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Abstract. Our work is among the first that use an In the stratosphere, a significant cooling is attributed to avi-
atmosphere-ocean general circulation model (AOGCM) withation CGQ emissions{£0.25 K by 2100). A—0.3 K temper-
online chemistry to evaluate the impact of future aviation ature decrease is modeled when considering all the aviation
emissions on temperature. Other particularities of our studyemissions, but no significant signal appears from the CIC or
include non-scaling to the aviation emissions, and the analNOy forcings in the stratosphere.

ysis of models’ transient response using ensemble simula-

tions. The model we use is the Météo-France CNRM-CM5.1

earth system model extended with the REPROBUS chem-

istry scheme. The time horizon of our interest is 1940-1 Introduction

2100, assuming the A1B SRES scenario. We investigate the

present and future impact of aviation emissions 060y The environmental impact of global aviation has been a con-
and KO on climate, taking into account changes in green-Cern since the 1960s and early 197@sifiundsen1963
house gases, contrails and contrail-induced cirrus (CIC). Ag/ohnston 1971 Johnston and Quitevid97]). Since these

in many transport-related impact studies, we distinguish pepioneering studies, notable progress has been achieved in the
tween the climate impacts of GGemissions and those of understanding of aviation’s impact on the environment, re-
non-CGQ emissions. Aviation-produced aerosol is not con- sulting in two major assessments. The first was undertaken
sidered in the study. Our modeling system simulated a noPY the Intergovernmental Panel for Climate ChanigrCC,
table sea-ice bias in the Arctic, and therefore results concernt999. More recentlyLee et al.(2010 provided a compre-

ing the surface should be viewed with caution. The g|oba|hensive report on the issue. They accounted for the impact of
averaged near-surface GAmpact reaches around 0.1 K the emissions produced by aircraft on the atmospheric chem-
by the end of the 21st century, while the non-Cihpact istry and climate alone. However, aircraft produce signifi-
reaches 0.2 K in the second half of the century. The,NO cant noise, especially around airports; therefore the health
emissions impact is almost negligible in our simulations, aséeffects of aircraft noise are subject to research as well (e.g.,
our aviation-induced ozone production is small. As a conseR0selund et al200]).

guence, the non-Cignal is very similar to the CIC signal. Emissions of gases and aerosols from global aviation alter-
The seasonal analysis shows that the strongest warming duBd the chemical composition of the atmosphere and, conse-

to aviation is modeled for the late summer and early autumnduently, the change of abundances in radiatively active gases
and aerosols, have an impact on the radiative forcing (RF)
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and lead to temperature changes (eSkeie et al. 2009. standing [Lee et al, 2010. Current RF estimates lie in the
The condensation trail (contrail) formation from water vapor 10-80 mW nt2 interval for the year 2005 e et al, 2009.
emissions and the induced cirrus cloud generate further RFhe most up-to-date CIC RF estimate is givenBaykhardt
from aviation. and Kéarche(2011), 31 mW nt 2 for the year 2005.

The RF components from subsonic aviation originate from  Aircraft black carbon (BC) emissions represent a tiny frac-
several processesde et al, 2009. CO, (carbon dioxide) tion of the total emitted anthropogenic BC mass, but BC
emissions increase the GQevels and result in a positive particles originating from aircraft engines are much smaller
RF. The range of 25.0-28.0 mWth was provided by the than from other sources. Thus the number concentration of
studies ofSausen et a(2005 andLee et al.(2009 for the BC is significantly perturbed by aviatiotdéndricks et al.
years 2000 and 2005. Emissions of N(@itrogen oxides) 2004. The RF estimates for BC recently given Bglkanski
trigger, through a chain of chemical reactions, the forma-et al.(2010, are 0.1 or 0.3 mW ¢, depending on whether
tion of Oz (ozone) Grewe et al.2002a b), which produces the considered BC is externally or internally mixed with sul-
a positive RF $tevenson et 3l2004 Koéhler et al, 2008 phate. In contrast, a one order of magnitude larger negative
Myhre et al, 2011). Secondly, it causes a long-lived @H RF is calculated by the same authors for aviation sulphate
(methane) reduction that represents a negative R&vén-  aerosols ¢ 1 mw m2).
son et al. 2009. Finally, a long-term small @decrease is The total RF of aviation was evaluated [S8ausen et
attributed to this methane reduction, resulting in a negativeal. (2005 for 2000, and recently by ee et al. (2010
RF (Kohler et al, 2008. The RF estimates of the latter study for 2005, giving a positve RF of 47.8mWTA and
for these three components are 30 mWAn—19 mw ni2 55.0mW n12, respectively. These values included linear
and—11 mW nT 2, respectively for the 2002 emissions. This contrails (around 10 mW n?), but excluded the aviation-
gives a zero net forcingstevenson et a{2004) reached the induced cirrus cloudiness, which is very uncertain in terms
same conclusion, indicating an overall low RF due to avia-of its related RF. The latter can, however, be estimated from
tion NOy emissions. the latest CIC estimate frofBurkhardt and Karchef2011)

Aircraft emit water vapor (HO), which is a greenhouse at 21 mW nT2. The total RF from the aviation sector for the
gas with a positive RF estimated at 2.8 mW4rby Lee et  year 2005 is thus around 70-75 mW fn

al. (2009 for 2005. However, the most recent stuiilcox The above positive RF represents a significant contribution
et al. (2012 updates HO vapor RF to a smaller value of to the total anthropogenic RF of 1660 mWf(Lee et al,
0.9mwWn12. 2010, and it may be responsible for significant warming and

An important, routinely observed effect of aircrafp® other changes (e.g., precipitation). Furthermore, this forcing
emissions is the formation of persistent contrails and con-is expected to increase gradually towards the end of the 21st
trail cirrus (Atlas et al, 2006. Contrails are line-shaped cir- century Skeie et al.2009; therefore, its impact might rise
rus that form after mixing of the hot and moist air from the as well. The climate system’s response to a given radiative
aircraft engines with the ambient air; for this to occur, the forcing is delayed due to its thermal inertidgnsen et a).
Schmidt—Appelman criteriorSchumann1996 must be ful-  2005. If only the land-surface and the ocean mixed layers are
filled, which requires the air to be under a critical tempera-considered, the timescale of the response is 1 to Biwi¢
ture and above a threshold humidity. Depending on the locabnd Stuber2010. Taking into account the deep ocean re-
meteorological conditions, a contrail can undergo shear, upsponse, this timescale changes to several centuries. In terms
lift and mixing, resulting in its areal extent — a contrail cirrus of intensity, the fast response contributes 60—-80 % of the to-
is formed. The contrail ice nuclei can also modify the natu- tal response. This inertial behavior has to be taken into ac-
ral cirrus cloudinessBoucher 1999. Hereafter, we will use  count when modeling the transient phase of climate change
the term “contrail-induced cloudiness” (CIC) to refer to con- (Olivié et al, 2012. A few studies have taken this into con-
trails, contrail cirrus and natural cirrus modifications men- sideration when investigating the climate impact of aviation
tioned later. We also point out that the term “aviation-inducedemissionsPonater et a|2005 2006 Lim et al, 2007, Skeie
cloudiness” (AIC) is defined as wellée et al, 2010, which et al, 2009, but they used simplified model approaches to
adds cloudiness generated by aircraft soot to CIC. calculate the impact of aviation on climate.

The detection (measurement), properties, formation, evo- To investigate the long-term response of a varying an-
lution and radiative effects of linear-shaped contrails and/orthropogenic forcing (such as aviation), including its geo-
the contrail-induced cloudiness have been subject to a larggraphic and vertical distributions, a more sophisticated ap-
number of studiesZerefos et al.2003 Schumann2005 proach using an AOGCM (atmosphere-ocean general circu-
Stordal et al. 2005 Gao et al. 2006 Hong et al, 2008 lation model) is required, as it describes the atmosphere,
Fromming et al.2011). The physical mechanism behind its ocean, sea ice and the interactions between them in detail.
formation is now well understood; however, due to the uncer-This is certainly a computationally demanding task, and for
tainties in the modeling of its occurrence and of its propertiesthe aviation impac©Qlivié et al.(2012) is one of the few stud-
varying in time and space, the calculation of the related RFes to adopt this approach. They assessed the climate impact
is still marked by a low to very-low level of scientific under- of all transport sectors (road, shipping and aviation) for the
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period 1860-2100. The AOGCM they applied did not con-2 Tools and experimental set-up
tain the detailed chemistry of the atmosphere, but a simpli-
fied O3 scheme Cariolle and Teyssédr007). Therefore, 2.1 The CNRM-CM model
the forcing agents (such as gCaerosols, etc.) perturbed
by the specific transport sector were provided externally adn our work, we used a chemistry-climate model that is an ex-
global constants or 3-D fields. For ozone, two approachedension of the CNRM-CM5.1 ocean-atmosphere general cir-
were adopted: in the first one, they prescribed 3-D perturbeatulation model, which is extensively described/idoire et
ozone fields, while a simplified ozone scheme was used iral. (2013. This extension takes an online chemistry scheme
the second one. The CIC was not calculated online duringnto account(see the description of this scheme in Sect. 2.2).
the simulations, but an external data source served to track In summary, CNRM-CM is a state-of-the-art general cir-
its presence in the model atmosphere and was later providedulation model that was developed jointly by CNRM-GAME
to the radiative code of the AOGCM. (Centre National de Recherches Météorologiques — Groupe
Here we present a novel approach for evaluating thed'études de I'Atmosphére Météorologique) and CERFACS
climate-chemistry impact of aviation emissions: we use(Centre Européen de Recherche et de Formation Avancée) in
a similar AOGCM to that ofOlivié et al. (2012, the nov-  order to contribute to phase 5 of the Coupled Model Inter-
elty being that, in our AOGCM, we consider online cou- comparison Project (CMIP5, séétp://cmip-pcmdi.linl.gov/
pled chemistry from the mid-troposphere through the strato-cmip5/experiment_design.htmCNRM-CM5.1 includes at-
sphere, regions that encompass the altitudes where the majamospheric model ARPEGE-Climat (v5.2), ocean model
ity of air traffic and therefore its emissions occur. A number NEMO (v3.2;Madeg 2008, land surface scheme ISBA and
of radiatively active chemical species are then considered bgea-ice model GELATO (vS3alas Y Melia 2002 Voldoire
the radiative scheme (s&&ichou et al.(2011) for details). et al, 2013, coupled through the OASIS (v¥alcke 2006
This allows us to use the aviation emissions as inputs to thesystem. The horizontal resolution of the atmosphere is about
model (i.e., not the concentration perturbations) and to ac4.4° and T for the ocean. The atmospheric component uses
count for all the chemical processes triggered by these emisthe Morcrette et al(2001) scheme over 6 bands for the solar
sions. radiation, and the RRTM schem®liawer et al, 1997) for
The main focus of this paper is the transient 3D tempera-the long-wave radiation. Seven gases are considered as ab-
ture response to the aviation emissions over the 1940-2108orbers: HO, CO, O3z, CHy, N2O, CFC11 and CFC12.0
period (in contrast to the equilibrium studies Bénater et is a prognostic variable with photochemical production and
al. (2009 or Rap et al(2010), investigating the 1940-2100 loss rates computed offline by a 2-D zonal chemistry model
period. We therefore expect a smaller climate signal than thdMOBIDIC; Cariolle and Teyssedr@007. H>O is a prog-
corresponding equilibrium responseopater et al.2005. nostic variable and the other 5 absorbents are prescribed to
This offers the potential for obtain results of small or no sig- a uniform value that evolves on a yearly basis. The climatol-
nificance; however, the transient response is what will ac-ogy of tropospheric aerosols [8zopa et al(2013 is pre-
tually occur, in contrast to the more theoretical equilibrium scribed, while the land surface scheme has been externalized
response. from the atmospheric model through the SURFEX platform.
In terms of forcing agents, we consider g@nd NG It includes new developments, such as a parameterization of
emissions; they represent the vast majority of the materiakub-grid hydrology, a new soil-freezing scheme and the EC-
emitted from aircraft engines. We account for water emis-UME bulk parameterization for ocean surface fluxes.
sions only in the form of contrail ice particles and notas wa- The CNRM-CM default version has 31 vertical levels,
ter vapor, assuming its radiative impact to be negligible, aswith 5 levels in the stratosphere (set-up usediivié et
confirmed recently byilcox et al.(2012. Previous studies al. (2012, for instance). For stratospheric chemistry studies,
(e.g.,Balkanski et al.201Q Olivié et al, 2012 have shown the number of vertical levels has been increased to 60 (up to
that aerosol originating from the aviation sector has a small0.07 hPa), 24 of which are in the stratosphere. This repre-
direct radiative effect, so we did not consider aviation-relatedsents an improvement with regard to previous studies, espe-
aerosols (soot and sulphates) in our study. It must be howevaerially those that focused on the chemical perturbation caused
noted, that, in contrast, the indirect radiative effect of theseby aviation emissions (e.gHoor et al, 2009 Koffi et al.,
aerosols is qualified as possibly large and very uncertain ir201Q Hodnebrog et al2012).
current studiesl(u et al, 2009 Hendricks et a].2009. As In parallel, the time step of the simulations was changed
in many transport-related impact studies, we will distinguishfrom 30 to 15 min. Additionally, as there are 55 3-D supple-
between the climate impacts of G@missions and those of mentary species, the horizontal resolution was reduced from
non-CQ emissions. Further, we present the N@pact,i.e., 1.4°to 2.8 to reduce computational costs. As a consequence
the impact of the N@ emissions alone, and the CIC impact, of this resolution decrease, the horizontal diffusion and grav-
i.e., the impact of the contrails and the induced cirrus. Fi-ity wave drag have been adjusted. Finally, to address the avia-
nally, the total aviation impact is evaluated. tion impact, the aircraft (C& NO,) and lightning emissions
(NO,), and a plume representation have been added to the
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model. These points are detailed in the following paragraphsprocesses cover radiation, stratospheric dynamics, transport
This version of CNRM-CM costs about 21 h of elapsed timein the stratosphere, stratospheric chemistry, UTLS, natural
to simulate one year on the NEC supercomputers of Météovariability of stratospheric ozone, long-term projections of

France. stratospheric ozone, and the effects of the stratosphere on
the troposphere. A number of CCMVal-2-related publica-
2.2 The chemistry used in our simulations tions appear iMichou et al.(2011).

The 3-D distribution of the seven absorbing gases (listed
The chemistry module embedded in CNRM-CM is based onin Sect.2.1) is then provided by the chemistry module of
the REPROBUS stratospheric chemistry schebadgvre et CNRM-CCM and interacts with the radiative calculations.
al,, 1994. It does not include the detailed non-methane hy-
drocarbon (NMHC) chemistry specific to the lower tropo-
sphere.Lee et al.(2010 report on the impact of aircraft-
induced ozone changes when considering the NMHC chem-
istry in global models, quantifying the difference ér pro- The emission data we used were developed within the
duction in the lower and free troposphere. A few studies haveQUANTIFY project, an integrated project funded through
examined this issue; most recentgntarchos and Roelofs the EU-Framework Programme &g et al, 2005 (see
(2002 indicate that their chemistry-climate model simulates www.ip-quantify.e). For aviation, they consist of 3-D data
an increase ir03 of up to 12 % when including the NMHC  with a horizontal resolution of °1x 1° and 610 m vertical
chemistry in their model. However, for the rest of the atmo- spacing of up to 14 km.
sphere, including the upper free troposphere from 560 hPa These data contain monthly totals of fuel consumption
up to the lower mesosphere (about 70 km), the chemical reand emissions for NQand soot in kg gridbox! month1.
actions of our scheme correspond to those of state-of-theThey are only available for the years 2000, 2025, 2050,
art chemistry-climate models (sdtorgenstern et a(2010); and 2100 (see Fidl for the 2000 and 2100 horizontal and
SPARC(2010). This scheme calculates the evolution of 55 zonally averaged fuel consumption distribution). For the pe-
species with the JPL chemical kineticsRdnder et a(2006 riod 1940-2100, time series of global emission estimates are
using 160 gas-phase reactions. also included (see Fi@). In 1940, the emissions are iden-

The chemistry is computed down to the 560 hPa level,tically zero, since this year is considered to be the begin-
while for higher pressures the mixing ratios of a num- ning of significant aviation activitiesSausen and Schumann
ber of species (namely N20, CH4, CO, CO2, CFC11,2000. Until 2020, the FESG forecast values are adopted
CFC12, CFC113, CCl4, CH3CCI3, CH3Cl, HCFC22, (FESG 2008, which assumes that the fuel efficiency contin-
CH3Br, H1211, H1301, Ox, O3, Cly, Bry, NOy) are re- ues with recent trends and that N®nprovements commen-
laxed towards evolving global mean surface abundances (semirate with insertion of the best in present-day technology.
SPARC(2010 for the ozone-depleting substances and green-The QUANTIFY data set does not explicitly contain military
house gases, and the CNRM-CCM technical documentatiomviation emissions; however, the civil aviation emission pat-
for the other compounds). terns are scaled to the IEA aviation fuel-burn totals.

Explicit washout of chemical species is not considered in  To provide 3-D emission data for years other than those
this version of the model, and neither are convective and turavailable in the emission inventory (i.e., for the whole period
bulent transport. In addition, three types of particles are con-1940-2100), we linearly interpolated the emissions in time
sidered in the heterogeneous reactions: liquid stratospheriand normalized them with their annual totals.
aerosols and polar stratospheric clouds (PSCs) that include When assessing the role of the N&viation emissions, the
water ice and NAT (nitric acid trinydrate) (sdeysséedre et lightning NGO, (LNOy) has to be taken into account, since
al. (2007); Michou et al.(2011); Morgenstern et al(2010 several studiesBernsten et al.1999 Grewe 2003 Schu-
for further details). mann and Huntriese2007) have shown that it is another

It is important to note that state-of-the art CCMs rarely major source of NQin the atmosphere. This has important
consider tropospheric chemistry because of the computer remplications for the atmospheric chemistry and climate, and
sources required (among the 18 models of CCMVal-2, onlydisregarding LNQ while calculating the aviation NQim-

3 represented tropospheric chemical reactionsMagen-  pacts (which is about 5 times smaller than LNOr present
stern et al.(2010). The chemical scheme we use is fully days) could lead to erroneous conclusio@ewe 2003.
suitable for the study of all the processes within the strato-Therefore, we consider LNCQn our study as well. The data
sphere, the UTLS and down to the middle troposphere; theare taken from the ANCAT lightning NQemission monthly
latter two regions are of the highest importance for study-climatology defined for the year 1992. For other years, we
ing the aviation impact. This scheme has been evaluated imapplied a scaling to the global mean surface temperature, as
a large number of publications, as the CCMVal-2 effort was suggested b$chumann and Huntries@007), who estimate
aimed at assessing CCM performance, both individually anda 10 % increase in lightning activity and emitted LN€@r
collectively, among 17 other CCM models. The evaluatedeach 1K of global mean surface temperature increase.

2.3 Emission data
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Fig. 1. Vertically (upper row) and zonally (bottom row) integrated aviation fuel consumption (Tg(fuél)yor the years 2000 (left) and
2100 (right), assuming the Al(i) scenarlceg et al, 2009.

Emissions from aviation and lightning had to be imple- One of these subgrid scale processes is the chemical evo-
mented into CNRM-OACCM that did not consider either lution of the NG, emissions in the aircraft engine plume
2-D or 3-D emissions originally. They are read in by the and the subsequent ozone formation. Several authors (e.g.,
model at the beginning of each simulated month, interpolateKraabgl et al. 2002 Cariolle et al, 2009 and references
to the model grid and converted to emission densities thatherein) have shown that disregarding the chemical non-
the model uses in the continuity equations to calculate thdinearities in the N plumes behind the aircraft by apply-
temporal evolution of the chemical species. We also adoptedhg instantaneous dilution at the model scale (as it is usu-
the temporal disaggregation of the monthly emission valueslly done in chemistry transport models — CTM) leads to in-
given byWilkerson et al.(2010. They provide weekly and creased N concentrations and ozone formatiddariolle
hourly global profiles, so profiles are the same for every ge-et al.(2009 developed a parameterization to account for this
ographic region and reflect the evolution of the global emis-in large-scale CTM. The method, which has also been suc-
sion value, and not the actual local variation of the emissionscessfully applied to the ship NGemissions lduszar et al.
2010, introduces a “fuel” tracer with a certain lifetime that
traces the amount of material in the plume. The large-scale
NOyx and & concentrations are then modified according to
the concentration of this tracer using an effective reaction
The small-scale processes during the dilution of the aircraftate for the ozone formation. The method@diriolle et al.
emission plume cannot be explicitly resolved in our experi- (2009 has been implemented in CNRM-CCM.
mental set-up due to our coarse model resolution. However, Another aspect of the subgrid scale processes occurring
these processes can imply changes in the model resolved the aircraft plume is the condensation of the emitted wa-

scale; e.g., they can lead to modified chemical species coner vapor, and the subsequent formation of contrails and
centrations and/or can consequently have radiative impacts.

2.4 Parameterizations

www.atmos-chem-phys.net/13/10027/2013/ Atmos. Chem. Phys., 13, 1002048 2013
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temperature is less tham0°C and the relative humidity ex-
ceeds 80 %. For every model integration step in model grid
points fulfilling these conditions, we add the contrail tracer
concentration, multiplied by a given factor, to the large-scale
cloud ice mixing ratio. To obtain the value of this multiplica-
tive factor, we conducted several annual simulations for the
year 2005 in order to tune this factor to obtain an appropriate
annual global value of the top-of-the-atmosphere radiative
forcing for the contrail and contrail-induced cirrus for 2005.
The target value, taken froBurkhardt and Karchef2011),

was 31 mW nT?, representing the most recent estimate. This
factor obtained for 2005 is held constant between 1940 and
2100. The distribution of the TOA radiative forcing due to
CIC for the year 2005 is seen in Fig).It corresponds well to
that ofBurkhardt and Karchdf011): maximum values (over
300 mW n12) are located over central Europe and the east-
ern U.S., and large parts of Europe and the U.S. encounter
CIC RF over 100 mW m2. Our CIC radiative forcing esti-
mates over eastern Asia are higher than thosBurkhardt

and Karcher(2011), with maxima exceeding 300 mWTA,
while their values lie between 100 and 300 mW3nThis

can be explained by differences in contrail cirrus treatment
(simple parameterization on the one hand vs. a more sophis-
ticated contrail-cirrus module on the other), differences in the
average thermodynamic conditions (temperature and humid-
ity) simulated over east Asia, and, finally, differences in the
emission inventory.

We did not consider the diurnal variations of the CIC oc-
curence. RecentlyChen and Gettelma(R013 performed
updated calculations of CIC radiative forcing using high tem-
poral resolution aviation emissions, and showed that this di-
urnal cycle reduced the RF by 55 % and 25 % for linear con-
trails and contrail cirrus, respectively. Consequently, they ob-
tained a global CIC forcing of 0.015 mWTA. However, the
maximum RF they computed over Europe and the U.S. is

Fig. 2. Global annual fuel consumption: GGnd NG emissions
(Tgyr—1) from aviation for the period 1940-2100 for different sce-
narios from the QUANTIFY project@wen et al.2010. In our sim-
ulations, the A1(i) scenario is considered.

similar to ours.

As pointed out in the model description, the chem-
istry is resolved in the stratosphere and down to the mid-
troposphere. Chemical processes are not considered in the
lower troposphere, where concentrations are relaxed towards
climatological values that represent lower boundary condi-
contrail cirrus (depending on the meteorological conditions).tions. When performing various simulations with perturbed
We have not considered a detailed parameterization of thaviation effects (e.g., simulations with/without aviation £0
formation and evolution of the contrails. However, as the ra-emissions; see further below), these lower boundary condi-
diative effects of the CIC are of great importance and can-tions have to reflect the situation that would occur if the
not be neglected, we have developed a simplified treatmenivhole troposphere were treated by explicit chemistry. In the
of these processes and their related radiative effects. Ourase of CQ, an increase occurs due to aircraft emissions,
method, similar to that oDlivié et al.(2012), is summarized while in the case of methane, aircraft N@nhance OH
below. concentrations, which accelerate methane reduction through

We introduced a contrail tracer (similar to the “fuel” tracer a chemical reaction with OH. Therefore, we have prescribed
mentioned above) with a certain lifetime (15 h). The distri- the aviation CQ contribution and methane reduction in the
bution of the tracer is calculated online within the model in tropospheric relaxation values.
the same way as other gases. The modeled distribution of this For CQO,, Skeie et al(2009, who use the same emission
tracer on the 250 hPa level, representing the main flight levelinventory as this study, provide the aviation £&ntribution
is plotted in Fig.3 (left). CIC is expected to form where the
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Fig. 3. On the left, annual mean horizontal distribution of the contrail tracer at 250 hPa as percentage of the maximum value. On the right,
annual average TOA radiative forcing of CIC in mW Both figures are for the year 2005.

CH4 [ppbv] CO2 [ppmv] CH4/C02 changes due to aviation [ppbv/ppmv]
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Fig. 4.0n the left, evolution of methane and @@ccording to the A1B scenarios. On the right, calculated methane reduction due to aviation
NOy emissions for the A1B scenario with (dashed line) and without (bold lines) N@me parameterization, and @Ohanges according
to the A1(i) scenario.

until the end of the 21st century. The evolution of this contri- evolution of the CQ and methane concentrations as well

bution in ppmv is plotted in Figd (right, pink line). as of the perturbations due to the aviation Nénissions
The magnitude of the methane reduction due to aviationwith/without the NQ plume parameterization, for the A1B
NOy emissions has been calculated followi@gjvié et al. scenario, can be seen in Fg(right, blue line).

(2012. They used the hydroxyl radical perturbation due to

aviation for present as well as for 2025 and 2050 conditions2 . .

. X .5 Model simulations

in 3 different CTMs Hodnebrog et al2017) to calculate the

methane lifetime reduction and the consequent reduction in _ _ o

its concentration. For intermediate years from 1940 to 2100The goal of this study is to evaluate the aviation impact

we inter- and extrapolated the OH enhancement and therean chemistry and climate for the 1940-2100 period. This

fore the methane changes. requires several simulations with perturbed aviation emis-
Itis important to note that these results did not consider thesions to be performed to quantify their effects. To accom-

in_p|ume chemical non-linearities mentioned ear"er, which pI|Sh thiS, consistent initial conditions are essential for the

result in a lower OH enhancement and, subsequently, iryear 1940, both for the atmospheric part of the model, in-

a smaller methane reductiokraabgl et al.(2009 calcu-  cluding its chemical composition, and for the ocean and the

lated that the change in the methane lifetime becom@go ~ Sea ice. Another task that has to be performed before the

smaller when plume processes are considered. We used thi§npact simulations”, i.e., the experiments over the period

correction in our methane lifetime reduction. The 1940—21001940-2100 considering the aviation emissions, is to ensure
that the chosen model configuration is able to simulate the
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Table 1. Sensitivity simulations performed in the study, and iden-  These ensembles were performed over the 2000-2100 pe-
tification of aviation forcings. All sensitivity simulations have been riod, as we expect the impact of aviation to be negligible for
performed over 1940-2100, with online chemistry. the 1940-1999 period, followin@livié et al. (2019. The

year 2000 perturbation required for the 2nd and 3rd mem-
bers of the mini-ensemble was obtained by restarting from 1
January 1999 and 2001 instead of 2000, as was done in the

No. SimulationID CIC CQ NOx

1 ALL yes yes yes 1st (original) member. Hereafter, results shown for the 2000
2 noCIC no yes yes 2100 period will by default represent ensemble means from
3 noCICnoCO2  no no yes these three simulations, unless explicitly stated otherwise.

4 noCICnoN@Q no yes no In this study we have chosen not to apply emissions scal-
5  NOAVIATION ' no  no  no ing as done iPonater et al2005; Rap et al(2010; Olivié

et al. (2012). Scaling relies on the hypothesis that the re-

sponse is a linear function of emissions, allowing emissions

to be multiplied by a factor and dividing the response by the
climate system reasonably, without significant biases andsagme factor. Indeed, the hypothesis of a linear response to
trends when the forcings are set constant. aviation emissions is questioned in some of the same studies.

To meet these requirements, a 100-yr spinup was in{\iore specificallyRap et al(2010 found that for contrails,

tegrated under the 1860 conditions (i.e., greenhouse gagithough RF behavior is sufficiently linear for a global mean
concentrations — GHG and solar constant). In this spinup; it is considerably less linear for the larger optical depths.
the online chemistry was turned off. After this spinup, the we thus opted for a more realistic approach, turning on/off
model was run further towards the end of the 21st centurthe related unscaled emissions. Without scaling, the signal is
with forcings according to the A1B scenario (referred to asyeak and more difficult to detect, given the large variability
DEFnochem). In 1920, a simulation in which the chemistry of the climate system. To avoid this drawback while at the
scheme is activated was started (referred to as DEFchemyame time increasing the signal-to-noise ratio, it was decided
1920-1940 are then considered as spinup years to allow thg run simulations in ensemble mode.
chemical composition of the atmosphere to be in equilibrium  \we applied statistical significance tests to the results, ex-
with the mean climate of the model. We have verified thatpecting that part of them would not be significant due to the
20years are enough to initialize the chemistry in order toxnown effect of aviation upon climate.
have consistent initial conditions for 1940. The impact of an individual emission or all aviation emis-

For the period 1940-2100, we performed several experisions has been evaluated as the difference of appropriate ex-
ments with aviation forcings (C£)NOx, CIC) turned off/on  periments, in particular:

(i.e., whether the related emissions or the contrails are con-
sidered or not). These sensitivity simulations are summarized — CO impact: noCIC experiment — noCICnoCO2
in Tablel. experiment

All the effects are accounted for in the experiment denoted
“ALL". In the noCIC experiment, the effect of contrails and
contrail-induced cirrus is removed. In the “noCICnoCO2"
experiment, we also removed the £@missions. The same
was done for the N@emissions (“noCICnhoNg). Lastly,

— NOy impact: noCIC experiment — noCIChoNO
experiment

— CIC impact: ALL experiment — noCIC experiment

the “noAVIATION” experiment considers no aviation emis- — non-CQ impact: ALL experiment — noCICnoNO
sions at all. experiment
In order to identify the climate signal caused by the avia-
tion effects, we have to account for the effect of the variabil- ~ — Total impact: ALL experiment — noAVIATION
ity of the modeled climate. We achieved this by performing experiment

ensembles of a few members for all “impact simulations”
(1-5 in Tablel). There is no “a priori” knowledge of how
many members are required in order to separate the signa
information from the noise (A. Ribes, personal communica-5 1 oyerall climate change since preindustrial times
tion, 2013), so we decided, on the basis of our computer and
time resources, to run ensembles with 3 members each, as ithe modeled evolution of the global annual average near-
Olivié et al.(2012). With the online coupled chemistry, the gyrface temperature (at 2 m) between 1860 and 2100 is plot-
number of degrees of freedom is increased and this choicgd in Fig.5. The orange line denotes the experiment with-
of 3 members is probably too small, but unfortunately it was out interactive chemistry, which was used to spin up the
not possible to run more members. ocean-atmosphere climate system under preindustrial condi-
tions and to simulate the 1860—1920 climate evolution. The

Results

Atmos. Chem. Phys., 13, 100272:0048 2013 www.atmos-chem-phys.net/13/10027/2013/



P. Huszar et al.: Modeling the climate impact of aviation 10035
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Fig. 5. Near-surface (at 2 m) temperature evolution between 186C o years

and 2100 calculated by CNRM-CCM. The plot presents the "ALL” 1940 1960 1980 = 2000 2020~ 2040 ~ 2060 2080 2100
and the "noAVIATION” surface temperature for 1940-2100, the ,. NH seaice extent [1076 km2] in September
temperature from the chemical spinup run (DEFchem) for 1920—

1940 and the run without online chemistry (DEFnochem) for 1860— .

2100.

15

. area

grey line represents the 20-yr “chemical” spinup with the on- °

line chemistry turned on. The evolution of surface tempera- AL
ture between 1940 and 2100 is presented by the “ALL” and ~ — mic nco2
“NoAVIATION” experiments. The modeled warming due to

NOAVIATION

i

years

all anthropogenic forcing for both simulations with respectto oa0 1960 1980 2000 2020 2040 2060 080 2100
1860 is about 0.5, 2.5 and 4.0 K for the years 2000, 2050 and

2100, respectively. The corresponditRCC (2007 values Fig. 6. The 1940-2100 evolution of the Arctic sea-ice area in
are approximately 0.7, 2.2 and 3.5 K. The ALL experiment September. Dotted lines represents yearly time series and solid lines

is slightly warmer throughout the 21st century, indicating the 11_-yr running average of the three ensemble members for each
experiment (see Tablb.

that the positive RF of the aviation emissions causes higher
temperatures (detailed further in Se&8). The DEFnochem

run without online coupled chemistry (i.e., which uses the

CNRM-CM5.1 model) exhibits warming similar to the runs in resolution between the atmospheric model and the ocean
with online chemistry, indicating a comparable surface cli- model may generate inappropriate fluxes on the sea-ice edge.
mate between the coupled and non-coupled runs.

The global average surface temperature for 1961-1990 is In Fig. 6, we plotted the 1940-2100 evolution of the Arc-
about 14 C (GISS 2010, which is about 1 C higher than tic sea-ice area in September. The sea-ice extent over the
our results. InOlivié et al. (2012, where an earlier version 1950-1999 time span is about 12 millionkin September,
of the model without interactive chemistry is used, the prein-whereas it is estimated to be around 7 milliorékim obser-
dustrial mean surface temperature is about 1.0 K higher thawations byFetterer et al(2009. In Olivié et al. (2012, the
in our version of the model. This difference in mean surfacesimulated Arctic September sea-ice extent is closer to ob-
climate is quite constant over the 20th century and decreaseservations. By the end of the 21st century, the September
over the 21st century. Our version of the model obviously sea-ice extent decreased to zero in both our simulations and
has a cold bias over the historical period and is more senin Olivié et al.(2012. Our simulations thus exhibit a much
sitive over the 21st century. It must be noted that the coldfaster sea-ice melting during the 21st century thdinié et
bias remains when activating the chemistry component of theal. (2012, and great variability within the different simula-
model, indicating that it is intrinsic to the atmosphere-oceantions and members. The overestimation of the sea-ice cover
coupled system. The difference in mean historical climate isover the 20th century explains the larger sensitivity of the
attributed to an overestimation of the Arctic sea ice in theclimate system by increasing the potential sea-ice feedback
model, especially over the Northern Atlantic. When running under warmer conditions. The Arctic sea-ice loss under in-
the same model, but with increased atmospheric resolutiomreased GHG concentrations is known to have a threshold
from 2.8° x 2.8° to 1.4° x 1.4° (CNRM-CM5, Voldoire etal.  behavior Eisenman and Wettlaufe2009. It is well known
(2013), the Arctic sea-ice bias is much weaker. The sea-icethat the speed of decrease is highly dependent on climate
bias in our model is thus attributed to the coarse resolution ofvariability, and particularly on the ocean state. The uncer-
the atmospheric model. More precisely, the large differenceainty of this speed is higher with the overestimation of the
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CO2 [ppmv] due to aviation (2031-2050)

CO2 [ppmv] due to aviation (1991-2010) CO2 [ppmv] due to aviation (2080-2099)
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Fig. 7. Impact of aircraft CQ emissions on the zonally averaged £dstribution for 1991-2010 (left), 2031-2050 (middle) and 2080-2099
(right) in ppmv. Note that the colorbar is different in each plot. The vertical axis corresponds to pressure in Pa.

sea-ice extent in our case. For this reason, the Arctic region The zonally averaged impact of aircraft N@missions on
may exhibit large differences in temperature between the difthe NQ, and ozone concentrations for June—July—August is
ferent members, and these differences are not attributable tpresented in Fig3. For NG, significant changes occur at the
the difference in chemistry composition, but rather are due tamain flight levels over the Northern Hemisphere, becoming
the natural variability of the climate system. It has to be ac-important in the Southern Hemisphere as well in 2080-2099.
knowledged here that this model bias has a negative impacthe maximum changes occur betweefi KGand 60 N and

on the possibility of detecting significant signals in our study. reach 10, 50 and 100 pptv for the three periods, respectively.
Moreover, the method of initialization of the different mem- Impacts in the stratosphere are very small, and not statisti-
bers is probably under-dispersive, given that an ocean stateally significant.

taken one year before or after is not very different in terms The aviation-induced, zonally averaged, ozone changes
of ocean variability. Given these drawbacks, the differenceqFig. 8, bottom row) are lower than 1ppbv in the 1991—
in Arctic surface temperature in our simulations should be2010 period, and mostly not statistically significant. Signif-

interpreted with caution. icant changes occur only between the Equator arfd\N30
_ _ A more pronounced impact is modeled for 2031-2050 (up
3.2 Impact on the atmospheric chemistry to 10 ppbv). In 2080—2099, this impact on 0zone once more

i ) ) reaches 10 ppbv over the Northern Hemisphere and is higher
This section presents the changes in the amount and 350455 the whole troposphere than in 2031-2050. Ozone
dimensional distribution of relevant air pollutants due to avi-

. o s o changes in the stratosphere (200 to 2hPa) consist of de-
ation emissions, with a focus on the g@&nd NG emissions  ¢reases (up te-20 ppb) in each of the three periods. These
and the triggered ozone change.

. decreases are not, however, statistically significant. In con-
We analyze the results over three 20-yr periods: 1991+aq; in the mesosphere (above 1hPa), statistically signifi-

2010, 2031-2050 and 2080-2099, representative of thean; increases are modeled, reaching 5 ppbv and 10 ppbv in
present-day, near-future and far-future conditions. 2031-2050 and 2080-2099, respectively.
Previous studies dealing with the aviation £@®npact '

considered it to be uniformly distributed over the globe (€.9.,3 3 The mean global impact of different aviation

Olivié et al, 2012, given its long lifetime. However, to some emissions

extent, the aviation contribution to the G@istribution is

not uniform and its maximum is concentrated in the North- |, thjs section we present the global mean temperature re-
ern Hemisphere. Figurepresents the zonally averaged avi- sponse due to different aviation emissions as the difference
ation CQ contribution in ppmv for 1991-2010, 2031-2050 jn, the corresponding experiments (see previous section). Fig-
and 2080-2099. The highest impact is located at the mainyre 9 shows these differences in the corresponding ensemble
flight levels over the Northern Hemisphere, where the max-mempers (thin lines) and in the 11-yr running mean of the
imum CQ; contribution is around 1.5, 5.5 and 20 ppmv, re- ensemble means (thick lines) for the temperature at the sur-

spectively, in the three periods. In the troposphere, the conggce (2m) and at selected pressure levels, i.e., 850, 500, 250,
tribution goes down to 1.4, 5.3 and 19.5 ppmv, while in the 100 and 10 hPa, between 2000 and 2100.

stratosphere it decreases to 1.1, 4.6 and 17.8 ppmv, respec- ayiation emissions induce a positive RF, causing a warm-

tively. ing in the troposphere, at least when considering the equi-
librium responseRap et al. 2010. In the 20th century this
effect is considered to be negligible, but with increasing
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NOx [pptv] change due to aviation NOx (1991-2010) JJA NOx [pptv] change due to aviation NOx (2031-2050) JJA NOx [pptv] change due to aviation NOx (2080-2099) JJA
10

) ‘

50
100

J g

500 ™ ‘ I

1000
2000
| t 1
5000
p— @!

10000

20000
30000 e
£0688
70000
100000 s s 7o “ o 605 305 €0 605 305 €0 30N 60N
=150 =100 =50 -20 =10 -5 =1 0 1 5 10 20 50 100 150
03 [ppbv] change due to aviation NOx (1991-2010) JJA 03 [ppbv] change due to aviation NOx (2031-2050) JJA 03 [ppbv] change due to aviation NOx (2080-2099) JJA
10
20 ‘
50
| i
200 -
500
1000 o
2000 L] n l
5000 | .
10000 ! ‘
20000
30000 ‘i g “
0000
26000
70000
100000 60S 308 EQ 30N 60N 60S 30S EQ 30N 60N
-50 -20 -10 -5 -2 -1 0.5 0 0.5 1

Fig. 8. The June-July—August impact of aircraft N@missions on the zonally averaged N@ptv, upper row) and &(ppbv, bottom row)
distributions for 1991-2010 (left), 2031-2050 (middle) and 2080-2099 (right). The shaded areas show significant changes at the 95 % level

of confidence. The vertical axis corresponds to pressure in Pa.

emissions it is expected to reach significant levels towardsend of the century at the highest levels (500 and 250 hPa).
the end of the 21th centunBkeie et al.2009 Olivié et al, There, the warming is present throughout the century.

2012. In our simulations (see Fi§), the modeled impact on At 100 hPa, none of the curves reveal any obvious trend
the 11-yr running mean temperature exhibits large variabil-over this 100-yr period, possibly in connection with the av-
ity throughout the century, and the signal is not obvious in all eraging of opposite tropospheric and stratospheric effects.
cases. Above the main flight levels at 10 hPa, aviation £&nis-

The increase in temperature due to aviation emissions isions cause a large cooling-Q.25 K) near the end of the
visible when considering the CIC effect (blue lines), the non-century. A slight cooling is simulated for the CIC and non-
CO, effect (red lines) and the overall aviation effect (green CO;, effects as well, reaching around0.05 K towards the
lines), especially at higher levels of the troposphere, i.e., aend of the century.

500 and 250 hPa. A warming of up to 0.1 K is predicted for

the last two decades of the 21st century due to the CIC impac8-4  The three-dimensional structure of the aviation im-
or to the non-CQ@impact. pact on the temperature of the atmosphere

The expected warming of the troposphere due to aviation ] o )
The globally averaged impact of aviation does not provide

CO;, is visible only at the end of the 21st century, reaching ' "'~ -0 Re Y X i
about 0.1 K. During much of the 21st century, the aviation @ Picture of the spatial distribution of its magnitude and of
CO; causes cooling, in contrast to previous findings and scithe stf'mstlcal S|gn|f|cance of the changes. In this section, we
entific expectation. examine the changes in the near.—surface temperature and the
Our modeling system does not simulate a significantZon@ means over the 20-yr periods already used. In order
to draw a picture of the seasonality of the impacts, we also

change in global mean temperature in connection with avi <
ation NO; emissions, and the non-G@npact, composed of calculate the monthly variations of the temperature changes.

the CIC and NQ, is in line with the CIC impact.
Finally, for the troposphere, the overall aviation emission
effect (green lines) results in a 0.2 K warming towards the
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Fig. 9. Time series of the impact of aviation emissions on global temperature between 2000 and 2100 at six different pressure levels. Thin
lines indicate the annual impact from each of the three members of a simulation, and the thick lines indicate the 11-yr running average of
the ensemble mean. The blue, brown, red, yellow and green lines correspond to the G|@pBC G and NQ, impacts, and the Total

aviation impact, respectively.

3.4.1 Spatial patterns of the near-surface temperature in the near future. However, this should be viewed with cau-
changes tion, given the deficiencies identified in the sea-ice patterns
and evolution we simulated (see Sect. 3.1).
In Fig. 10, the change in the global near-surface tempera- The CIC impact on the near-surface temperature suggests
ture due to different aviation emissions is presented for thewarming, although it is statistically significant only over
three periods, corresponding to the three columns from lefsmall regions in all periods. The warming can reach as much
to right. as 0.3-0.5 K in the near and far future.

The figure shows that the G@mpact (first row) is mostly The non-CQ impact (Fig.10, fourth row) resembles the
very small in the present-day and 2031-2050 periods, withCIC effect, reflecting the low NQimpact modeled in our
however, a warming above 0.1 K over the Antarctic and astudy. It shows similar warming patterns over the Arctic as
cooling of up to 0.6 K over the Arctic, respectively. For the the NQ, effect, probably reflecting similar sea-ice behavior
end of the 21st century, Gdrom aviation causes a warm- in the region. The non-Cfimpact is, in general, stronger
ing of around 0.1 K over large parts of the globe; however,than the CIC one and represents a warming around 0.1-0.2 K
it is significant only over limited regions of the Pacific, the in the far future, although the areas with significant changes
subtropical Atlantic and the Antarctic. are again limited.

The impact of aviation NQ emissions (second row) on More significant impacts are obtained when considering
the near-surface temperature is small in general, and statistthe combined effects of the emissions (Fi@, bottom row).
cally significant over restricted areas with both warmings andThe warming near the surface is significant during each ex-
coolings in the—0.3-0.3 K range. The largest temperature amined time slice. It can be as high as 0.6 K over some
changes (warmings) are modeled over the Arctic, especially
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Fig. 10.Impact of aviation on near-surface temperature averaged over 1991-2010 (left column), 2031-2050 (middle column) and 2088—2099
(right column). Rows represent the g@irst row), NO (second row), CIC (third row), non-CQ(fourth row) and all the aviation effects
(fifth row). The shaded areas correspond to statistically significant changes at the 95 % level of confidence when applying a t-test.

regions in each period, but the area of statistical significancetion. The results are presented in Fidl, where each row

largely over the oceans where the variability is lower, in- again corresponds to a particular emission or their com-

creases towards the end of the century, when the warminginations (from top to bottom: C£) NOy, CIC, non-CQ

is usually above 0.1 K. and Total impact). The figure suggests that aviation emis-
sions are, in general, responsible for warming in the tropo-

3.4.2 Zonal mean temperature changes due to aviation sphere and cooling in the stratosphere. The main causes of

emissions the stratospheric cooling are G@missions (and the conse-

guent increase in emissivity into space; see SBctand this

This section provides the zonally averaged temperature reis why this cooling is well expressed in the “Total” impact

sponse over the three periods analyzed in the previous se@s well. The CQ@ impact remains negligible in present-day
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Fig. 11.Zonally averaged impact of aviation emissions on temperature over 1991-2010 (left column), 2031-2050 (middle column) and 2088—
2099 (right column). The rows (from top to bottom) represent the impact of GENOy emissions, of CIC, of the non-CGmissions and

of the all the emissions considered (Total impact). The shaded areas represent statistically significant changes at the 95 % level of confidenc
when applying a t-test. The vertical axis corresponds to pressure in Pa.
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conditions, reaches0.1 to—0.2 K in the middle of the cen- Figurel12further illustrates that the CQropospheric im-
tury, and becomes strongest towards the end of the centurpact is highest from late spring until autumn, with a maxi-
(—0.3t0—0.4 K). In the troposphere, the G@aused warm- mum around September (above 0.1 K). However, the changes
ing exceeds 0.1 K in the far future over the tropical regions.remain below statistical significance in each month, with the
It is not statistically significant, however. exception of a small warming near the surface in September
The impact of NQ emissions does not appear to be sta-in the far future. The C@induced cooling in the stratosphere
tistically significant either, except over the Equator betweenis significant in both the near and far future in almost all sea-
20 and 100 Pa, probably in connection with increased ozoneons, lying below—0.2 K above the 10 hPa level, which is
(see Fig8). in line with the impact on the evolution of the global mean
The CIC-related zonal mean temperature changes encomemperature (Fig9).
pass warming in present-day conditions (up to 0.1-0.2 K) Forthe NG impact, only a small area of significant warm-
over the equatorial latitudes, which have low statistical sig-ing above 100 Pa is simulated throughout most of the year.
nificance. In 2031-2050, this warming becomes larger (upto The significant CIC impact is largest during early autumn
0.2 K), but is significant only over 30—80. In the far fu- in the present-day period and increases in the middle and far
ture, the temperature increase is clearly emphasized betwedunture, with a shift in the maximum values of warming to
60° S and 60N, encountering maxima (of 0.3-0.4 K) over June and July exceeding 0.2 K.
latitudes corresponding to the denser aviation routes (40— The seasonal dependence of the non@@pact is similar
50° N, higher troposphere, see FR). to the CIC impact, with a maximum tropospheric warming
The aviation non-C® emission-induced temperature in September, a second local maximum for the near future in
changes are again very similar to those due to the CIC imJune, and a stronger warming in 2080-2099, peaking in the
pact. In the troposphere, the highest warmings are modeledummer months.
over the Northern Hemisphere, with maxima over the Arctic The impact of all the emissions (total impact) is significant
in the near future, and around the main flight corridors in thein every season in both the troposphere and the stratosphere,
far future (up to 0.3-0.4 K). and in practically every examined period. The largest tropo-
Finally, the overall aviation emissions induce a well- spheric warming occurs during October 1991 to 2010 and
expressed and statistically significant decrease in the strataduring the summer in the two future periods, reaching 0.4 K
spheric temperatures (up to 0.4-0.5 K), and an intensiven the far future. The stratospheric cooling as a result of in-
and statistically significant temperature increase in the trocreased Cg@ as expected, is present as well, reaching the
posphere in each of these three periods. In the near and fasame values as for the G@npact.
future, this increase covers almost all latitudes, and reaches
maxima of 0.4-0.6 K.
4 Discussion and conclusions
3.4.3 Seasonal dependence of the aviation impacts on
temperature The present work assesses the impact of global aviation on
climate using an AOGCM with online chemistry.
Aviation emissions are not uniformly distributed along the We identified two main aspects in the behavior of our
year, but show a monthly variation with approximately 12 % model performance that have affected the results we ana-
higher fuel burns in July—August than in winter, and this sea-lyzed. Indeed, the model simulated (1) unrealistic sea-ice
sonal variation is represented in the emission data we use asmounts over the Arctic, and (2) a lower impact of the avi-
well as in many other data sets ($@ksen et al.2013. Fur- ation NG, emissions on chemistry, in terms of ozone pro-
thermore, the environmental conditions under which theseduction, than previous studies. The first aspect is a shortcom-
emissions trigger further effects, such as temperature, preing of our simulations that greatly influenced the surface and
vailing winds, humidity, etc., vary by season as well. There-lower tropospheric temperatures, completely masking some
fore, we might also expect a seasonal dependence of the inef the individual impacts of aviation emissions. Therefore,
pacts of the aviation emissions. To quantify this dependencethe results we obtain for the surface temperature, in partic-
we plotted the change in the monthly variation of tempera-ular those for the northern high latitudes, should be viewed
ture (see Figl2), providing information about the seasonal with caution. At higher levels from the middle troposphere to
variation of the impact at all altitudes. the upper stratosphere, our results, although statistically sig-
The main features of the impacts seen in the previous paranificant only to some extent, are consistent with the aviation
graphs also appear in Fig2, i.e., (1) during 1991 to 2010: RF expectations.
the low, statistically insignificant impacts of the g@nd Overall, the changes in the global surface temperature that
NOyx emissions, and the stronger impacts for the CIC, thewe simulate between 1860 and 2100 in our various experi-
non-CQ and the total emissions; (2) in the far future: the ments correspond to those of tHeCC (2007) or of Olivié
stratospheric cooling due to GGand total emissions, and et al. (2012, noting that our absolute surface temperatures
the greatest tropospheric warming. are lower due to our biased sea-ice extent. Secondly, the
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Fig. 12. Impact on the monthly global vertical profile of temperature due to aviation emissions averaged over 1991-2010 (left column),
2031-2050 (middle column) and 2080—-2099 (right column). The rows represent the impacp @n@MQ, emissions, of CIC, of the
non-CQ emissions and of all the emissions considered (Total impact). The shaded areas represent statistically significant changes at the

95 % level of confidence when applying a t-test. The vertical axis corresponds to pressure in Pa.
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Fig. 14.Time series of the aviation emissions impacts on the north-
ern hemispheric sea-ice area in September between 2000 and 2100.
Thin lines indicate the annual impact of each of the three members
of a simulation, and the thick lines indicate the 11-yr running aver-
age of the ensemble mean. The blue, brown, red, yellow and green
lines correspond to the CIC, GOnon-CG and NQ impacts, and

the Total aviation impact, respectively.

6 ppbv inGauss et al(2009; Kdhler et al.(2008; Hoor et
al. (2009, while our increase does not exceed 1 ppbv. There
are several causes of this. First, we have notimplemented the

2000 i
_ NMHC chemistry specific to the troposphere in our chem-

1222: istry scheme, which has been shown to augment the ozone

o000 |27 e production (see Sec8.2). Secondly, we implemented the

30000 = NOx-plume parameterization @ariolle et al.(2009 in our

70000 model, and this leads to a further decrease in ozone produc-

oo &% %5 &) N &N tion. Thirdly, the aviation NQ induced changes were calcu-
—E———————L D T —— lated as the difference of two experiments, each one with its

) ) ) o own meteorology, in contrast with previous studies, where
z'ngéhle?’z'g;‘;Ij‘;‘/:;ggg%gp“pi)”gﬁzgc(’;sg\‘;)rzfitstwngﬂgs'sofgsr a fixed meteorology was imposed. In Fig. 13, we show the
1991-2010 and the standard deviation of the difference calculateg thandard fd eviagtécin ;%rlgle_riwatlon;mzoseq)[}[l@ d cf)ztﬁneN o
from the members (contour lines). The shaded areas show signifig anges for i o € standard deviation ot thg
cant changes at the 95 % level of confidence. The vertical axis cor-Change IS ‘_abOUt 25-50 % of the absolute change, and that of
responds to pressure in Pa. the ozone is close to 100 %oor et al.(2009 calculated the
intermodel standard deviation of the aviation Ni@dduced
ozone changes, and found a much lower variability.
averaged impact of aviation on temperatures is highly vari- IThe?, consllderlng 'thatt\r/]ve _m;pose?_ tro?osphetﬂc melthbarlue
able, probably due to the additional degree of freedom in ou e;]axa_l |ton tva ues l:smgd Ie tlr? (:rm? Iolnt rcirr]n 0 he: gto a
model with the introduction of online coupled chemistry, but ¢ Em[s '3;] rapstpor (;no be S taajgglcu z:he € \Q’ 0 9t_ ropo-
the signal is more obvious at higher altitudes. As a conse-;pF zrlcci i?'sl nt{odne rogz i .j)’l ewlea ffpofltlveth
quence, the warming trends due to aviation are less clear than ue 1o the fow ozone production IS fargely ofiset by the
those inOlivié et al.(2012, and our impacts are usually of a negative RF from the prescribed methane change evolution,
smaller amplitude ' leading to a non-significant NOmpact on temperature.
In general, the impact of the aviation N®missionsonthe . Our m(_)deled ozohe dec_reases |n the stratosphere are con-
temperature we simulate is negligible. This is in agreementS'StteTjt with prewofus sttjdges. bE‘g?'hler et a'_-t(Z?]OSI(;e'b
with our computations of the quantity of ozone production po: d ?ﬁr??ﬁes ohup &0 ppov. ;)wever, : tﬁ ou ¢ €
resulting from these emissions, which is smaller than in pre—no ed hat tnese changes represent no more than a few per-
vious studies (e.gGrewe et al,2002a Isaksen2003 Gauss cent of the orlg!nal field, and that the standard deviation of
etal, 2008 Kéhler et al, 2008 Cariolle et al, 2009 Hoor et these changes is comparable to the changes themselves (see
al., 2009 Koffi et al., 2010 Hodnebrog et a].2012). These Fig. 13).
studies report zonal ozone increases in the UTLS from 2 to
3ppvb inCariolle et al.(2009; Olivié et al. (2012 to over
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The impact of contrails and contrail-induced cloudinesswith the corresponding radiative forcing, but rather seem to
(CIC) is clearly seen in our simulations, with a well- result from the sea-ice internal model variability. As an il-
pronounced warming in the whole troposphere up to 0.3 K inlustration of these affirmations, there is clearly much more
zonal mean at the end of the 21st century. The warming neafrctic sea ice in the C®impact case, with maximum peak-
the surface is, however, usually not statistically significant.ing in 2030-2040 (see Fid.4, brown curve), while for the
The highest impacts are modeled for the Northern Hemi-lower tropospheric temperature, negative impacts are mod-
sphere around the flight corridors, especially during summergled, with a peak in 2040 (see Fi§j.brown curve). Similarly,
when clear sky conditions are frequent and aviation transporevident links appear for the NGnd non-CQ impacts.
peaks. A small aviation CQ warming is modeled over the

Previously,Ponater et al(2009 had calculated the con- Antarctic and the tropics at altitudes corresponding to the
trail cirrus equilibrium climate response using scaled con-main flight levels, reaching 0.1 K in zonal mean in the far
trail coverage following the FESG/Fal inventory for 2050 future. This warming is most pronounced in the late north-
aviation. The distribution of their zonal mean temperatureern hemispheric summer, although these results do not reach
response is very similar to our results, showing maximumstatistical significance.
warming around 300 hPa between°38nd 60 N and a Sausen and Schuma(2000 made climate projections of
statistically significant response (on the 95 % level) usuallythe aviation emissions, focusing on the £i@pact. Follow-
below the tropopause, which is consistent with our resultsing their Fal, Eab and Eah emission scenarios, they calcu-
More recently,Rap et al.(2010 made similar equilibrium lated warmings of 0.025, 0.033 and 0.050 K in 2050 and of
calculations, but for the linear-shaped contrails, with 1000.047, 0.086 and 0.146 K in 2100, respectively. The scenario
times enhanced optical depth-finding 0.13 K global aver-we used lies between their Eab and Eah scenarios, thus our
age surface warming for present-day conditions against thavarming at the end of the 21st century (0.1 K in the free tro-
reference simulation without contrails. We simulated almostposphere) is consistent with theirs.
no significant warming for the present-day period, due to The total impact of aviation emissions simulated corre-
the combined effect of linear-shaped contrails and contrail-sponds to a well-pronounced warming in the troposphere,
induced cirrus. which is statistically significant in both present and future

However, these comparisons between our study and thosgecades. Near the surface, the warming reaches around 0.2 K
of Ponater et al(2005 andRap et al (2010 must be inter- by the end of the century, which is a lower value than that
preted with caution because of the differences in modelinggiven by the corresponding scenario Skeie et al.(2009
approaches. (0.3 K), who used a simple climate model.

The non-CQ impact is very similar to the CIC impact The stratospheric cooling calculated for the “Total” im-
in our simulations, as our non-G@ffects include only the pact (up to—0.3 K) resembles the cooling of the G@npact
NOx and CIC effects, since we do not consider aviationand lies in the increased thermal emissivity of £i@ the
aerosol emissions, and reflects the low Ni@pact. Olivié stratosphere, resulting in enhanced radiation into spRae (
et al.(2012 simulated a 0.25 K surface warming due to non- maswamy et al200Z; Bell et al, 2010.

CO, emissions in 2100, which is higher than ours (less than Our experiments show that the temperature response due
0.2 K). to a radiative forcing may have, in general, a different ge-

In terms of zonal mean changes, the warming during theographical pattern than that of the radiative forcing itself,
far future (2080-2100) due to aviation non-£@missions  which has previously been shown Bypshi et al.(2003,
reaches 0.3 K, which is again lower than the 0.45 K warm-Hansen et al(2005 and Ponater et al(2005. This is par-
ing in Olivié et al. (2012, but the zonal distribution of the ticularly the case with the C&mpact, where the maximum
temperature response is rather similar, with the maximumaviation CQ contribution is seen over the Northern Hemi-
change around the 300 hPa level betweeha8@ 60 N and  sphere, but the largest warming is modeled over the tropics
even with a temperature decrease over the tropopause in botind the Southern Hemisphei&oer and Yu(2003 came to
cases, although statistically not significant in our study. similar conclusions. In the case of the CIC effect, this behav-

For the CQ effects, the modeled near-surface warming ior is less evident; according to the zonally averaged impacts,
reaches 0.1 K over many regions in the far future, but is usuthe largest temperature response follows the geographical lo-
ally not significant. A cooling appears in the middle of the cation of the densest air traffic and thus the CIC occurrence.
century over the Arctic. A similar cooling, although of lower  The results shown here are clearly marked by low statisti-
magnitude, was computed Bfivié et al.(2012. In our case, cal significance. The modeling approach used, i.e., no scal-
itis connected to the Arctic seaice in the simulations. Indeedjng of aviation emissions, three member ensembles, and an
the variations in the Arctic sea-ice extent in September due ttAOGCM with online coupled chemistry, would require sim-
the various aviation emissions (see Fid) are fully in line  ilar companion studies to confirm or infirm these results. Fu-
with those of the global temperature at the surface and at 85@ure improvement of our model will consider the implemen-
hPa (see Fidd). These sea-ice variations do not appear to betation of a tropospheric chemistry scheme that should bet-
scientifically consistent with changes in emissions, and thuger resolve the chemical perturbation triggered by aviation
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emissions. Moreover, the issue of an improper sea-ice exBurkhardt, U. and Karcher, B.: Global radiative forcing
tent reference state, linked to large differences in the reso- from contrail cirrus, Nature Clim. Change, 1, 54-58,
lutions of the atmospheric and oceanic models, needs to be d0i:10.1038/NCLIMATE10862011.

investigated further. An incorrect sea-ice reference state mafrariolle, D. and Teyssedre, H.: A revised linear ozone photochem-
strongly bias the near-surface temperature impact of aviation. istry parameterization f_or use in transport and general circulation
Finally, a more accurate treatment of contrail and contrail- rznfgdeelzg?lgltgfg:/:il S';n;'laggogzo ';torggs- Chem. Phys., 7, 2183~
induced cloudiness as a function of their evolving micro- ' y P '

hvsi Id be b ficial dv of the i f avi Cariolle, D., Caro, D. Paoli, R., Hauglustaine, D. A., Cuénot, B.,
physics wou e beneficial to a study of the Impact of avia- Cozic, A., and Paugam, R.: Parameterization of plume chem-

tion emissions. istry into large-scale atmospheric models: application to
aircraft NQ; emissions, J. Geophys. Res., 114, D19302,
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