea-ice volume in September. Right: the impact by road transport, shipping and
aviation, separately for their Cand non-CQ impact on(b) NH sea-ice coverage in Marcfd) NH sea-ice coverage in SeptemhEr,NH
sea-ice volume in March ar{) NH sea-ice volume in September.

half of the 21st century, showing large variability within and impact from shipping and aviation, and for the non-G@-
among the different simulations. Importantly, two of the sim- pact from aviation. Figur@le—h shows the evolution of the
ulations have no sea-ice in 2100 in the Arctic in Septembersea-ice volume (in 8 m3) in the Arctic. Due to the total

The large variability in the Arctic sea-ice cover correspondsanthropogenic impact, the sea-ice volume decreases consid-
with a large variability in the local surface air temperature. erably in March in the 21st century, which was not the case
From all transport sectors, we see small impacts in Marchfor the searice eXtenF‘ _F_urt_her, all ransport sectors show the
and large impacts in September. In addition, the,@®- same reduced sensitivities in September at the end of the 21st

pact in September from road transport is very different beforeS®MUNY-

2050 compared with after. This is due to the fact that in the

perturbed simulation there is no sea-ice in March from 20504-5 EI Nifio

onwards, and the sensitivity is therefore reduced. The ac-

tual impact is therefore expected to be larger than indicatedin Fig. 22a we show the anomaly in the i\ 3.4 index (5-
Similar sudden changes can be seen around 2070 for the CAnonth running average sea surface air temperature over the
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(a) Nino3.4 index emission inventories we used were the ones generated within
6 ‘ ‘ the QUANTIFY project http://www.ip-quantify.ell
4 | ; T mw.'ﬁ As a principal indicator of climate change we have looked
2F | H\ , “ vl J ‘1; A1 ‘q‘,l““jl“ MHJ'NL"""'”l‘]f'j”w ‘i!l‘"\“;’g} at global mean impacts. In the reference simulation, we
X ?Qt‘“‘,;}.[‘\w‘1“(!‘!‘)’(11'\ “V“Hr" '(('.j\'“,','t')w1'1”0{’W‘,f"‘ “W"\‘ | " | found an increase in annual global mean surface air temper-
2 'ﬂ " ‘h R T b K ature of around 0.8K in 2000, reaching 3.0K in 2100. In
4 2000, the CQ impact from all transport sectors together is
6 19‘00 19‘50 zo‘oo 2650 5100 of the order of 0.1 K. The emission of G@&rom road trans-
Time [y1] port contributes to a global mean warming of 0.3K in 2100,
. ) while shipping and aviation each contribute to 0.1 K in 2100.
bor (b) Nino3.4 index change ] The contribution of C@ from the transport sectors to the to-
b ] tal anthropogenic temperature change increases from 12.5%
15p E in 2000 to 16.7 % in 2100.
o 10F E The non-CQ impact differs strongly among the different
B ] sectors. For road, this impact is largest between 2000 and
05F E 2050 (order of 0.1 K) becoming smaller at the end of the 21st
0.0F— — - — = century. The non-C®impact from shipping is clearly neg-
Road  Ship Air Road Air or ship Anthrop. ative reaching-0.1 K between 2050 and 2100, while from
aviation it is positive but depends strongly on the treatment
Fig. 22. (a)Evolution of the Nfio 3.4 index anomaly over the of the G; perturbations, reaching possibly 0.15K in 2100.

1860-2100 period for the 3 simulations forced by the total anthro-This indicates that during the period 1900-2100, the net im-
pogenic forcing (reference value calculated as the ensemble meggact of road transport on climate is positive and dominated
over 1971-2000)b) Mean impact on the Nio 3.4 index of the dif- by its CQ» impact, the net impact of maritime shipping is

ferent transport sectors over 2050-2099: the first three bars indicatfﬁainly negative only becoming neutral at the end of the 21st

the non-CQ impact (black for the dynamic £approach, blue for . T "

the fixed G approach), the following two bars the G@npact, and century, while for aviation it is clearly positive and presum-
PP ' g pack ably dominated by its non-C{emissions, even in 2100.

the last bar the total anthropogenic impact. .
The use of an AOGCM also allows us to obtain geograph-

ical distributions of impacts. We observe an amplification
domain 5 S-5 N, 120-170 W, Trenberth 1997) for the ref- of the surface air temperature signal at the poles, especially
erence simulations with the total anthropogenic impact. Then the Arctic, both in the reference simulation, as well as
reference period is 1971-2000. One sees that the anomalf} the sensitivity simulations. However, while for road and
in Nifi0 3.4 index increases in the 21st century. Figg@le  SNhiPPIng the non-COimpact on the surface air temperature
shows the impacts from transport on thdiblB.4 index over IS Only slightly stronger in northern than in southern mid-
the 2050-2099 period, and for reference the total anthroltitudes, the impact for aviation can be up to a factor of 5
pogenic impact is also indicated. The strongest impact is thaBtronger in the northern hemisphere. The geographical pat-
from CO, from road transport, which contributes to around n of the non-C@ climate impact for road transport and
15% of the total. The non-COimpact from shipping is shlpplng co!nc_lde_s \_/veII_W|th the total anthropogenic impact,
negative, whilst for aviation, the non-GOapproach gives while for aviation it is different. We also found a strong im-

a considerably smaller impact than the nonsGpproach. pact from the aviation non-C{jorcing 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
For the period 1860-2100 (SRES scenario A1B for 2000-in the northern mid-latitudes. Further we find a rise in sea
2100), we have studied the impact of road transport, mardevel due to thermal expansion in 2100 of 17.6 mm for road
itime shipping and aviation on climate with the atmospheretransport and 4.6 mm for maritime shipping and aviation.
ocean general circulation model CNRM-CM3.3. This is one The rise due to non-COemissions in 2100 is of the order

of the first studies with an AOGCM where the main forcings of 1 mm for road transport-6.6 mm for maritime shipping

of the transport sectors are explicitly taken into account. Weand probably betweer 1.2 and 4.3 mm for aviation. This
performed a reference simulation which represents the totatan be compared with a total anthropogenic impact in 2100
anthropogenic impact and several sensitivity simulations toof around 180 mm. An overview of our principal results on
estimate the impact of the transport sectors. We separatelgurface air temperature and sea level rise can be found in Ta-

5 Conclusions

estimated the impact from G&nd from non-CQ forcings.
As non-CQ forcings, we included the impact of3OCHg,
aerosols, contrails, CFC-12 and HFC-134a. Most of theof 3 members together with a five-fold amplification of the

www.atmos-chem-phys.net/12/1449/2012/

ble5.
In order to obtain detectable impacts, we used ensembles
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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 yee
mentioned, and averaged over the different members of the ensemble. The pdfee@g is as the non-Ceforcing except for @ where
prescribed @ perturbation fields are used (see Se2t8.4and3.1).

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

COy 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-CQ 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 4+0.012
Aviation 0.000 0.002 0.006 0.039 0.053 0.132 0.144 40.012
non-CQ* 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
CO, 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-CQ 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-CQ* 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 -11 -1.2 +0.2

transport induced forcings. If the forcings had not been am-care. Impacts on modeled temperature are closely related to
plified, a larger and computationally more expensive ensemthe climate sensitivity of the model, and the climate sensi-
ble would have been required. We found that the amplifica-tivity is known to vary significantly among modeltPCC,
tion of the forcing did not excessively disturb variables such2007, Table S8.1). However, relative impacts of the trans-
as the surface air temperature. However, for quantities likeport sectors w.r.t. the total anthropogenic climate impact are
sea-ice extent or sea-ice volume in the NH in September (grobably rather robust. The emissions that are the basis for
period when the sea-ice is very sensitive to variations in athis study are based on the SRES scenario A1B storyline for
non-linear way), the method has shown some limitations. GDP development. This scenario is only one out of more
Further, we also observed shortcomings in the model. TheésDP scenariosNakicenovic et al.2000. Moreover alter-
impact from BC has probably been underestimated, whichnative assumptions for the implementation of fuel efficiency
affects the results for road transport but has very little effectand emission factors for the same A1B storyline have been
for the other two sectors. We also observed a significant negsuggestedl(ee et al, 2009 Eyring et al, 2009.
ative temperature response from aviation at high latitudes, The modeling of impacts from transport would benefit
probably caused by sulfate aerosols. It is unclear whethefrom the description of ice supersaturation in the model, and
this impact is very realistic. We found values for the @- the possibility to advect tracers which might be beneficial for
diative forcing which were considerably smaller than thosethe contrail parametrization, the extended @arametriza-
found in other studies for similar perturbations. Although the tion, or for the inclusion of small scale chemistry effects
Oz impact in the lower troposphere was well described using(Cariolle et al, 2009. In addition, a more extensive chem-
the extended linear ozone scheme, there were important difistry, an explicit description of aerosol processes, and an inte-
ferences in the upper troposphere and lower stratosphere fa@rated carbon cycle would further increase the model’s capa-
the impact from aviation. bility to describe impacts from transport. This would allow a
The results presented here are obtained using only onenore coherent modeling and limit the dependency on results
AOGCM, and therefore the results should be interpreted withfrom other models.
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Although 2100 was the time horizon for our simulations

1477

Bougeault, P.: A simple parameterization of the large-scale effects

based on the SRES scenario A1B, climate change is clearly of cumulus, Mon. Weather Rev., 113, 2108-2121, 1985.
not stabilized at that time: one can still see strong trendsBrasseur, G. P., Mler, J.-F., and Granier, C.: Atmospheric im-

in the CQ forcings and in the response of the surface air
temperature and ocean temperature. It is clear that in 2100 Model study,

the CQ impacts (total anthropogenic impact and individual

transport sectors) are still increasing considerably, suggest-

ing further important changes in the 22nd century.
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