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ABSTRACT

While transient climate change experiments with coupled atmosphere–ocean general circulation models
undoubtedly represent the most comprehensive tool for studying the climate response to increasing con-
centrations of greenhouse gases (GHGs), less computationally expensive time-slice experiments with at-
mospheric GCMs are still useful to test the robustness of the projected climate change. In the present study,
three sets of time-slice experiments with prescribed sea surface temperature (SST) are compared to a
reference climate scenario obtained with the Centre National de Recherches Météorologiques Coupled
Climate Model (CCM). The main objective is to assess the sensitivity of the monsoon response to the
magnitude or pattern of SST anomalies in two regions where such anomalies are highly model dependent,
namely, the circumpolar Southern Ocean and the tropical Pacific Ocean. On the one hand, it is shown that
the regional climate anomalies predicted by the CCM can be reproduced at least qualitatively by a pair of
time-slice experiments in which the present-day SST biases of the CCM are removed. On the other hand,
the results indicate that the Indian monsoon response to increasing amounts of GHG is sensitive to regional
uncertainties in the prescribed SST warming. Increasing the sea surface warming in the southern high
latitudes to compensate for the weak sea ice feedback simulated by the CCM around the Antarctic has a
significant influence on the regional climate change simulated over India, through a perturbation of the
regional Hadley circulation. Prescribing zonal mean rather than El Niño–like SST anomalies in the tropical
Pacific has an even stronger impact on the monsoon response, through a modification of the Walker
circulation. These results suggest that both deficiencies in simulating present-day climate (even at high
latitudes) and uncertainties in the SST patterns caused by enhanced GHG concentrations (especially in the
tropical Pacific) are major obstacles for predicting climate change at the regional scale.

1. Introduction

Though the Indian summer monsoon rainfall shows
little significant trend over the entire twentieth century
(Rupa Kumar et al. 1992; Pant and Rupa Kumar 1997),
the perspective of a possible impact of global warming
on the Indian subcontinent remains a major issue for
the large population of this region. Given the extreme
dependence of Indian water resources on the summer
rainy season, even a moderate decrease in monsoon
intensity could have serious consequences on the
economy. Moreover, possible impacts on climate vari-
ability could also lead to an increased risk of floods
and/or droughts.

Unfortunately, numerical climate projections based
on coupled atmosphere–ocean GCMs are still very un-
certain at the regional scale, especially where precipi-
tation is concerned. While a majority of studies (see,
e.g., Meehl and Washington 1993; Hu et al. 2000; Rupa
Kumar and Ashrit 2001) indicate a significant increase
in monsoon rainfall with increasing amounts of green-
house gases (GHGs), the regional distribution of the
precipitation anomalies over the Indian peninsula re-
main highly model dependent. Even on the continental
scale, changes in all-India rainfall remain very uncer-
tain (Lal et al. 1994, 1995; Mitchell and Johns 1997;
Douville et al. 2000a,b).

Clearly, there are so many uncertainties both in the
emission scenarios and the models themselves, that
multimodel ensembles of climate scenarios are ne-
cessary to achieve a more reliable assessment of the
potential impacts of human activities on regional cli-
mates. However, coupled atmosphere–ocean GCMs
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(AOGCMs) are still computationally expensive and
transient climate change experiments cannot be run as
often as necessary to explore all sources of uncertainty
in future climate projections. To overcome this diffi-
culty, time-slice atmospheric experiments have been
used for many years, and even before the availability of
global coupled AOGCMs. Such experiments are aimed
at simulating the equilibrium response of the atmo-
sphere to enhanced concentrations of GHG. While
early studies assumed a homogeneous warming of SST,
the SST boundary conditions are now derived from
coupled ocean–atmosphere scenarios, at two intervals
corresponding to the present-day and future climate,
respectively. Such atmospheric simulations are much
less computationally expensive than coupled integra-
tions and have been shown to capture the qualitative
response of the reference climate scenario (Stephenson
and Held 1993). Therefore, they allow modelers to mul-
tiply the number of climate change simulations, and
thereby to assess the relevance of various uncertainties
in their climate scenarios.

In the present study, the response of the Indian sum-
mer monsoon to increasing amounts of GHG and sul-
fate aerosols is compared between a reference climate
scenario and three sets of time-slice experiments. The
reference scenario, SG1, was performed with the
Action de Recherche Petite Echelle Grande Echelle–
Océan Parallélisé (ARPEGE–OPA) coupled AOGCM
and was described in detail by Ashrit at al. (2003). The
mean model response in the second half of the twenty-
first century indicates a significant increase in the
annual mean surface air temperature (about 2°C) and
in monsoon precipitation (less than 10%) over India,
relative to the 1950–99 climatology. This regional
climate change was, however, derived from a coupled
experiment without flux adjustment and, therefore, with
significant biases in the simulated present-day SSTs.

The objective here is to assess the robustness of the
Coupled Climate Model (CCM) monsoon response,
not only to the global SST biases, but mainly to regional
uncertainties in the projected global warming. Atmo-
spheric time-slice experiments driven by prescribed
SSTs are performed to explore the influence of present-
day SSTs and of regional SST anomalies on the climate
change simulated over South Asia. The focus is on two
regional processes that have been identified in former
global coupled scenarios as participating in the modu-
lation of the simulated global warming, namely, the sea
ice response at high latitudes and the El Niño–like re-
sponse in the tropical Pacific Ocean (Meehl et al. 2000).
The SST anomalies simulated in the southern high lati-
tudes are very uncertain in the CCM, which is not able
to simulate a realistic Antarctic sea ice cover during the

twentieth century (Douville et al. 2002). The SST
anomalies are also highly model dependent in the tropi-
cal Pacific, where only a subset of coupled AOGCMs
predict an El Niño–like response (Houghton et al.
2001). It is therefore particularly important to test the
impact of such regional SST anomalies on the simulated
Indian climate to assess the robustness of the monsoon
response to global warming.

Section 2 describes the model and experiments. Sec-
tion 3 briefly validates the simulated control climate
and shows that, while the Indian monsoon response to
increasing amounts of GHG is not very sensitive to the
global SST biases of the CCM, it is influenced by the
magnitude and pattern of SST anomalies prescribed in
the Southern Ocean and in the tropical Pacific. Section
4 provides a brief discussion of the results and section 5
summarizes the main conclusions.

2. Model and experiments

a. The CNRM climate model

The CCM or the Centre National de Recherches
Météorologiques (CNRM) CNRM-CM2 model has
been described by Douville et al. (2002) and Ashrit et
al. (2003). It is a coupled global climate model without
flux adjustment, consisting of the ARPEGE AGCM
(Déqué et al. 1994), the OPA OGCM (Madec et al.
1997), the Global Experimental Leads and Sea Ice for
Atmosphere and Ocean (GELATO) sea ice model
(Salas Mélia 2002), and the Interaction Sol–Biosphére–
Atmosphére (ISBA) land surface model (Douville et
al. 1995; Noilhan and Mahfouf 1996). The ARPEGE
global atmospheric model is a spectral model with a
progressive hybrid sigma pressure vertical coordinate,
and here is used with a T63 truncation and 45 levels
distributed between the earth’s surface and the upper
stratosphere. The physical package includes the turbu-
lence scheme of Louis et al. (1982), the statistical cloud
scheme of Ricard and Royer (1993), and the mass flux
convective scheme with Kuo-type closure of Bougeault
(1985). The shortwave and longwave radiative schemes
are derived from Morcrette (1989, 1990) and are acti-
vated every 3 h. The global ocean model used in this
study has been developed at the Laboratoire
d’Océanographie Dynamique et de Climatologie. It is a
finite-difference model based on the primitive equa-
tions (Madec et al. 1997). It has 31 vertical levels with a
much higher resolution in the boundary layer (10 m)
than in the deep ocean (500 m). The horizontal grid has
a variable resolution but a typical 2° interval in longi-
tude while the latitude interval is about 0.5° at the
equator and increases poleward. Sea ice is parameter-
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ized with the GELATO dynamic and thermodynamic
sea ice model, which considers several ice categories and
an elastic-visco-plastic ice rheology (Salas Mélia 2002).

b. The reference climate scenario

In Ashrit et al. (2003), the CCM was used to produce
two global climate scenarios, SG0 and SG1, spanning
150 yr. The simulations were initialized with oceanic
temperature and salinity profiles from Levitus (1982)
and with atmospheric trace gas concentrations ob-
served in the 1950s and started with a 20-yr spinup
period. After this spinup (and despite a residual drift in
the Northern Hemisphere high latitudes due to a slow
retreat of the Arctic sea ice), the GHG concentrations
were updated each year according to observations from
1950 to 2000, and according to the Intergovernmental
Panel on Climate Change (IPCC) Special Report on
Emissions Scenarios (SRES) B2 marker scenario after-
ward. The global distribution of the sulfate aerosols was
updated every 10 yr and specified according to the re-
sults of a transport model provided by Penner et al.
(1998). Both direct and indirect effects of the aerosols
were taken into account in the radiation parameteriza-
tion according to Boucher and Lohman (1995). More
details about the experiments can be found in Royer et
al. (2002) and Douville et al. (2002).

In the present study, one of these two scenarios
(SG1) is considered as a reference climate change ex-
periment. Note that there is no particular reason for
choosing SG1 instead of SG0. Both scenarios show very
similar climate anomalies when comparing the last 50 yr
(2050–99, hereafter referred to as P3) with the first 50
yr (1950–99, hereafter referred to as P1) of the integra-
tions (Ashrit et al. 2003). As far as the present-day
climate is concerned, the model biases are also very
robust. Looking at the Indian summer monsoon season
[June–September (JJAS)], the CCM shows a reason-
able global distribution of SST (Fig. 1), but overesti-
mated temperatures in the eastern part of the Atlantic
and Pacific tropical oceans compared to the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) climatol-
ogy (available online at http://dss.ucar.edu/datasets/
ds090.0/data). Such errors are found in many coupled
AOGCMs and are probably due to a lack of marine
stratus in the subtropical anticyclones. Large positive
biases also appear in the circumpolar Southern Ocean,
where the sea ice cover is strongly underestimated, and,
to lesser extent, in the northern Pacific and northern
Atlantic, where the simulation of sea ice is much more
realistic.

Figure 2a shows the JJAS SST anomalies produced

by the CCM when comparing the late twenty-first cen-
tury (P3) with the late twentieth century (P1). Like in
most IPCC scenarios, the maximum SST anomalies ap-
pear in the northern high latitudes, which can be partly
explained by the retreat of the Arctic sea ice and of the
Northern Hemisphere snow cover. In the southern high
latitudes, the ocean warming is on the contrary very
limited, which is due to the weaker extent of the land
areas than in the Northern Hemisphere, and mostly to
the lack of sea ice around the Antarctic from the be-
ginning of the scenario. If sea ice is strongly underesti-
mated during the twentieth century, the model cannot
simulate the sea ice retreat during the twenty-first cen-
tury and the southern high-latitude SST anomalies are
probably underestimated (even if no significant warm-
ing was detected over the late twentieth century in the
existing instrumental record over this region). In the
tropical belt, the sea surface warming simulated by the

FIG. 1. Global JJAS distribution of (top) SST and of (bottom)
SST biases relative to the NCEP–NCAR climatology in the
coupled scenario SG1 during P1. All isolines are in °C.
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CCM is generally between 1° and 2°C, except in the
central and eastern equatorial Pacific where a tongue of
SST anomalies exceeding 2°C clearly appears in Fig. 2a.
Such an El Niño–like response is not specific to the
CCM. It is, however, not systematic and might depend
on the simulated cloud response (Meehl et al. 2000),
and also on the present-day SST climatology in the
equatorial Pacific. Given the significant SST biases of
the CCM in the equatorial Pacific and in the southern
high latitudes, it is important to investigate whether a
different SST response in these regions would lead to a
different monsoon response to global warming.

c. The time-slice experiments

The atmospheric response to increasing amounts of
GHG can be thought of as partly due to a direct radia-
tive effect and partly due to an indirect effect through
changes in SST and sea ice boundary conditions. Sev-
eral studies based on time-slice experiments (Stephen-

son and Held 1993; Déqué et al. 1998) have shown that
the indirect effect is a dominant one, so that the main
issue in designing such experiments is to decide how to
prescribe the lower boundary conditions. In the present
study, surface temperature has been prescribed not
only over the open ocean but also over sea ice, which
allows us to impose exactly the same surface ocean
warming as in the reference scenario even in the high
latitudes.

Three sets of time-slice experiments have been per-
formed (Table 1) that share the same control simula-
tion for present-day climate, but use different SST
boundary conditions for simulating future climate. In
the present-day climate integration (TS1), we prescribe
climatological monthly mean SSTs derived from the
NCEP–NCAR reanalyses to get rid of the CCM SST
biases. In all future climate integrations (TS3, TS4,
TS5), we prescribe SST boundary conditions that are
based on the superimposition of the CCM monthly
mean anomalies onto the NCEP–NCAR climatology.

FIG. 2. Global JJAS distribution of simulated or prescribed SST anomalies in (a) SG1 (P3 � P1), (b) TS3 � TS1, (c) TS4 � TS1,
and (d) TS5 � TS1. All isolines are in °C.
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In TS3, the prescribed SST anomalies are exactly the
same as in SG1 (Fig. 2b). In TS4, SSTs prescribed
around the Antarctic are directly derived from SG1
(raw SST climatology during P3) so that the prescribed
surface warming is much stronger than in SG1 (Fig. 2c).
A bilinear interpolation is used around 60°S to ensure
a smooth transition between the midlatitudes and the
high latitudes. In TS5, the El Niño–like response in the
tropical Pacific is removed by prescribing zonal mean
SST anomalies between 20°S and 20°N in this ocean
basin (Fig. 2d).

All simulations are 10-yr atmospheric integrations
without interannual variability in the SST boundary
conditions. Such an experiment design was justified by
Douville (2005) who demonstrated that interannual
SST fluctuations could lead to spurious impacts on the
simulated tropical atmospheric response in such time-
slice experiments without ocean feedbacks. This con-
clusion was recently reinforced by Krishna Kumar et al.
(2005) who showed that prescribing observed SSTs in
the warm pool regions of the Indo-West Pacific Ocean
could lead to a decrease in the actual seasonal predict-
ability of the Indian summer monsoon compared with
the use of coupled or climatological SSTs outside the
eastern tropical Pacific.

In addition to lower boundary conditions, concentra-
tions of GHG and sulfate aerosols must be also pre-
scribed. For the sake of simplicity, the concentrations
prescribed in TS1 have been fixed at the level found in
the middle of P1 (1975) in SG1. Similarly, the future
climate integrations have been forced by concentra-
tions derived from 2075 (middle of P3).

3. Results

a. Brief validation of the present-day monsoon
climate

Before comparing the response of the Indian summer
monsoon in the various sets of time-slice experiments,

the simulation of the present-day monsoon climate is
here briefly validated against the NCEP–NCAR atmo-
spheric reanalyses and the Climatic Research Unit
(CRU; available online at http://www.cru.uea.ac.uk/cru/
data) or the Global Precipitation Climatology Project
(GPCP; Huffman et al. 1997) precipitation climatology.
More details about the validation of the CCM can be
found in Douville et al. (2002), Salas Mélia (2002), and
Ashrit et al. (2003).

Looking first at the mean annual cycle, Fig. 3a
focuses on the dynamical Indian monsoon index
(IMI) proposed by Wang et al. (2001). This index re-
flects both the intensity of the monsoon flow over the
Arabian Sea and of the low-level vorticity anomalies
associated with north Indian low pressures. Both
SG1 and TS1 show a realistic reversal of the IMI be-
tween May and October. Also well captured is the
strong annual cycle of precipitation over the Indian
subcontinent (Fig. 3b). Comparing TS1 with SG1
does not reveal any dramatic impact of using observed
rather than interactive SSTs. The main difference is a
relative weakening and an earlier beginning of the
summer monsoon, which does not improve the model
climatology.

Figure 4 shows the spatial distribution of the low-
level zonal wind averaged over JJAS. Both SG1 and
TS1 underestimated the westerly monsoon flow over
the northern Indian Ocean and South Asia and the
easterlies over the central equatorial Pacific. TS1 shows
additional biases in the eastern Indian Ocean and west-
ern Pacific. As far as precipitation is concerned, SG1
overestimated JJAS accumulation over the Arabian
Sea and underestimated monsoon rainfall over Bangla-
desh (Fig. 5). Nevertheless, the model is able to simu-
late some regional features of the Indian monsoon rain-
fall, such as the east–west contrast, and shows a reason-
able climatology compared to many other AGCMs
(Gadgil and Sajani 1998). Similar to low-level winds,
precipitation is not necessarily better simulated in

TABLE 1. A summary of the experiments.

Expt
Prescribed concentrations of GHG

and sulfate aerosols SST boundary conditions
Duration

(yr)

SG1 Year-by-year values from 1950 to 2099
(transient climate)

Coupled OGCM (reference coupled climate scenario) 150

TS1 1975 values (present-day climate) NCEP–NCAR 1950–99 monthly mean climatology 10
TS3 2075 values (future climate) NCEP–NCAR climatology � SG1 monthly mean climatological

anomalies (P3�P1)
10

TS4 2075 values (future climate) Same as in TS3, but with SG1-P3 monthly mean climatological SSTs
around Antarctica

10

TS5 2075 values (future climate) Same as in TS3, but with zonally averaged monthly mean climatological
anomalies (P3�P1) in the tropical Pacific

10
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TS1. Prescribing observed SSTs does not improve the
ARPEGE monsoon climatology. The ocean–atmo-
sphere coupling is known to play a crucial role in the
Tropics, both at intraseasonal [Madden–Julian oscilla-

tion (MJO)] and interannual (ENSO) time scales. It
could explain why a coupled model performs better
than the same AGCM forced with observed SSTs in the
Indo-Pacific domain.

FIG. 3. Observed and simulated annual cycle of the monthly monsoon indices averaged over
P1: (a) dynamical IMI (see definition in section 3a), and (b) precipitation over land between
5°–30°N and 70°–95°E.

FIG. 4. Indo-Pacific summer (JJAS) distribution of 850-hPa zonal wind (m s�1) for (a) SG1 during P1, (b) SG1 � NCEP–NCAR,
(c) TS1, and (d) TS1 � NCEP–NCAR.
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b. Regional climate change

Figure 6 compares the mean annual cycle of regional
climate anomalies in the transient scenario and in the
various time-slice experiments. Looking first at the
monsoon response in SG1 (solid red line), Fig. 6a shows
a weakening of the IMI from June to September. De-
spite this weaker low-level circulation, the all-India pre-
cipitation is increased during the monsoon season (Fig.
6b). This apparent paradox has been discussed in detail
by Ashrit et al. (2003), and in former studies (Kitoh et
al. 1997; Douville et al. 2000b). The main explanation is
related to an increase in precipitable water in a warmer
climate, so that moisture convergence can be reinforced
without increase in mass convergence.

When the prescribed SST anomalies are exactly the
same as in SG1 (TS3 � TS1), the time-slice experiments
do not predict exactly the same monsoon response as in
the transient scenario, at least at the monthly time
scale. Such a mismatch between the predicted climate
change in the forced versus coupled experiments occurs

for at least three reasons (Douville 2005). First, the
approximate radiative forcing used in the time-slice ex-
periments has a limited, but significant, impact on the
land surface temperature and thereby on the monsoon
sensitivity to global warming. Second, the lack of inter-
annual SST variability also alters the monsoon response
since the detailed regional distribution of the JJAS pre-
cipitation anomalies simulated by the CCM within the
Tropics is sensitive to the ENSO variability. Last, the
lack of SST feedback also affects the SST–convection
relationship, which in turn can affect the mean Walker
and/or Hadley circulation and thereby the monsoon
and its response to global warming.

However, TS1/TS3 roughly reproduce the increase in
monsoon rainfall found in the transient scenario. The
main objective of the present study is therefore to as-
sess the sensitivity of this precipitation response to the
regional SST anomalies prescribed in TS4 and TS5. Fig-
ure 6 suggests that this sensitivity is not negligible, es-
pecially for zonal mean instead of El Niño–like SST
anomalies in the tropical Pacific. In TS5, the July and

FIG. 5. Same as in Fig. 4, but for JJAS precipitation (mm day�1) and with the GPCP observed climatology (1979–99).
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late monsoon precipitation indeed show a strong de-
crease that is not found in TS3 and in the coupled sce-
nario. TS4 is more similar to TS3, but shows decreased
rather than increased precipitation in June–July.

Moving to the spatial distribution of the JJAS climate
change, Fig. 7 shows the low-level zonal wind anomalies
(P3 � P1) simulated in SG1, the corresponding anoma-
lies in the first set of time-slice experiments (TS3 �

TS1), and the differences between the monsoon re-
sponse found in TS1/TS3 and the other time-slice ex-
periments. The t test is systematically applied to assess
the statistical significance of the results. As discussed by
Ashrit et al. (2003), SG1 shows a weakening and a
northward shift of the monsoon flow with enhanced
concentrations of GHG (Fig. 7a). The winter westerlies
are reinforced in the southern midlatitudes. A weaken-

FIG. 6. Annual cycle of anomalies (P3 � P1) in monthly monsoon indices: (a) dynamical
IMI, and (b) precipitation over land between 5°–30°N and 70°–95°E. Also shown are the
monthly standard deviations estimated over P1 in SG1 (thin dotted–dashed red line).

FIG. 7. Indo-Pacific summer (JJAS) distribution of 850-hPa zonal wind anomalies (m s�1) for (a) P3 � P1 in SG1 (coupled response),
(b) TS3 � TS1, (c) TS4 � TS3, and (d) TS5 � TS3. Thick black solid lines indicate differences that are significant at the 5% level.
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ing of the equatorial easterlies is found in the central
Pacific, which is surrounded by easterly zonal wind
anomalies in the subtropics. This large-scale response is
fairly well reproduced by TS1/TS3 (Fig. 7b). In TS4,
prescribing larger SST anomalies in the circumpolar
Southern Ocean leads to a northward shift of the me-
ridional temperature gradient, and therefore of the
westerlies in the southern midlatitudes. Remote im-
pacts are also found in the Tropics, with a strengthening
of the monsoon flow that is, however, not significant at
the 5% level (Fig. 7c). In TS5, prescribing zonal mean
SST anomalies in the tropical Pacific has a stronger
impact on the low-level wind response to global warm-
ing (Fig. 7d). In the intertropical convergence zone,
there are westward anomalies over the eastern Indian
Ocean and western Pacific, and eastward anomalies
over the eastern Pacific, leading to a stronger low-level
convergence in the central Pacific. Also noticeable are
a strengthening of the monsoon flow over northern In-
dia and a northward shift of the midlatitudes westerlies
over the southern Pacific.

Moving to the JJAS precipitation change, Fig. 8a
shows enhanced monsoon rainfall over a large fraction
of the Indian subcontinent in SG1. The first set of time-
slice experiments, TS1/TS3, is able to capture the main

features of the coupled precipitation response over
South Asia, though it does not show a significant in-
crease in monsoon rainfall over central India, but only
over the northwest and the southern tip of the penin-
sula. Moreover, the precipitation response is clearly dif-
ferent from that found in SG1 in the tropical western
Pacific. Note again that this relative mismatch between
the forced and coupled projected climate change has
been discussed in detail by Douville (2005). Our main
objective here is to demonstrate that, while TS1/TS3
produce regional climate anomalies that are rather con-
sistent with the coupled scenario, such anomalies are,
however, not robust since even minor modifications in
the prescribed SST forcing are likely to induce signifi-
cant atmospheric anomalies over South Asia. This is
obvious in Fig. 8d, where the impact of global warming
on the Indian monsoon rainfall is partly offset by the
zonal averaging of the tropical Pacific SST anomalies.
Such a modification in the SST forcing also has a strong
impact on the simulated precipitation in the western
Pacific and southern Indian Ocean. Prescribing a stron-
ger warming in the southern high latitudes has a weaker
impact on the precipitation response (Fig. 8c), espe-
cially over India where the precipitation increase is
however weaker than in TS1/TS3.

FIG. 8. Same as in Fig. 7, but for JJAS precipitation anomalies (mm day�1).
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c. Changes in Hadley and Walker circulations

The Asian monsoon plays an active role in the global
atmospheric circulation, particularly through its inter-
action with the Hadley and Walker circulations. It is
therefore useful to look at vertical cross sections in the
troposphere to better understand the monsoon re-
sponse in our sensitivity experiments.

Figure 9 first shows the latitude–pressure cross sec-
tion of temperature and vertical velocity (dp/dt) aver-
aged between 70° and 110°E. In TS1 (Fig. 9a), vertical
velocity shows strong negative values between 0° and
35°N, indicating upward motion over India and the
equatorial Indian Ocean. The descending branch of the
regional Hadley cell appears clearly around 30°S with a
maximum of positive vertical velocity. In Fig. 9b, the
enhanced greenhouse effect (TS3 � TS1) produces a
strong warming in the Northern Hemisphere low tro-
posphere and in the tropical upper troposphere.
Changes in vertical velocity indicate increased convec-
tion over northern India, but decreased convection

over the equatorial Indian Ocean, in keeping with the
precipitation response found in Fig. 8b. Looking at the
impact of the regional SST anomalies superimposed
onto the prescribed global warming, as expected TS4 �
TS3 (Fig. 9c) shows a low-level warming in the southern
high latitudes and some perturbations in the distribu-
tion of vertical motion. A local weakening of the so-
called Ferrel cell appears in the southern high latitudes.
Remote impacts are also found in the Tropics that are
consistent with the precipitation anomalies presented in
Fig. 8c. Changes in vertical velocity that somewhat re-
semble the impacts found in TS4, though the prescribed
SST anomalies are now located in the tropical Pacific,
are shown in TS5 �TS3 (Fig. 9d).

Figure 10 provides a better perspective on the re-
gional Hadley circulation by showing the latitude–
pressure cross section of meridional wind and vertical
velocity averaged between 70° and 110°E. Figure 10a
shows the results of TS1 and confirms that upward mo-
tion in the midtroposphere is associated with low-level

FIG. 9. Latitude–pressure cross section of JJAS temperature (°C) and vertical velocity (Pa s�1) averaged between 70° and 110°E for
(a) TS1, (b) TS3 � TS1, (c) TS4 � TS3, and (d) TS5 � TS3. Vertical velocity isolines are every 0.02 Pa s�1 for control values and �0.01,
�0.005, 0.005, and 0.01 Pa s�1, respectively, for anomalies; negative contours are dashed and indicate upward velocity.
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convergence and upper-level divergence. The impact of
global warming (TS3 � TS1, Fig. 10b) shows a weak-
ening and a northward shift of the regional Hadley cir-
culation, in keeping with the coupled model response
(Ashrit et al. 2003). TS4 � TS3 anomalies (Fig. 10c)
suggest a northward shift and a strengthening of the
regional Hadley circulation, but the link with the south-
ern high-latitude warming is not obvious and will be
further discussed in section 4. TS5 � TS3 shows a stron-
ger perturbation of the tropical circulation, with an in-
creased low-level convergence north of the equator, as-
sociated with a cyclonic anomaly over the Pacific warm
pool and with enhanced Mascarene high pressures in
the southern Indian Ocean (not shown). The impact is
also pronounced at 200 hPa, where an interhemispheric
dipole of meridional wind anomalies, associated with a
limited anomaly of vertical velocity north of the equa-
tor, suggests that the upper-level divergent anomaly is
an indirect response to changes in the Walker circula-
tion rather than a direct response of the regional Had-
ley circulation.

Figure 11 shows the longitude–pressure cross section

of zonal wind and vertical velocity averaged between
5°S and 5°N. Figure 11a first illustrates the present-day
Walker circulation simulated by TS1, with the descend-
ing branch over the eastern Pacific and ascending
branch over the western Pacific and the Indian Ocean.
TS3 � TS1 (Fig. 11b) shows a weakening of both the
north equatorial monsoon flow and the west Pacific
easterlies. The global warming therefore leads to a
weakening of the Walker circulation over the equato-
rial Pacific, in keeping with the coupled model response
described by Ashrit et al. (2003). Removing the
El Niño–like pattern in the tropical Pacific SST anoma-
lies (TS5 � TS3, Fig. 11d) does not lead to the full
recovery of the present-day Walker circulation, but
rather to a regional perturbation whereby enhanced
convection over the western Pacific induces downward
velocity anomalies over the Indian Ocean, as if there
was a competition of convection between the two re-
gions. Such a result confirms that the downward
anomalies of vertical velocity found above the Indian
Ocean (Fig. 10d) are the consequence of a perturbation
in the Walker circulation. TS4 � TS3 (Fig. 11c) shows

FIG. 10. Same as in Fig. 9, but for JJAS meridional wind (m s�1) and vertical velocity (Pa s�1).

2018 J O U R N A L O F C L I M A T E VOLUME 19



a weaker and less homogeneous response that is, how-
ever, somewhat similar to the impact found in TS5.
Such a similarity, already apparent in Figs. 9 and 10,
highlights the strong interaction between the Hadley
and Walker circulations in our AGCM.

Finally, Fig. 12 shows the longitude–pressure cross
section of specific humidity and vertical velocity aver-
aged between 5°S and 5°N. While global warming (Fig.
12b) leads to a general increase in tropospheric water
content, experiments with regional SST anomalies
show enhanced (reduced) specific humidity in areas of
upward (downward) anomalies of vertical velocity,
thereby indicating that deep convection plays a crucial
role in maintaining dynamical anomalies via the release
of latent heat in the middle and upper troposphere. The
dipole anomaly of specific humidity in Fig. 12d provides
another explanation for the decreased monsoon pre-
cipitation over India in TS5 compared to TS3. A frac-
tion of the water vapor transported by the Pacific east-
erlies is trapped by the low-level convergence anomaly

associated with the enhanced convection in the west
Pacific, and thereby does not feed the monsoon flow
and the Indian monsoon precipitation.

4. Discussion

In the present study, sensitivity experiments to un-
certainties in the surface oceanic warming caused by
increasing amounts of GHG have been performed for
two key regions where the projected twenty-first cen-
tury SST anomalies are strongly model dependent
(Meehl et al. 2000; Houghton et al. 2001; Yu and Boer
2002).

a. Tropical Pacific

The first region is the tropical Pacific, where the
CCM shows an El Niño–like response to enhanced
greenhouse effect, characterized by greater surface
warming in the eastern tropical Pacific compared to the

FIG. 11. Longitude–pressure cross section of JJAS zonal wind (m s�1) and vertical velocity (Pa s�1) averaged between 5°S and 5°N:
(a) TS1, (b) TS3 � TS1, (c) TS4 � TS3, and (d) TS5 � TS3. Vertical velocity isolines are every 0.02 Pa s�1 for control values and are
�0.01, �0.005, 0.005, and 0.01 Pa s�1, respectively, for anomalies; negative contours are dashed and indicate upward velocity.
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western Pacific. It is important to note the climatologi-
cal nature of this pattern, which must be distinguished
from the interannual ENSO signal. The existence of a
mean El Niño–like pattern does not imply that the sys-
tem locks onto the warm phase of ENSO, but rather
that it shows a reduced asymmetry in the equatorial
Pacific SST. The El Niño–like response of the CCM is
robust and was found not only in SG1, but also in three
other SRES-B2 coupled scenarios conducted with
slightly different versions of the ARPEGE atmospheric
model (not shown). It is a relatively common feature
since a majority of coupled models simulate a similar
reduction of the zonal equatorial SST gradient in the
Pacific over the twenty-first century (see Yu and Boer
2002 for a brief review). This is the case in particular for
the ECHAM4/OPYC3 model (Timmermann et al.
1999) that, interestingly, shows the same ENSO char-
acteristics as the CCM (i.e., a realistic amplitude of the
SST variability in the tropical Pacific and realistic
ENSO teleconnections, but a too short and too regular
ENSO cycle; Camberlin et al. 2004). However, while
the mean El Niño–like response in this model is asso-

ciated with an increased ENSO variability, the CCM
does not predict any clear change in variability (Ashrit
et al. 2003). Conversely, several climate change studies
do not show El Niño–like Pacific SST anomalies. For
example, Meehl et al. (2000) performed equilibrium
sensitivity experiments to doubled CO2 with two differ-
ent AGCMs coupled to the same slab ocean model and
found an El Niño–like response in only one of them,
due to contrasted cloud responses in the eastern equa-
torial Pacific.

Given the diversity of the Pacific SST response to
global warming in different models, it is important to
explore the relevance of this uncertainty for the future
climate simulated with a given model. Such a question
has been here addressed by performing parallel time-
slice experiments in which the tropical Pacific SST
anomalies have been either directly prescribed from the
CCM or zonally averaged. The atmospheric response is
somewhat surprising since the impact on the Indian
monsoon is not the one that is observed on the seasonal
time scale. While La Niña events are generally associ-
ated with increased Indian summer monsoon rainfall,

FIG. 12. Same as in Fig. 11, but for JJAS specific humidity (g kg�1) and vertical velocity (Pa s�1).
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the removal of the El Niño–like SST pattern in the
prescribed climatological SST warming leads to de-
creased monsoon precipitation. Therefore, the telecon-
nections that are useful to understand the natural cli-
mate variability are not necessarily relevant for predict-
ing the climate response to enhanced concentrations of
GHG. Note, however, that the absence of tropical SST
feedbacks is a serious limitation of the time-slice ex-
periments (Kitoh and Arakawa 1999; Douville 2005),
and that the atmospheric sensitivity to the Pacific SST
anomalies might have been overestimated in the
present study.

b. Southern Ocean

The second region that has been given particular at-
tention is the circumpolar Southern Ocean, where the
sea ice response is a major uncertainty in determining
the surface warming. Many coupled models, which, like
the CCM, do not use any flux adjustment, still show
serious deficiencies in simulating sea ice. While it is
generally assumed that the Antarctic sea ice should be
less sensitive to global warming than the Arctic sea ice,
the CCM provides a somewhat extreme scenario since
the sea ice retreat is very limited because of the strong
underestimation of the present-day sea ice extent. It
has therefore been decided to perform a sensitivity
time-slice experiment corresponding to a symmetric hy-
pothesis (i.e., the removal of most of the Antarctic sea
ice even during the austral winter season). Experiments
TS3 and TS4 are therefore designed to study the sen-
sitivity of the Indian monsoon response to extreme but
opposite sea ice feedbacks in the Southern Ocean,
while keeping the same SST anomalies in the other
oceans.

Similar sensitivity tests to the Antarctic sea ice extent
were conducted several years ago with other AGCMs
forced by present-day SST climatologies. For example,
Mitchell and Senior (1989) removed all Southern
Hemisphere sea ice equatorward of 67.5°S in their
AGCM and found a local decrease in surface pressure,
and a dipole of zonal wind anomalies in the region of
the extratropical westerly jet, as expected from the
thermal wind relationship. More recently, Menendez et
al. (1999) performed a similar sensitivity test and
showed a significant impact throughout the tropo-
sphere. Both falls and rises in sea level pressure were
found in the region from which the sea ice was re-
moved. The winter westerlies were reduced and shifted
equatorward, in keeping with the results of Mitchell
and Senior (1989). This significant impact on the mean
atmospheric circulation was associated with changes in
the eddy activity, leading to a weakening of the pole-

ward transient temperature flux and of the eddy flux
convergence of westerly momentum.

Though looking at future rather than present-day cli-
mate, TS4 � TS3 shows a similar atmospheric response
in the southern extratropics. In particular, the weaken-
ing and equatorward shift of the Southern Hemisphere
westerlies is very clear (not shown) and represents a
strenghtening of the zonal mean response to global
warming. This effect is zonally symmetric and is there-
fore also found above the Indian Ocean. However,
while this longitude domain shows a weakening of the
tropical easterly jet in TS3 compared to TS1, this tropi-
cal impact is offset in TS4 by the stronger SST warming
prescribed in the circumpolar Southern Ocean. Such a
remote impact of the Southern Hemisphere sea ice ex-
tent in the Tropics was not found in Mitchell and Senior
(1989) and Menendez et al. (1999) and is not easy to
explain. Changes in the regional meridional circulation
(Fig. 10c) indicate a strengthening and an equatorward
shift of the regional Hadley circulation. The shift is
consistent with the displacement of the meridional gra-
dient of temperature and of the midlatitude westerlies.
This strengthening could be related to the decrease in
the temperature gradient between the Tropics and the
southern high latitudes. Such a decrease should lead to
a reduced cyclonic activity, and thereby to a stronger
accumulation of momentum and energy in the Tropics.
However, the mechanisms whereby a reduction in the
poleward transport can reinforce the Hadley circulation
remain unclear and cannot be understood without a
detailed analysis at the synoptic time scale. However,
note that observational studies confirm the possible re-
lationship between Antarctic sea ice extent and tropical
climate variability. For example, Yuan and Martinson
(2000) found significant correlations of detrended Ant-
arctic sea ice edge anomalies with the ENSO and with
the tropical Indian Ocean SST. While such results are
generally interpreted as the impact of tropical variabil-
ity on the southern high latitudes, cross correlations
also provide some evidence of sea ice conditions pre-
ceding tropical anomalies (Simmonds and Jacka 1995).

5. Summary

This study is the continuation of Ashrit et al. (2003)
who analyzed the response of the Indian summer mon-
soon to increasing amounts of GHG (and varying con-
centrations of sulfate aerosols) in two transient coupled
climate scenarios based on the CCM. The objective is to
assess the robustness of the regional climate change
simulated over India by performing additional atmo-
spheric time-slice experiments with prescribed SSTs.
The control atmospheric simulation (TS1) is forced by
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the NCEP–NCAR monthly mean SST climatology,
while the future climate integrations are forced by cli-
matological monthly mean SSTs constructed as the sum
of the NCEP–NCAR climatology and of the monthly
mean SST anomalies derived from a reference climate
scenario (climatological anomalies between the late
twenty-first century and the late twentieth century of
scenario SG1). In addition to a first future climate in-
tegration (TS3) with exactly the same sea surface
warming as in SG1, two more experiments have been
performed to test the sensitivity of the monsoon re-
sponse to regional SST anomalies in the southern high
latitudes (TS4) or the tropical Pacific (TS5). These are
indeed two key regions of high uncertainty that are likely
to modulate the global warming predicted by the CCM.

The results first indicate that the ARPEGE AGCM
is able to reproduce, at least qualitatively, the Indian
monsoon response found in the CCM, despite the use
of prescribed observed rather than interactive SSTs.
Therefore, the SST biases found in the CCM have a
limited direct impact on the atmospheric response to
increasing amounts of GHG (an indirect impact is,
however, possible through their influence on the pre-
scribed SST anomalies). Moreover, the lack of SST
feedback and variability in the time-slice experiments
does not seem to be a major obstacle for capturing the
CCM monsoon projection. Such a conclusion must be
however tempered by the results of Douville (2005)
who demonstrated that time-slice experiments driven
directly by the raw SSTs of SG1 could not accurately
reproduce the monsoon response found in the CCM. In
other words, the relative consistency between the mon-
soon response found in SG1 and TS1/TS3 might be the
result of compensation between two contrary effects:
SST bias correction on the one hand, and the lack of
SST feedback and variability on the other hand.

Moving to the impact of the regional SST anomalies
prescribed in TS4 and TS5, the results indicate signifi-
cant sensitivity of the future Indian summer monsoon.

(i) Increasing the SST anomalies in the southern high
latitudes, where the deficit of sea ice in the present-
day CCM climatology could lead actually to a
strong underestimation of the surface warming in
SG1, has a limited but not negligible impact on the
monsoon response to increased concentrations of
GHG. The precipitation increase relative to the
present-day climate (TS1) is weaker than in TS3,
especially in the northwest and south of the Indian
subcontinent. Such a remote impact could be due to
a perturbation of the regional Hadley circulation
through a meridional propagation of the high-lati-
tudes anomalies.

(ii) Prescribing zonal mean instead of El Niño–like
SST anomalies in the tropical Pacific has a stronger
influence on the monsoon response, with a large
decrease in monsoon rainfall over much of South
Asia relative to TS3, which fully cancels the pre-
cipitation increase caused by the global warming.
In this case, it seems that a regional perturbation of
the Walker circulation is mainly responsible for the
impact.

(iii) In both sensitivity experiments, the prescribed re-
gional SST anomalies, though limited in their ex-
tent and magnitude, induce significant perturba-
tions in the Indian monsoon circulation and pre-
cipitation as large as the impact of increased
concentrations of GHG.

These results provide some possible explanations for
the lack of consensus about the Indian monsoon re-
sponse in the IPCC scenarios (Houghton et al. 2001).
Coupled climate models still show serious deficiencies
in simulating the present-day climate in both tropical
and high-latitude regions. They also provide contrast-
ing SST anomalies in response to increasing amounts of
GHG, notably in the southern high latitudes and in the
tropical Pacific. The large sensitivity of the ARPEGE
AGCM to “reasonable” perturbations of the late
twenty-first-century SSTs in these regions suggests that
such uncertainties should be strongly reduced before
the global modeling community can provide more reli-
able climate projections over South Asia and possibly
other regions. Beyond the important issue of downscal-
ing the impacts of global warming at the regional scale,
further work is urgently needed to better predict the
large-scale consequences of the anthropogenic emis-
sions of GHG. However, note that this rather pessimis-
tic conclusion must be tempered. The strong sensitivity
to regional SST uncertainties found in our time-slice
simulations might be overestimated because of the lack
of SST feedback in such experiments. Douville (2005)
showed recently that neglecting this feedback has a sig-
nificant impact on the atmospheric sensitivity to global
warming and to interannual SST variability. More ro-
bust conclusions could be drawn through the coupling
of the ARPEGE AGCM with a slab ocean model re-
laxed toward a prescribed SST climatology, an experi-
ment we would like to carry out in the near future.
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