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ABSTRACT

The response of the equatorial Indian Ocean climate to global warming is investigated using model outputs
submitted to the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report. In all of
the analyzed climate models, the SSTs in the western equatorial Indian Ocean warm more than the SSTs in
the eastern equatorial Indian Ocean under global warming; the mean SST gradient across the equatorial
Indian Ocean is anomalously positive to the west in a warmer twenty-first-century climate compared to the
twentieth-century climate, and it is dynamically consistent with the anomalous westward zonal wind stress
and anomalous positive zonal sea level pressure (SLP) gradient to the east at the equator. This change in the
zonal SST gradient in the equatorial Indian Ocean is detected even in the lowest-emission scenario, and the
size of the change is not necessarily larger in the higher-emission scenario.

With respect to the change over the equatorial Pacific in climate projections, the subsurface central Pacific
displays the strongest cooling or weakest warming around the thermocline depth compared to that above and
below in all of the climate models, whereas changes in the zonal SST gradient and zonal wind stress around

the equator are model dependent and not straightforward.

1. Introduction

It has been decades since global warming became a
great matter of concern to people. However, it is still not
certain how the climatology of atmospheric and oceanic
variables changes in this unprecedented warming.

Earlier studies investigated the response of the trop-
ical Pacific to warming using twentieth-century data
records and future climate projections (Cane et al. 1997;
Collins et al. 2005; Knutson and Manabe 1995; Liu et al.
2005; Vecchi et al. 2006; Vecchi and Soden 2007).
Vecchi et al. (2006) demonstrated a reduction of the zonal
sea level pressure (SLP) gradient across the equatorial
Pacific by anthropogenic forcing using observational
data and model outputs. However, the east-west dif-
ference in the response of the equatorial Pacific SSTs to
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global warming is not clear in both observations and
climate projections simulated by coupled general cir-
culation models (CGCMs). Historical SST reconstruc-
tions of the twentieth-century demonstrate two con-
tradicting trends regarding the zonal gradient across the
equatorial Pacific; SST anomalies based on Rayner et al.
(2003) and Kaplan et al. (1998) display a cooling trend
in the eastern Pacific throughout the twentieth century,
whereas SST anomalies based on Smith and Reynolds
(2004) display a warming trend there (see Fig. 17 in
Vecchi and Soden 2007). Regarding outputs derived
from CGCMs, Collins et al. (2005) found that some
CGCMs presented an “El Nino-like” SST warming
pattern while others exhibited a “La Nifia-like” pat-
tern; however, most of the CGCMs displayed neither
El Nino-like or La Nifia-like patterns in the 20 CGCMs
conducted with a 1% CO, increase scenario. Thus, the
response of the zonal SST gradient across the equatorial
Pacific to anthropogenic forcing in CGCMs is generally
considered to be model dependent (Liu et al. 2005, and
references therein).

The response of the tropical Indian Ocean SSTs to
global warming in the twentieth-century climate and
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future climate projections is also examined by some
studies, but less so compared to the Pacific (Alory et al.
2007; Du and Xie 2008; Thara et al. 2008; Saji et al. 2006;
Vecchi and Soden 2007). Using observational data,
Alory et al. (2007) showed that the maximum SST
warming in the Indian Ocean between 1960 and 1999
was located around 40°-50°S. Thara et al. (2008) ana-
lyzed observational data throughout the twentieth
century and presented a hypothesis on the flattening of
the zonal SST gradient across the equatorial Indian
Ocean; the climatological gradient that is positive to the
east is flattened in the middle of the twentieth century,
compared to its state in the late nineteenth century and
early twentieth century. They noted that limited data
availability in early years hampered the precise discus-
sion on this point. Vecchi and Soden (2007) suggested
that the character of the equatorial Indian Ocean’s
model-simulated response to global warming resembled
the positive phase of the Indian Ocean dipole events,
though their main subject was the reduction of atmo-
spheric convections under global warming, not the state
of the Indian Ocean SSTs in climate projections.

Therefore, it is still important to clearly delineate the
change of the climatological, east-west equatorial In-
dian Ocean SST gradient in global warming and seek an
association with changes in other variables obtained
from the equatorial Indo-Pacific. Here, a difference in
the zonal SST gradient across the equatorial Indian
Ocean between the twenty-first-century and twentieth-
century climate simulations is presented using the suite
of CGCMs participating in the Intergovernmental Panel
on Climate Change (IPCC) Fourth Assessment Report
(AR4). Based on the idea proposed by Vecchi and
Soden (2007), we use the Indian Ocean dipole mode
indices in our analysis to represent the condition of
the equatorial Indian Ocean. Because earlier studies
pointed out that the Indian Ocean dipole mode indices
demonstrated strong decadal variability in several
CGCMs (Ashok et al. 2004; Song et al. 2007; Tozuka
et al. 2007), we compare the centennial state of the in-
dex among experiments displaying different warming
rates. The change in the equatorial Pacific condition
between the twentieth- and twenty-first-century climate
simulations is also examined because it is known that
the Indian Ocean is not completely independent of the
ENSO condition (see section 2 and Table 1).

Section 2 is devoted to descriptions of model outputs
used in this study. The Indo-Pacific climate indices cal-
culated from model outputs are described in section 3.
In section 4, we assess the statistical significance of the
change in the distributions of the Indian Ocean dipole
indices between different climate scenarios. In section 5,
the response of the annual mean Indo-Pacific Ocean

TABLE 1. Descriptions of models used in this study. Concomitant CCs between September—November (SON) SSTDMI and Nifo-3 during the twentieth century are calculated using

model outputs based on 20c3m. Further information regarding these CGCMs can be obtained from PCMDI’s Web site (online at http://www-pcmdi.llnl.gov/ipcc/model_documentation/

ipcc_model_documentation.php).
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CC between SON
SSTDMI and Nifio-3

Atmospheric
horizontal/vertical

Oceanic
horizontal/vertical

in 20c3m

resolution
0.20 (0.42 with

T63 145

References resolution

Déqué and Piedelievre (1995)

Model labels
CNRM-CM3

Modeling groups and model names

2° X 0.5° L31

Météo-France, Centre National de

June-August Nifio-3)

Recherches Meteorologiques, CM3

CSIRO Atmospheric Research,

1.875° X 0.84° L31 T63 L18 0.49

Gordon et al. (2002)

CSIRO MKk3.5

Australia, Mk3.5
National Oceanic and Atmospheric

0.55

2.5° X 2°1.24
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Delworth et al. (2006)

GFDL CM2.0

Administration (NOAA)/Geophysical
Fluid Dynamics Laboratory, CM2.0

NOAA/Geophysical Fluid Dynamics
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2.5° X 2° 124
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GFDL CM2.1
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IPSL/Laboratoire de Météorologie Dynamique/
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2.5° X 3.75° L19

2° X 1°L31

Marti et al. (2005)

IPSL CM4
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Max Planck Institute for Meteorology,
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0.50
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1.5° X 1.5° L40
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climate to global warming is explored. Section 6 is de-
voted to a summary and discussion.

2. Data descriptions

The World Climate Research Program’s (WCRP’s)
Coupled Model Intercomparison Project phase 3 (CMIP3)
multimodel dataset is used in this study and outputs
based on experiments conducted with three different
forcing scenarios are analyzed. The first one is the so-
called climate of the twentieth-century run (20c3m) that is
driven by the estimate of the known historical forcing from
1861 to 2000." The others are two climate projections
performed with low- and medium-emission scenarios; the
Special Report on Emissions Scenarios (SRES) B1 (B1 is
the name used for the experiment forced with this sce-
nario), which is also called the 550-ppm CO; stabilization
experiment, and SRES A1B (A1B), the 720-ppm CO,
stabilization experiment (Naki¢enovi¢ and Swart 2000).

The dipole mode index based on SST anomalies
(SSTDMI) represents the difference between the SST
anomalies over the western equatorial Indian Ocean
(WEIO), from 10°N to 10°S and from 50° to 70°E, and
the SST anomalies over the eastern equatorial Indian
Ocean (EEIO), from 10°S to the equator and from
90° to 110°E . To represent ENSO, a so-called Nifo-3
index is used, defined as SST anomalies in the 5°N-5°S,
150°-90°W box. Indices averaged by the seasons—
December-February, March-May, June-August, and
September—-November—are used in this study.

Saji et al. (2006) has already reported the tropical
Indian Ocean variability in the twentieth-century CGCM
simulations submitted to the IPCC AR4. Based on their
study and our analysis of newly obtained data, we have
chosen to work with eight CGCMs that provide all da-
tasets necessary for this analysis and reproduce the ob-
served connection between the interannual variability of
the Indo-Pacific Oceans reasonably well (see Table 1 for
the details of models analyzed in this study). The eight
models chosen demonstrate correlations between the
September—-November SSTDMI and ENSO index that
are comparable to correlations based on observational
data, ~0.5,%in 20c3m (Table 1). In each CGCM, only one
of the ensemble members for an experimental setting is
analyzed. Analyses are performed over a 99 yr interval

' The integration period slightly varies among CGCMs.

> The correlation coefficient of September-November Nifio-3
with September-November SSTDMI based on the Kaplan SST
(Kaplan et al. 1998) is 0.53, and the correlation with SSTDMI
based on the ERSST (Smith and Reynolds 2004) is 0.52 during the
period from 1900 to 1999.

3 For MPI/ECHAMS, a 98-yr integration period is analyzed.
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for all experiments, starting from December 1901 and
ending at November 2000 in 20c3m, and from Decem-
ber 2001 to November 2100 in the B1 and A1B exper-
iments.* Anomalies are calculated using the same cli-
matology regardless of scenarios, the mean of the last 50
yr of the respective 20c3m run. Mostly, comparisons are
conducted between outputs based on B1 and 20c3m, but
outputs based on B1 and A1B are also compared.

All of the analyzed CGCMs demonstrate that the
strongest warming rate of the WEIO SST is in A1B
experiment and the weakest is in 20c3m, and the rate of
the warming obtained from these forcing scenarios is
not very sensitive to which CGCM is used (Table 2).

3. Indian Ocean climate indices in CGCMs

a. Variability of SSTDMI in climate projections
and in 20c3m

The analysis of the twentieth-century climate simula-
tions in Saji et al. (2006) found that the seasonal depen-
dence of SSTDMTI’s variability was reasonably simulated.
Similarly, variability of SSTDMI is larger in June—August
and September—November than in December—February
and March-May, in both B1 and 20c3m in all CGCMs used
in this study; there is no substantial change in seasonality
of SSTDMT’s variability in climate projections.

Standard deviations (std devs) of SSTDMI and Nifio-3,
including all seasons obtained from 20c3m, climate
projections, and observations, are summarized in Fig. 1.
The warming trend of Nifio-3 in climate projections is
removed by subtracting the linear best-fit line over the
period analyzed. In 20c3m, six CGCMs out of eight have
an overactive ENSO (std dev ~ 1-1.5), and two CGCMs,
the Meteorological Research Institute Coupled General
Circulation Model, version 2.3.2a (MRI CGCM2.3.2a)
and the third climate configuration of the Met Office
Unified Model (HadCM3), have a weaker ENSO com-
pared to that of the observations (std dev ~ 0.8). All
CGCMs demonstrate larger SSTDMI variability in 20c3m
(std dev ~ 0.4-0.7) compared to that of the observations
(std dev ~ 0.3), except for L’Institut Pierre-Simon Laplace
Coupled Model, version 4 (IPSL CM4). This may be
partly related to stronger ENSO activities in these
models than in the observations. It is interesting that
only HadCM3 shows SSTDMI variability that is com-
parable to that of the Nifio-3 variability.

The variance of SSTDMI slightly differs from one
experiment to another when forcing scenarios change,

4 Because of the slightly different integration period of each
CGCM, the period analyzed varies by about a year or so among
CGCMs.
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TABLE 2. The warming rate of the WEIO SST in three experi-
ments: SRES A1B, SRES B1, and 20c3m. The warming rates are
approximated by the slope of the linear best fit obtained from 10-yr
running means of SST anomalies averaged in WEIO.

Warming per 100 yr [°C (100 yr) ']

Experiment 20c3m SRES B1 SRES A1B
CNRM-CM3.0 1.1 1.3 2.7
CSIRO MKk3.5 0.63 1.7 2.6
GFDL CM2.0 0.8 1.4 2.5
GFDL CM2.1 0.7 1.3 2.5
IPSL CM4 0.7 1.8 2.9
MPI-OM/ECHAMS 04 2.4 3.6
MRI CGCM2.3.2a 0.8 1.3 2.3
HadCM3 0.56 1.7 2.7

but the difference is significant only in a few cases (see
stars in Fig. 1a). Two CGCMs demonstrate a signifi-
cantly larger Nifio-3 variation in B1 compared to its
variation in 20c3m, and one model demonstrates a sig-
nificantly smaller variation in B1 than in 20c3m (Fig.
1b). When comparisons are made between A1B and B1,
two CGCMs display significantly larger Nifio-3 varia-
tions, while two CGCMs have smaller variations.

b. Correlations of SSTDMI with other indices

SSTDMI is diagnostically related to indices based on
other oceanic and atmospheric variables, such as sea
surface height, SLP, and zonal wind (Yamagata et al.
2002). To confirm the connections of SSTDMI with
other variables in warmer climate, correlation coeffi-
cients (CCs) between SSTDMI and dipole mode indices
based on zonal wind stress and SLP in the three dif-
ferent experimental scenarios are analyzed. The zonal
wind stress index” (TAUUDMI) represents zonal wind
stress anomalies over the equatorial Indian Ocean from
5°N to 5°S, and from 60° to 90°E. The SLP index
(SLPDMI) represents the SLP anomaly difference be-
tween EEIO and WEIO.® A positive TAUUDMI is
defined to indicate the presence of westward zonal wind
stress anomalies, and a positive SLPDMI is defined to
indicate the presence of bigger SLP anomalies over
EEIO than over WEIO. The SLPDMI and TAUUDMI
that are correlated with observational SSTDMIs are
derived from 40-yr European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-40)
data (Uppala et al. 2005) between 1958 and 2001.

> Saji et al. (1999) originally used zonal wind anomalies to define
the dipole mode index.

® The SLP-based dipole mode index used here represents SLP
anomalies at slightly different locations from the SLP index de-
fined in Yamagata et al. (2002) because it better presents the zonal
gradient of SLP at the equator in CGCMs.
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Opverall, compared to observational datasets, the
coupling between SSTDMI and other dipole indices is
stronger in CGCMs (Fig. 2). In 20c3m most models
show a strong SST-wind stress—SLP coupling at the
interannual time scale (SSTDMI-TAUUDMI CC,
~0.7-0.75, and SSTDMI-SLPDMI CC, ~0.6-0.7), ex-
cept for Geophysical Fluid Dynamics Laboratory Cli-
mate Model version 2.0 (GFDL CM2.0) and IPSL. CM4
where the coupling is weaker.

Regarding the change in the strength of the interrela-
tion among the Indian Ocean dipole indices under global
warming, CCs of SSTDMI with TAUUDMI-SLPDMI
are not significantly different between the B1 and 20c3m
experiments or between the A1B and B1 experiments,
except for a few cases (see stars in Figs. 2a,b). There-
fore, the coupling between SST and wind stress or SLP
at an interannual time scale does not change signifi-
cantly in most cases between B1 and 20c¢3m experi-
ments, or between A1B and B1 experiments.

The simultaneous relationship between Nifo-3 and
SSTDMI is model dependent (Fig. 2c). In 20c3m, the
strongest association is found in GFDL CM2.1 (CC of
0.46), and the weakest is in GFDL CM2.0 (CC of 0.16).
Overall, CCs between SSTDMI and Nifo-3 are around
0.3 in 20c3m, which is comparable to the CCs found with
observational data. Again, mostly the strength of the
connection between SSTDMI and Nifio-3 at an inter-
annual time scale does not change significantly from one
experimental setting to another (see stars in Fig. 2c).

4. The statistical assessment of the response
of the equatorial Indian Ocean climate
indices to warming

a. Distributions of SSTDMI during the twentieth
and twenty-first centuries

In this section, the significance of the east-west dif-
ference in the response of the equatorial Indian Ocean
SSTs to global warming is examined by comparing the
centennial state of SSTDMI based on experiments of
different climate scenarios. Figure 3 displays the cumu-
lative probability density function (CDF) of SSTDMI,
including all seasons, during the 99 yr analyzed. The
black lines indicate the CDF obtained from SSTDMI
based on 20c3m, the red lines are the B1 experiment,
and the pink lines are the A1B experiment. Values of
SSTDMI in each model are normalized by the standard
deviation of SSTDMI derived from 20c3m outputs.

The shape of CDFs differs slightly from one climate
model to another. However, in all CGCMs analyzed,
CDFs of SSTDMI derived from both B1 and A1B shift
to the right, that is, the positive direction, relative to
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FIG. 1. Standard deviations of SSTDMI and Nifo-3 including all seasons for three experi-
ments, SRES A1B, SRES B1, and 20c3m, and observations: (a) SSTDMI and (b) Nifio-3; units
are °C. The standard deviation based on A1B outputs (black shading), B1 (gray shading), and
20c3m or observations (white). The stars on the top of the bars based on B1 (A1B) outputs
indicate that the variation of the corresponding index in B1 (A1B) is significantly different from
the variation in 20c3m (B1) at the 95% level and higher. The significance of the difference in
two dispersions [the L-scale statistic (Hosking 1990) is used as the test statistics] is assessed
using the nonparametric bootstrapping method (Wilks 2006) and a two-sided test is employed.

the CDFs of 20c3m. The significance of the difference
between two CDFs is assessed using the two-sample
Kolmogorov-Smirnov (KS) test (Table 3). The KS test
is more sensitive to the difference in the median than in
the extreme values. The difference between CDFs based
on 20c3m and B1 is significant at the 94% level or higher
in all CGCMs analyzed (Table 3a). Thus, SSTDMTI’s
distribution is significantly shifted to the larger state in
B1 than in 20c3m.

It is of interest to see whether a change in CDFs of
SSTDMI is larger in the model integration subject to
more intense warming scenario. In most models CDFs
of SSTDMI based on A1B (the pink lines in Fig. 3) and
B1 are almost indistinguishable, and the difference of
these CDFs is significant at higher than the 90% level
only in two cases (Table 3b). Thus, mostly the size of the
shift in SSTDMTI’s distribution is not very sensitive to
the strength of the warming over the Indian Ocean.

The timing of when the SSTDMI shift occurs is model
dependent and not clear, particularly in the B1 experi-
ment. Some CGCMs present a clear, positive trend of
SSTDMI during the integration period of the Bl ex-
periment; for instance, the Commonwealth Scientific

and Industrial Research Organisation Mark version 3.5
(CSIRO MK3.5) and the Max Planck Institute Ocean
Model (MPI-OM)/ECHAMS display a strong, positive
trend in the first half of the twenty-first century, but
values of SSTDMI remain the same in the second half
of the twenty-first century. While others display both
positive and negative trends of SSTDMI during the
twenty-first century, SSTDMI values do not change very
much in some CGCMs. This may be due to the nature
of SSTDMI that shows strong decadal variability. In
the A1B experiment, again, the behavior of SSTDMI
is model dependent. Some CGCMs display a strong,
positive trend of SSTDMI in the first half of the twenty-
first century but some show a gradual change toward
positive during the entire integration period.

b. Consistency with the shift of other variables

In the previous section, we discuss the change in
SSTDMIs in a warmer climate. Interest here is the
presence of diagnostic consistency of this shift with the
shift of the dipole mode index based on other variables,
since the association between SST-based indices and



15 MAY 2009

IHARA ET AL.

2683

(a) SSTDMI & SLPDMI

1 T T T

0.5

*

a b c d

o 0

(b) SSTDMI & TAUUDMI

f g h i ]

1 T T T

0.5

1 AN 00 100 A0 1A |

T T T T
* *

(c) SSTOMI & Nino3

1 T T T

0.5

W e ill L D WA

FI1G. 2. CCs between SSTDMI and other indices: (a) SLPDMI, (b) TAUUDMI, and (c) Nifio-3.
The CCs based on A1B outputs (black shading), B1 (gray shading), and 20c3m or observations
(white). (a)-(j) Same as in Fig. 1. The stars on the top of the bars based on B1 (A1B) outputs
indicate that these CCs are significantly different from the CCs between the same indices
in 20c3m (B1) at the 95% level and higher. (The software obtained from http:/faculty.
vassar.edu/lowry/rdiff.html is used for assessing the significance of the difference in two cor-
relations.) The SLPDMI and TAUUDMI correlated with observational SSTDMIs are derived

from ERA-40 data between 1958 and 2001.

zonal wind stress/SLP-based indices has been displayed
in section 3.

First, comparisons are made between CDFs of
TAUUDMI/SLPDMI based on B1 and CDFs based on
20c3m outputs. CDFs of TAUUDMI derived from B1
shift to the right from CDFs derived from 20c3m, and
the difference between these CDFs is significant at the
95% level and higher using two sample KS tests in all
CGCMs, except for GFDL CM2.1 (with 84% signifi-
cance; see Table 3a). Consistent results are obtained from
the analysis regarding SLPDMI. CDFs of SLPDMI
based on B1 outputs significantly shift to the right from
CDFs based on 20c3m outputs in all CGCMs, except for
GFDL CM2.1, which shows the shift in the same di-
rection with 88% significance (Table 3a). Therefore, in
the B1 experiment, the climatological zonal SST gradi-
ent across the equatorial Indian Ocean tends to be
anomalously positive to the west compared to the con-
dition in 20c3m, associated with anomalous westward
zonal wind stress and an anomalous positive zonal SLP
gradient to the east at the equator.

Again, comparisons of CDFs between A1B and B1
are conducted (Table 3b). The size of the change in the

CDF of TAUUDMI and SLPDMI is much smaller be-
tween B1 and A1B than between B1 and 20c3m. CDFs
of TAUUDMI based on A1B outputs do not change
significantly from CDFs based on B1 at higher than the
95% level, except for two cases. CDFs of SLPDMI
based on A1B significantly shift further to the positive
direction relative to those based on Bl in the half of
CGCMs analyzed.

5. The change in the tropical Indo-Pacific between
B1 and 20c3m experiments

a. The change in annual mean SSTs

Figure 4 shows the difference of the mean Indo-Pacific
SSTs in B1 minus the mean in 20c3m including all sea-
sons. It displays the spatial pattern of changes in annual
mean SSTs in the B1 experiment compared to that in
20c3m.

1) THE INDIAN OCEAN

Opverall, warming is larger in WEIO than in EEIO
(Fig. 4), confirming the result based on the examination
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FIG. 3. CFDs of SSTDMI including all seasons; CDFs obtained from 20c3m (black lines), B1
experiment (red lines), and A1B (pink lines). SSTDMIs in 20c3m, B1, and A1B are all normalized by

the standard deviation of SSTDMI in 20c3m.
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TABLE 3. Significance levels of the difference in CDFs of dipole
mode indices obtained from the two sample KS tests: (a) between
B1 and 20c3m experimental settings, and (b) between B1 and A1B.
The star indicates that the difference in CDFs of two experimental
settings is significant at the 95% level and higher. Percent signifi-
cance is indicated when the significance level is between the 80%
and 95% levels. Cells containing no data mean that the significance
is below the 80% level.

(a)

CGCM SSTDMI ~ TAUUDMI  SLPDMI
CNRM-CM3 * * *
CSIRO Mk3.5 * * &
GFDL CM2.0 * * *
GFDL CM2.1 * 84% 88%
IPSL CM4 * * *
MPI-OM/ECHAMS * * »
MRI CGCM2.3.2a 94% * *
HadCM3 * * >

(b)

CGCM SSTDMI ~ TAUUDMI  SLPDMI
CNRM-CM3 — * *
CSIRO Mk3.5 — — —
GFDL CM2.0 — — &
GFDL CM2.1 * * 80%
IPSL CM4 — — —
MPI-OM/ECHAMS — 90% 88%
MRI CGCM2.3.2a 93% 80% *
HadCM3 — — *

of CDFs derived from SSTDMI. However, when the
precise view is taken, the spatial pattern of warming dif-
fers from one model to another. The Centre National de
Recherches Météorologiques Coupled Global Climate
Model, version 3(CNRM-CM3), CSIRO Mk3.5, and
GFDL CM2.1 demonstrate a clear east—west contrast in
the warming pattern at the equatorial Indian Ocean,
whereas in GFDL CM2.0 and HadCM3, the warming in
WEIO is evenly spread over the entire basin and the
weaker warming is confined in a small region of EEIO.

In CSIRO MKk3.5, the warming pattern is more or less
similar to a typical interannual variability pattern of
the equatorial Indian Ocean in the 20c3m experiment
obtained from the correlation map between the SSTDMI
and SST anomalies (Fig. 5). However, most of the
models demonstrate broader warming over the entire
tropical Indian Ocean in the warming pattern compared
to the respective correlation map in 20c3m that shows a
strong gradient around the central equatorial Indian
Ocean or EEIO.

The difference of the mean zonal wind stress in B1
minus the mean in 20c3m, including all seasons, is neg-
ative over the equatorial Indian Ocean (see Fig. 9), and
the difference of the mean SLP between B1 and 20c3m in
EEIO minus the difference of the mean SLP between B1
and 20c3m in WEIO is positive (figures are not shown for
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SLP), confirming the result obtained from the analysis
regarding CDFs based on TAUUDMI and SLPDMI.

2) THE PACIFIC OCEAN

An overall stronger warming at the equatorial Pacific
compared to an around 10°-20° latitudinal band dem-
onstrated by Liu et al. (2005) is consistently presented in
outputs analyzed in this study (Fig. 4). In the equatorial
Pacific, warming is relatively weaker in the west around
the Maritime Continent. When the patterns presented
in Fig. 4 are compared to the first EOF of the tropical
Pacific SST during 20c3m (Fig. 6), the typical ENSO
pattern during the twentieth century simulated by these
CGCMs (these ENSO patterns are referred to as El
Nifio 20c3m), CNRM-CM3, CSIRO Mk3.5, and MRI
CGCM2.3.2a demonstrate somewhat similar east-west
gradients in the SST warming pattern to that of the zonal
gradient pattern found in El Nifio 20c3m, though in MRI
CGCM2.3.2a a stronger warming spreads farther south-
ward compared to El Nifio 20c3m. However, in GFDL
CM2.0 and GFDL CM2.1, the central-east equatorial
Pacific, around 135°-110°W, demonstrates rather weak
warming compared to warming in its east and west sides.
In MPI-OM/ECAHMS and HadCM3, the central equa-
torial Pacific (the longitudinal band around 170°-~140°W)
presents weaker warming compared to its east side. IPSL
CM4 also demonstrates weaker warming in the central
Pacific compared to its west and east sides. Thus, these
models display a relatively weaker warming at the central
or central-east equatorial Pacific, which is something that
is not found in EI Nifo 20c3m. One of the reasons for this
weaker warming might be vigorous equatorial upwelling
that inhibits SSTs from warming as proposed by Cane
et al. (1997).

A stronger warming in the equatorial Pacific is dem-
onstrated off the west coast of Peru in these CGCMs;
however, CGCMs generally have bias in simulating
upwelling at the Peruvian coast (Wittenberg et al. 2006),
as implied by the fact that the El Nifio 20c3m patterns
do not show maximum anomalies at the Peruvian coast,
unlike the pattern based on the observational datasets.
Thus, a definite conclusion regarding the change in SST's
there under global warming, including the effect of
coastal upwelling on it, would not be obtained until this
bias of CGCMs is solved.

b. The change in annual mean thermocline
temperature and zonal wind stress

Figure 7 shows the mean subsurface temperature av-
eraged from 10°S to 0° based on B1 minus the same mean
temperature based on 20c3m, including all seasons. The
annual mean equatorial temperatures in 20c3m are in-
dicated by the black contours.
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FIG. 4. The difference in the mean Indo-Pacific SSTs based on B1 minus the mean SSTs based on 20c3m including all seasons. Contour
intervals are 0.1°C.

EEIO from —50to —100 m demonstrates less warming
compared to the central equatorial Indian Ocean and
WEIO at the same depth in all of the CGCMs. This
weaker warming in the subsurface EEIO is related to
less surface warming in the east compared to that in the
west, as we have found in earlier sections. When the
comparison is made along the depth in EEIO, the area
that roughly corresponds to the thermocline indicated
by the climatological temperatures in 20c3m (black
contours) shows weaker warming compared to that
above and below until ~—150 m in all of the CGCMs,
particularly in CNRM-CM3, GFDL CM2.0, MPI-OM/
ECHAMS, and MRI CGCM2.3.2a. Below ~—150 m,
the size of warming slowly reduces with depth, except
for CSIRO MKk3.5, where it remains almost constant.
Thus, overall, as pointed out by earlier studies (Alory
et al. 2007; Du and Xie 2008; Vecchi and Soden 2007),
the CGCM outputs analyzed in this study also show a
shoaling of thermocline in EEIO under global warming.

In the Pacific sector, the difference of the mean sub-
surface temperatures in the western equatorial Pacific

between B1 and 20c3m shows cooling in CNRM-CM3,
CSIRO MK3.5, GFDL CM2.0, GFDL CM2.1, MPI-OM/
ECHAMS, and MRI CGCM2.3.2a, or weak warming in
IPSL CM4 and HadCM3 that contrasts with the strong
warming near the surface, and the cooling is strongest
(or warming is weakest) around the thermocline depth
indicated by the climatological temperatures in 20c3m
compared to the depth above and below. Compared to
the first EOF of the subsurface temperatures in 20c3m
(Fig. 8), the pattern over the equatorial Indo-Pacific
associated with El Nifio/La Nifa 20c3m, the reduction
of warming found in EEIO and the western equatorial
Pacific in Fig. 7 is somewhat similar to the cooling
anomaly pattern associated with El Nifo 20c3m in all
CGCMs, except for IPSL CM4, which demonstrates
only a weak reduction of warming in the subsurface
western Pacific. However, at the central or central-east
equatorial Pacific the difference in the mean subsurface
temperature in B1 minus the mean in 20c3m does not
resemble an El Nifio 20c3m pattern that demonstrates
an anomalous warming there. Overall, cooling or weak
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FIG. 5. Correlations between SSTDMI and SST anomalies over the tropical Indian Ocean
during 20c3m. Positive (solid lines) and negative values (dashed lines) and the value of 0 (thick
solid line) are indicated. Contour intervals are 0.2. Shading indicates that the correlation is
significant at 95% level and higher.
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FIG. 6. The first EOF of the Pacific SST anomalies during 20c3m. The linear trend is removed from SST anomalies before
calculating EOFs. Value of 0 (thick solid lines) is indicated.
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FIG. 7. The annual mean of the longitude—depth section of the equatorial Indo-Pacific temperatures averaged from 10°S to 0° in Bl
minus the same mean in 20c3m (shading). Contour intervals for shadings are 0.2°, and 0°C is highlighted by the white contours. The black
contours indicate the longitude—depth section of the annual mean potential temperatures in 20c3m. The vertical axis is given in meters.

warming is found around the central equatorial Pacific
in Fig. 7, which might explain the weaker SST warming
around there demonstrated in some CGCMs. Particularly
in GFDL CM2.1, the largest cooling in the difference
between B1 and 20c3m is located to the east of 160°W,
while the largest cooling anomalies during El Nifio 20c3m
is located to the west of 160°W.

Thus, similar to results presented by Du and Xie
(2008) and Vecchi and Soden (2007), CGCM outputs
analyzed in this study also display that the climatologi-
cal thermocline shoals in almost the entire equatorial
Pacific, except for the eastern edge in warmer climate.
These studies proposed the reduction of the tropical
Walker circulation in climate projections as the reason
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FIG. 8. The first EOF of the longitude—depth section of the equatorial Indo-Pacific potential temperature anomalies averaged from 10°S
to 0° during 20c3m. Positive (solid lines) and negative values (dashed lines) and value of 0 (thick solid line) are shown. The vertical axis is

given in meters.

for this change in the equatorial Pacific thermocline.
However, our analysis of the change in mean zonal wind
stress in the following paragraph reveals that the re-
duction of the tropical Walker circulation is not always
found in climate projections and suggests that other
factors have affected this change in the equatorial Pacific
thermocline.

Figure 9 demonstrates the difference in equatorial
mean zonal wind stress in the twenty-first century of the
B1 experiment minus the same mean in the twentieth
century of 20c3m. While the difference in mean zonal
winds is consistently negative over the equatorial Indian
Ocean in all CGCMs, it is rather complicated and model
dependent over the equatorial Pacific. For instance, a
reduction of easterlies over the entire equatorial Pacific is
demonstrated in some models, but IPSL CM4 shows an
intensification of the equatorial easterlies in warmer cli-

mate from 150°E to 110°W. GFDL CM2.1 and HadCM3
shows both reductions and intensifications of easterlies
along the equator.

It is speculated that two different processes are in-
volved in the change of the equatorial Pacific thermo-
cline under warming. One is the change of easterlies
in the equatorial Pacific; this might be related to the
change in the east—west tilt of the thermocline across the
equatorial Pacific, and we have found it to be rather
model dependent. The other is a diabatic process that
affects the change in the mean thermocline depth, the
shoaling of the thermocline in the central Pacific that is
somewhat similar in all of the models analyzed; in the
region where the upwelling is strong, the upwelling
could delay warming penetration below the surface
mixed layer (Cane et al. 1997), which increases the
stratification of the ocean and results in the increase of
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FIG. 9. The difference in mean zonal wind stress based on B1 outputs minus the mean zonal wind
stress based on 20c3m. The solid lines indicate positive values, the dashed lines, negative values. The
thick solid lines indicate the value of 0. Contour intervals are 0.001 Pa.
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the vertical heat advection and cooling/weaker warming
around the thermocline in warming climate.

6. Summary and discussion

The response of the equatorial Indo-Pacific Oceans to
global warming is investigated using CGCM outputs
submitted to the [IPCC AR4. CGCMs that are analyzed
reasonably well reproduce the features of the SST
Indian Ocean dipole mode index in 20c3m and cli-
mate projections, SRES B1, and A1B experiments. Our
analysis regarding CDFs of SSTDMI reveals that in
all climate models analyzed, SSTDMIs are distributed
more positively in the twenty-first century B1 scenario
than in the twentieth century 20c3m scenario. This shift
in CDFs of SSTDMI between B1 and 20c3m settings is
consistent with the shift found in CDFs of TAUUDMI
and SLPDMI. Thus, we suggest that the climate over
the equatorial Indian Ocean is changed under global
warming and the zonal SST gradient tends to be less
steep in B1 compared to the state in 20c3m, associated
with the westward zonal wind stress anomalies and flat-
tened zonal SLP gradient there. Between B1 and A1B
experiments, only one climate model demonstrates a
significant shift in CDFs of SSTDMI.

As pointed out by earlier studies (Alory et al. 2007; Du
and Xie 2008; Vecchi and Soden 2007), in all CGCMs the
climatological thermocline depth in EEIO shoals in B1
compared to 20c3m. In the equatorial Pacific, the dif-
ference derived from the mean SST in B1 minus the
mean SST in 20c3m displays complicated features re-
garding the east-west gradient and differs from one
model to another, as does the change in mean zonal wind
stress between these two experiments. Whereas, in all
CGCMs studied, the climatological mean thermocline
over most of the equatorial Pacific shoals in climate
projections, similar to the results presented by Du and
Xie (2008) and Vecchi and Soden (2007).

The reduction of the atmospheric convection over the
western Pacific warm pool and the increase of SLP there
under global warming have been proposed by some
studies (Vecchi et al. 2006; Vecchi and Soden 2007).
Thus, we speculate that the weaker SST and subsurface
temperature warming in EEIO relative to WEIO can be
triggered by this change of atmospheric convections un-
der global warming; the anomalously higher SLP over
the western Pacific brings about anomalous easterlies
over EEIO in climate projections that induce anoma-
lous upwelling and shoal the thermocline there. The
weaker warming in EEIO in turn brings about the
anomalous positive SST gradient to the west, and thus
the anomalous positive SLP gradient to the east across
the equatorial Indian Ocean, which makes anomalous
easterlies in EEIO that extend farther into the central
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and western equatorial Indian Ocean. The oceanic con-
nection between the Indo-Pacific basins could also be
crucial for the thermocline change in the Indian Ocean
under global warming (Cai et al. 2008); the shoaling of
the thermocline in the western equatorial Pacific brings
about the shoaling of the thermocline in EEIO via
the transmission of the interannual time-scale oceanic
Rossby wave (Alory et al. 2007) or the reduction of the
heat transport at the Indonesian passage in climate
projections (Vecchi and Soden 2007).

The shift in CDFs of SSTDMI is found to be signifi-
cant between B1 and 20c3m in all CGCMs analyzed, but
not between B1 and A1B, except for one model. Thus,
even the lowest emission scenario is enough to alter the
zonal SST gradient in the equatorial Indian Ocean, and
the stronger forcing does not increase the size of this
shift; whereas the shift in CDFs of SLPDMI between
the B1 and A1B scenarios is robust in more CGCMs. It
will be interesting to explore whether the diagnostic
consistency in the response of the zonal SST gradient
and SLP gradient to warming holds when higher emis-
sion scenarios are used.
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