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ABSTRACT

The response of the Indian Ocean dipole (IOD) mode to global warming is investigated based on simu-

lations from phase 5 of the Coupled Model Intercomparison Project (CMIP5). In response to increased

greenhouse gases, an IOD-like warming pattern appears in the equatorial Indian Ocean, with reduced

(enhanced) warming in the east (west), an easterly wind trend, and thermocline shoaling in the east. Despite

a shoaling thermocline and strengthened thermocline feedback in the eastern equatorial Indian Ocean, the

interannual variance of the IOD mode remains largely unchanged in sea surface temperature (SST) as at-

mospheric feedback and zonal wind varianceweaken under global warming. The negative skewness in eastern

Indian Ocean SST is reduced as a result of the shoaling thermocline. The change in interannual IOD variance

exhibits some variability among models, and this intermodel variability is correlated with the change in

thermocline feedback. The results herein illustrate that mean state changes modulate interannual modes, and

suggest that recent changes in the IOD mode are likely due to natural variations.

1. Introduction

El Ni~no–Southern Oscillation (ENSO), the dominant

mode of ocean–atmosphere interaction in the tropical

Pacific, influences tropical and global climate. In recent

decades, it is recognized that Indian Ocean (IO) sea sur-

face temperature (SST) anomalies can also impact re-

gional and global climate (Schott et al. 2009). There are

two leading modes of Indian Ocean SST variability in

observations, referred to as the Indian Ocean basin

(IOB)mode (Yang et al. 2007; Du et al. 2009) and Indian

Ocean dipole (IOD)mode (Saji et al. 1999;Webster et al.

1999). The basin mode is related to the basinwide warm-

ing phenomenon as a remote impact of El Ni~no—positive

SST anomalies develop over the tropical Indian Ocean

(TIO) during the boreal winter of the developing year

of El Ni~no, peak in the following spring (Klein et al.

1999; Alexander et al. 2002), and persist through boreal

summer (Du et al. 2009, 2013b). On the other hand, the

IOD mode features negative (positive) SST anomalies

in the southeast equatorial Indian Ocean, and weak

positive (negative) anomalies in the west. As a coupled

mode, there are easterly (westerly) wind anomalies

along the equator over the TIO. The thermocline depth

and precipitation fields also show a dipole-like pattern,

suggesting that the IOD is an ocean–atmosphere coupled

mode. The remote climatic effects of the IOD mode are

discussed in Yamagata et al. (2004) and Schott et al.

(2009).

Overall the TIO shows a robust warming in the

twentieth century due to the greenhouse gases forcing

(Du andXie 2008). The warming is not uniform in space.

The warming in the western Indian Ocean is slightly
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stronger than that in the eastern Indian Ocean. This

warming pattern is related to a persistent shoaling of

the thermocline in the eastern equatorial Indian Ocean

(EIO) over the past 60 years (Alory et al. 2007; Tokinaga

et al. 2012). This is consistent with climate projec-

tions, where theWalker circulation weakens in response

to global warming, and the anomalous easterlies shoal

the eastern boundary thermocline (Vecchi et al. 2006;

Vecchi and Soden 2007). This long-term thermocline

shoaling and the associated subsurface cooling lead

to an IOD-like pattern at the surface—reduced (en-

hanced) SST warming and rainfall over the eastern

(western) EIO, with easterly wind change along the

equator. Previous studies suggest that the IOD-like

pattern, especially the shoaling thermocline in the

eastern EIO (EEIO), could strengthen the interannual

IOD by enhancing thermocline feedback (Abram et al.

2008). Using coral records and instrumental observa-

tions, several studies suggested an IOD intensification

over recent decades, with strengthened climate impacts

of IOD on East Africa and the Maritime Continent

(Abramet al. 2008;Nakamura et al. 2009;Du et al. 2013a).

Ihara et al. (2009) investigated the IOD response to

global warming based on the coupled general climate

models (CGCMs) of phase 3 of the Coupled Model In-

tercomparison Project (CMIP3), but they did not find an

IOD intensification in global warming simulations. So a

question arises: Why does the IOD mode of interannual

variability not intensify in spite of enhanced thermocline

feedback?

To answer this question, Zheng et al. (2010) analyzed

the Geophysical Fluid Dynamics Laboratory (GFDL)

Climate Model, version 2.1 (CM2.1) CGCM simulation

and investigated changes in oceanic and atmospheric

processes related to the IOD. They found that while the

thermocline shoals and thermocline feedback are en-

hanced under global warming, atmospheric stratification

increases, leading to a weakened atmospheric response

to IOD SST anomalies. IOD activity does not change

much in a future climate as the result of a balance be-

tween the enhanced thermocline and weakened atmo-

spheric feedback. The shoaling thermocline, however,

does weaken IOD skewness between opposite phases.

While plausible, this hypothesis for IOD change needs

to be investigated in other models. The new phase 5 of

the Coupled Model Intercomparison Project (CMIP5)

offers an opportunity for a multimodel analysis to test

the abovementioned results for IOD response to global

warming.

The present study examines changes in the mean state

of TIO and the interannual IOD mode under global

warming by using the CMIP5multimodel ensemble. The

results show that under global warming, changes in both

the mean state and IOD mode involve important local

air–sea interactions. IOD change is strongly controlled

by that of the mean state, indicating that the projection

uncertainty for modes of climate variability such as

IOD comes from that of the mean state under global

warming.

The rest of the paper is organized as follows. Section 2

briefly describes the models and simulations. Section 3

presents the mean state change over TIO under global

warming. Section 4 examines the responses of in-

terannual IOD activity and related oceanic and atmo-

spheric feedbacks. The response of IOD skewness to

global warming is investigated in section 5. Section 6 is

a summary with discussion.

2. Models and simulations

This study uses the outputs from the World Climate

Research Program (WCRP) CMIP5 multimodel en-

semble organized by the Program for Climate Model

Diagnosis and Intercomparison (PCMDI) for the In-

tergovernmental Panel on Climate Change (IPCC) Fifth

Assessment Report (AR5). Here we analyze two sets of

simulations (Taylor et al. 2012): 106-yr simulations

forced by historical greenhouse gases (GHGs), aerosols,

and other radiative forcing from 1900 to 2005; and 95-yr

projections under the representative concentration

pathway (RCP) 8.5 scenario from 2006 to 2100, with

the radiative forcing reaching ;8.5Wm22 near 2100

(equivalent to.1370 ppmCO2 in concentration). In this

study we use outputs from 17 models, including SST, sea

surface height (SSH), surface wind, precipitation, and

seawater temperature. In eachmodel, the initial conditions

for the RCP8.5 experiment are taken from 1 January 2006

of the historical experiment. So here we combine the two

experiments to form a 201-yr-long dataset and examine

the TIO mean state change and IOD response to global

warming. Table 1 lists themodels and provides expansions

for all CMIP5 model names. For each model only one

member (‘‘r1i1p1’’) run is used in this study.

This study focuses on the changes of interannual

ocean–atmosphere variability over the TIO. To extract

interannual signals, we perform a 3-month running mean

to suppress intraseasonal variability and remove a 9-yr

running mean as decadal and longer variations in each

simulation. To examine the oceanic and atmospheric

change of IOD events, we use a feedback analysis

following Zheng et al. (2010): We measure the strength

of thermocline feedback quantitatively using the SST

regression upon SSH (h) in the eastern EIO (108S–08,

908–1108E), R(T, h). To measure the strength of atmo-

spheric feedback, we calculate the regression of zonal

wind anomalies in the central equatorial Indian Ocean
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(58S–58N, 708–908E) upon eastern EIO SST anomalies,

R(U, T). To measure the IOD variance, we use the

standard deviation of eastern EIO SST anomalies.

Here we calculate the regression and standard de-

viation for the peak phase of IOD, from September to

November.

Before the analysis, model simulation skill is exam-

ined. We perform an empirical orthogonal function

(EOF) analysis of SST anomalies over the TIO (208S–

208N, 408–1108E) for 1950–99 for each model. Figure 1

shows SST and surface wind regressions upon the prin-

cipal component (PC) of the IOD mode in each model

and for the ensemble mean. The second EOF mode in

most (14 of 17) models features a zonal dipole pattern,

while it is the first mode in two models (CSIRO-

Mk3.6.0 and INM-CM4) and the third mode in GISS-

E2-R. The IOD mode in models explains 16.8% of

total variance on average (Fig. 1r), comparable with

observations [12%; see Fig. 7 of Deser et al. (2010)]. The

spatial pattern of the IODmode is also comparable with

observations in most models, exhibiting an east–west

dipole pattern associated with easterly wind anomalies

along the equator. The maximum negative SST signal

appears along the Java and Sumatra coasts, suggesting

that the upwelling effect is important for the IOD de-

velopment. In several models (e.g., CanESM2, GFDL-

ESM2G, IPSL-CM5A-LR, and IPSL-CM5A-MR) the

eastern pole of IOD is not located on the eastern EIO

region, indicating biases in simulating the upwelling

(Fig. 1) in these models.

The models also simulate the phase-locking of IOD.

Figure 2 shows ensemble-mean monthly standard de-

viation of the IOD-related PC, displaying a pronounced

seasonality. As in observations, the peak of SST vari-

ance appears in September–November (SON). The

correlations of the IOD PC with eastern EIO SST and

TABLE 1. The 17 CMIP5 models used in this study.

Model name Institute (country)

Beijing Climate Center Climate System Model,

1-1 (BCC-CSM1.1)

Beijing Climate Center (BCC), China Meteorological

Administration (China)

Canadian Earth System Model, version 2 (CanESM2) Canadian Centre for Climate Modeling and Analysis (Canada)

Centre National de Recherches M�et�eorologiques Coupled

Global Climate Model, version 5 (CNRM-CM5)

Centre National de Recherches Meteorologiques (France)

Commonwealth Scientific and Industrial Research

Organisation Mark, version 3.6.0 (CSIRO-Mk3.6.0)

Commonwealth Scientific and Industrial Research Organization

in collaboration with the Queensland Climate Change Centre

of Excellence (Australia)

Geophysical Fluid Dynamics Laboratory Earth Science Model

2G (GFDL-ESM2G)

Geophysical Fluid Dynamics Laboratory (United States)

Geophysical Fluid Dynamics Laboratory Earth Science Model

2M (GFDL-ESM2M)

Geophysical Fluid Dynamics Laboratory (United States)

Goddard Institute for Space Studies Model E, coupled with

Russell ocean model (GISS-E2-R)

NASA Goddard Institute for Space Studies (United States)

Hadley Centre Global Environmental Model 2, carbon cycle

(HadGEM2-CC)

Met Office Hadley Centre (United Kingdom)

Hadley Centre Global Environmental Model 2, Earth System

(HadGEM2-ES)

Met Office Hadley Centre (United Kingdom)

Institute of Numerical Mathematics Coupled Model, version 4.0

(INM-CM4)

Institute of Numerical Mathematics (Russia)

L’Institut Pierre-Simon Laplace Coupled Model, version 5,

coupled with NEMO, low resolution

(IPSL-CM5A-LR)

Institute Pierre-Simon Laplace (France)

L’Institut Pierre-Simon Laplace Coupled Model, version 5,

coupled with NEMO, medium resolution (IPSL-CM5A-MR)

Institute Pierre-Simon Laplace (France)

Model for Interdisciplinary Research on Climate, version 5

(MIROC5)

University of Tokyo, Atmosphere and Ocean Research Institute,

National Institute for Environmental Studies, and Japan

Agency for Marine-Earth Science and Technology (Japan)

Max Planck Institute Earth System Model, low resolution

(MPI-ESM-LR)

Max Planck Institute for Meteorology (Germany)

Max Planck Institute Earth System Model, medium resolution

(MPI-ESM-MR)

Max Planck Institute for Meteorology (Germany)

Meteorological Research Institute Coupled General Circulation

Model, version 3 (MRI-CGCM3)

Meteorological Research Institute (Japan)

Norwegian Earth System Model, version 1, intermediate

resolution (NorESM1-M)

Norwegian Climate Centre (Norway)
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FIG. 1. Regressions of SST (contours at 0.058C) and surface wind anomalies (vectors) upon the IOD PC

in each model and the ensemble mean. The values at the top of each panel are the explained variance

(center) and correlations of the IOD PC with the IOD index (left) and eastern EIO SST (right).
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Saji et al.’s (1999) IOD index based on the east–west

SST gradient are both highly significant (Fig. 1), and the

ensemblemean correlations are20.83 and 0.86 (Fig. 1r),

respectively. Thus we use eastern EIO SST anomalies as

the IOD index in this study. Using other indices pro-

duces similar results.

3. Mean state change

Air–sea interactions for IOD development depend on

the mean state of the TIO during boreal summer to fall.

To examine the response of IOD to global warming, we

first evaluate the mean state change. Figure 3 shows the

ensemble mean difference of TIO climatology between

the second half of the twenty-first century (2050–99) and

twentieth century (1950–99) for boreal summer [June–

August (JJA); Fig. 3a] and autumn (SON; Fig. 3b). The

ensemble mean SST warming displays an IOD-like

pattern: enhanced warming in the northwest IO and re-

duced warming off the Sumatra and Java coasts. Con-

sistent with previous studies, the precipitation change

follows a warmer-get-wetter pattern (Xie et al. 2010;

Zheng et al. 2010). Surface wind change is easterly over

the EIO, representing a coupled response of the weak-

enedWalker circulation and the SST dipole (Vecchi et al.

2006). The east–west contrast is stronger in boreal au-

tumn, indicating seasonality of the mean state change.

In 4 of 17 models (BCC-CSM1.1, GFDL-ESM2G,

INMCM4, andNorESM1-M) the TIOwarming does not

display a pronounced IOD-like pattern, but thewarming

pattern is robust in the ensemble mean. Figure 4 shows

the ensemblemean indices of the dipole-like SST change,

zonal wind change along the equator, and thermocline

depth changes in the eastern and western EIO for SON.

The low-frequency internal variability has been removed

by performing the multimodel ensemble mean. The SST

zonal gradient over the equatorial IO is largely constant

in the twentieth century, and then increases (enhanced

warming in the west) gradually by about 0.68C during the

twenty-first century. Meanwhile, the zonal wind over

the central EIO shows an easterly change by more than

1ms21 at the end of the twenty-first century, indicating

a weakening of the Walker circulation, a robust response

to global warming in CGCM simulations (Vecchi and

Soden 2007). In response to the weakened Walker cir-

culation, the subsurface thermal structure also changes,

especially in the eastern EIO, where the thermocline

shoals. Under global warming, the 208C isotherm depth

deepens and does not represent the thermocline depth

well. Therefore we calculate the depth of maximum

temperature gradient to represent the dynamical ther-

mocline, following Vecchi and Soden (2007). It is found

that the ensemble mean thermocline depth shoals by

about 15m under global warming (Fig. 4c), indicating

a close ocean–atmosphere coupling in the IO mean state

FIG. 2. Ensemble-mean monthly standard deviation of normal-

ized IOD PC. The error bars denote the standard deviation of in-

termodel variability.

FIG. 3. Ensemble mean of 2050–99 minus 1950–99 differences in

SST (color shade, 8C), rainfall (contours, mm month21), and sur-

face wind velocity (vectors, m s21) for (a) JJA and (b) SON.
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change. By contrast, the thermocline in the western EIO

deepens slightly (Fig. 4d), consistent with the easterly

wind change. It is noticeable that the thermocline shoal-

ing in the eastern EIO is more robust than the dipole-like

warming pattern and easterly wind trend. This is likely

because the ocean warming is surface intensified, and

a thermodynamic shoaling effect is active, in addition to

the dynamic adjustment to wind change.

As the IOD-like change strengthens under global

warming in ensemble mean indices, the uncertainty of

the change also increases due to the diversity of the

mean state change among models: At the end of the

twenty-first century, the standard deviation of inter-

model SST gradient, zonal wind, and eastern EIO

thermocline depth changes increase by 0.68C, 1.2m s21,

and 15m (Fig. 4), respectively. In addition, intermodel

variabilities in SST zonal gradients, equatorial zonal

wind, and thermocline depth in the eastern EIO are

coupled to each other. Figure 5a shows the scatter dia-

gram of intermodel variability in changes of zonal wind

in the central EIO and SST gradient for SON. The

changes of SST gradient and zonal wind are highly

correlated at r 5 0.9 (the correlation higher than 0.48 is

significant at 95% significance level), indicating that if

theWalker circulation in a particularmodel is weakened

more (less) than the ensemble mean, the IOD-like SST

warming pattern is stronger (weaker) in this model.

Furthermore, the changes of thermocline depth and

zonal wind also show a significant positive correlation

(r 5 0.6), illustrating the consistency between the

FIG. 4. Ensemble mean of 11-yr running mean time series of (a) IO zonal SST gradient (8C; 508–708E, 108S–108N

minus 908–1108E, 108S–08), (b) equatorial zonal wind (m s21; 708–908E, 58S–58N) and the thermocline depth

(m; positive values denote a shoaling thermocline; negative values correspond to a deepening thermocline) in the

(c) eastern EIO (908–1108E, 108S–08) and (d) western EIO (508–708E, 108S–108N) during SON for historical (blue

line) and RCP8.5 (red line) simulations referenced to the mean value during 1901–2000. The shading shows one

standard deviation of intermodel variability.
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thermocline shoaling in the eastern EIO and weak-

ened Walker circulation under global warming among

the models.

Further investigations reveal that the precipitation

gradient change across the EIO (west minus east) among

the models also shows a correlation with changes in SST

gradient, zonal wind, and thermocline depth (not shown).

Consistent with the findings of Zheng et al. (2010), the

mean state changes among the SST and precipitation

east–west gradient, zonal wind, and thermocline depth in

the eastern EIO are fully coupled with each other. The

diversities of these changes among 17 models, a measure

of the uncertainty of model projection, are also highly

correlated to each other.

4. IOD mode under global warming

This section examines changes in the interannual IOD

mode under global warming in relation to themean state

change in the ensemble of 17 CGCMs. We start with

IOD variance and then follow with an investigation into

thermocline and atmospheric feedbacks.

a. Interannual IOD variance

Since SST variability in the eastern EIO is highly

correlated with the IOD index (Saji et al. 1999) based on

the west–east SST difference, we represent IOD in-

tensity as the standard deviation of the eastern EIO SST

index during SON [s(T)]. The IOD intensity change

shows some diversity among the models (Figs. 6a,e), but

the ensemble mean changes vary little from 0.68C in

1950–2000 to 0.588C in 2045–95. IOD strengthens in

7 models and weakens in the other 10 models. The in-

termodel standard deviation of the change is 0.138C,

indicating uncertainties among themodels. Even though

the SST activity remains unchanged under global warm-

ing in the ensemble mean, the zonal wind variance over

the central EIO is obviously reduced (Fig. 6b) in the

ensemble mean and most models. The ensemble mean

value of interannual standard deviations of zonal wind

is 1.5m s21 during 1950–2000 and decreases to 1.2m s21

during 2045–95 by about 20%. Only MIROC5 shows a

substantial enhancement of SST and zonal wind var-

iability (Fig. 7), which is due to enhanced thermocline

and atmospheric feedbacks (Figs. 8 and 9). Because

of the distinct response from other models, we exclude

MIROC5 when the ensemble mean standard devi-

ation and atmospheric feedback parameters are cal-

culated. Its inclusion does not change our results

qualitatively.

The decrease of zonal wind variance leads to the

weakened thermocline variability in the eastern EIO.

The interannual variance of the thermocline depth,

which is forced by zonal wind anomalies, significantly

weakens in a warmer climate (Fig. 6c). The ensemble-

mean thermocline depth variance decreases from 16m

in the twentieth century to 11m in the twenty-first cen-

tury, a reduction of about 30%. The weakened zonal

wind and thermocline variability indicates a decline of

the atmospheric component of Bjerknes (1969) feed-

back in the IOD development. A similar but less sig-

nificant decrease in variance is also found in eastern

EIO precipitation (Fig. 6d), with large diversity among

models.

Figure 7b shows the ensemble mean change of the

thermal structure in the eastern EIO under global

warming. The thermocline in the eastern EIO, track-

ing the maximum interannual temperature variance

(shaded in Fig. 7b), shoals from ;85m in the late

twentieth century to ;70m at the end of the twenty-

first century. As the thermocline shoals, the variance of

subsurface temperature decreases. This decrease can

also be found in the zonal wind (solid line in Fig. 7a,

from ;1.5 to ;1.2m s21) and precipitation (dashed

line in Fig. 7a, from ;70 to ;62mmmonth21).

FIG. 5. Scatterplots of central EIO zonal wind change (m s21)

during SON with (a) zonal SST gradient change (8C), and (b) the

ratio of thermocline depth in the easternEIO between 2050–99 and

1950–99. The solid line denotes the linear regression.
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b. Thermocline feedback

As the mean thermocline shoals along with the weak-

ened Walker circulation under global warming, the var-

iations of the thermocline depth and upwelling affect

SST variability more effectively. Figure 8a shows that the

thermocline feedback parameter R(SST, h) increases

in most models. The ensemble mean value rises from

11.38Cm21 in 1950–2000 to 13.48Cm21 in 2045–95 by

about 18%. In only three models (GFDL-ESM2G,

INMCM4, and NorESM1-M) R(SST, h) decreases in a

warmer climate. The uncertainty of the change among

the models is about 2.28Cm21, close to the ensemble

mean change. The time series of R(SST, h) supports the

thermocline feedback increase under global warming

(Fig. 8c), but the feedback change shows some variations

among models and low-frequency natural modulations.

The strengthening of thermocline feedback is due to

the thermocline shoaling in the eastern EIO. Figure 8b

illustrates the relationship of thermocline feedback

change, which is represented by the ratio ofR(SST, h) in

2045–95 to 1950–2000, with that of the mean thermo-

cline depth. There is a significant negative correlation

(r520.49): if the thermocline in the eastern EIO shoals

more (less) in a coupled model than the ensemble mean,

the thermocline feedback is more (less) enhanced. The

thermocline feedback change also shows a high corre-

lation (r 5 20.56) with the zonal wind change in the

eastern EIO (not shown). These results suggest that the

uncertainty of the IOD oceanic feedback change under

global warming is due to the diversity in thermocline

change.

c. Atmospheric feedbacks

Despite the shoaling thermocline and strengthened

thermocline feedback, the interannual variance de-

creases under global warming in the thermocline depth

(Figs. 6c and 7b), zonal wind, and precipitation (Fig. 7a),

indicating a weakened atmosphere response to IODSST.

Zheng et al. (2010) hypothesized that the atmospheric

component of Bjerknes feedback weakens under global

warming due to the increased atmospheric dry static

stability in the troposphere, the latter a robust feature of

atmospheric change (Knutson et al. 1997; Johnson and

Xie 2010). We use the zonal wind feedback parameter

R(U, T) to evaluate the atmospheric component of

Bjerknes feedback. The scatterplot in Fig. 9a compares

R(U, T) in the twentieth and twenty-first centuries.

A pronounced decline inR(U, T) is found indicating the

FIG. 6. Scatterplots of standard deviations of (a) eastern EIO SST (8C), (b) central EIO zonal wind (m s21), (c) eastern EIO thermocline

depth (m), and (d) eastern EIO precipitation (mm month21) for SON between 1950–2000 and 2045–95. The black dot and error bars

denote the ensemble mean and standard deviation of intermodel variability, respectively. MIROC5 is excluded from ensemble mean

calculation. (e) The 50-yr running time series of eastern EIO SST (8C) standard deviation for SON in 17 CMIP5 CGCMs referenced to the

standard deviation during 1901–2000. The black thick line is multimodel ensemble mean.
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weakened zonal wind feedback. Only three models

(CSIRO-Mk3.6.0, INM-CM4, and MIROC5) simulate

a strengthened R(U, T). The ensemble mean value de-

creases from 2.1 to ;1.7m s21
8C21. The variance of

intermodel R(U, T) changes is 0.42m s21
8C21, repre-

senting some discrepancy of the atmospheric response

among the models. The time series of R(U, T) illustrate

the decreasing trend, with some intermodel diversity

and low-frequency natural modulations (Fig. 9b).

Furthermore, to investigate the nature of weakened

atmospheric IOD feedback, we perform a decom-

position of R(U, T) into two parts: the regression of

precipitation upon SST anomalies, R(Precip, T) in the

eastern EIO, representing the precipitation response to

SST anomalies; and the regression of zonal wind upon

precipitation anomalies, R(U, Precip), representing the

zonal wind response to precipitation anomalies, the

latter representing the atmospheric response to a heat-

ing source. Both of them are reduced in the twenty-first

century but the ensemble mean changes are within the

intermodel variance (Fig. 10). Note that R(Precip, T)

weakens in 11 of 17 models with the ensemble mean

decreasing from ;98 to ;83 mm month21
8C21; also,

R(U, Precip) decreases in 13 of 17 models, with the

ensemble mean changing from 0.02 to 0.0175 (m s21)

(mm month21)21. The latter index represents the

atmospheric circulation response to anomalous heat

source, related to the tropospheric stability. Zheng et al.

(2010) emphasized that this term is important for the

weakened atmospheric feedback, but the decreased

R(Precip, T ) also contributes to the weakened atmo-

spheric feedback. We consider the possible mechanism

of the weakened precipitation response. In the eastern

EIO region, mean precipitation decreases following the

‘‘warmer-get-wetter’’ mechanism of Xie et al. (2010).

The decrease of mean rainfall relative to the current

climatology weakens interannual precipitation variability.

The abovementioned factors (circulation response to

latent heating and precipitation response to SST) both

cause the atmospheric feedback to weaken, counter-

acting the enhanced thermocline feedback.

d. Factors for intermodel uncertainty and relationship

to ENSO

The oceanic and atmospheric feedback shows op-

posing changes and IOD variance changes little in SST.

There is a large diversity of s(T) change under global

warming among the models (Fig. 6a). So a question

arises: Which factor is most important for the inter-

model diversity?

To answer this question, we analyze the ratio of s(T)

between the twenty-first and twentieth centuries in re-

lation to the ratios of thermocline feedback R(SST, h)

and atmospheric feedback R(U, T). Since the s(T)

change in MIROC5 is distinct from other models, we

excludeMIROC5 from the analysis. There is a significant

correlation of the s(T) change with that of R(SST, h)

(r 5 0.64), above 95% significance level based on t test

(Fig. 11a). By contrast, there is no correlation between

the changes of s(T ) and R(U, T ) (r 5 0.01; not

shown). These results suggest that even though the

weakened atmospheric feedback counters the en-

hanced thermocline feedback in the ensemble mean,

the intermodel variability of s(T ) depends on that of

R(SST, h).

ENSO is another potential factor for IOD intensity

change. We find that there is only a weak correlation

between them (r 5 0.22; Fig. 11b). CMIP5 modes do

not show a consistent change in the IOD–ENSO cor-

relation in the presence of global warming (not shown).

Therefore, the response of IOD intensity to global

warming is mainly controlled by the local oceanic dy-

namics, the thermocline shoaling in the eastern EIO in

particular.

FIG. 7. Ensemble mean standard deviations of interannual var-

iability for SON in 50-yr sliding windows: (a) zonal wind velocity

in the central EIO (solid line, m s21; left axis) and eastern

EIO precipitation (dashed line, mm month21; right axis), and

(b) ensemble mean standard deviation of seawater temperature in

the eastern EIO (color shading, 8C). Also shown in (b) are the

thermocline (black solid line) as determined by the maximum

gradient in the vertical, and mean seawater temperature (8C) in

brown contours.
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5. IOD skewness

The asymmetry between positive and negative SST

anomalies in the eastern EIO is another important

characteristic of IOD (Hong et al. 2008; Ogata et al.

2013). Usually the positive IOD events aremuch stronger

and show a greater climate impact than negative events

(Cai et al. 2012). Zheng et al. (2010) suggest a nonlinear

thermocline feedback is the reason for the asymmetry of

IOD, which is confirmed by observational and modeling

studies (Ogata et al. 2013; Cai and Qiu 2013). The asym-

metry in eastern EIO SST, measured by skewness, may

weaken due to the shoaling thermocline under global

warming (Zheng et al. 2010). This section evaluates the

IOD skewness in CMIP5 models and investigates its re-

sponse to global warming.

Figure 12a compares the skewness of SST anomalies

in the eastern EIO in the twentieth and twenty-first

centuries. Not all the models can capture the observed

asymmetry. For current climate (1950–2000), a negative

skewness is reproduced in 13 of 17 models with a large

diversity among the models. The ensemble mean

skewness is 20.6. For a warmer climate (2045–95), the

change of skewness tends to be positive in 12 models

(exceptBCC-CSM1.1,GFDL-ESM2G, INM-CM4, IPSL-

CM5A-LR, and NorESM1-M). The ensemble mean

skewness is 20.36, a decrease of ;40%. This change

seems to be insignificant due to a large uncertainty among

models.

The intermodel discrepancy of skewness change is

related to that of the shoaling thermocline (Fig. 12b).

When the thermocline shoaling in the eastern EIO is

strong in a model, the skewness change tends to be

positive. The correlation of intermodel variability in

skewness change with the twenty-first- to twentieth-

century thermocline depth ratio is20.63, indicating the

importance of the mean state change.

6. Conclusions and discussion

We have investigated the IOD response to global

warming and the related mean state change based on

historical simulations and future climate projections by

17 CMIP5 models. Under global warming, the ensemble

mean thermocline in the eastern EIO shoals by about

15m. This shoaling thermocline is a result of a weakened

Walker circulation and easterly wind change along

FIG. 8. (a) Scatterplots ofR(SST, h) (8Cm21) between 1950–2000 and 2045–95. The black dot

and error bars denote the ensemble mean and standard deviation of intermodel variability,

respectively. (b) Scatterplots of R(SST, h) and thermocline depth ratios between 1950–2000

and 2045–95. The solid line denotes the linear regression. (c) The 50-yr running time series of

R(SST, h) (8Cm21) for SON in 17 CMIP5 CGCMs referenced to the regression during 1901–

2000. The black thick line is multimodel ensemble mean.
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the equator, along with a dipole-like pattern of SST/

precipitation change. The intermodel variability in

changes of SST, zonal wind, and thermocline depth are

highly correlated with each other, indicating the close

coupling of ocean–atmosphere fields in TIO.

The mean state change affects the interannual IOD

mode, although the ensemble mean IOD variance in

SST does not change much under global warming, with

some diversity among the models. The shoaling ther-

mocline in the eastern EIO leads to a strengthened

thermocline feedback, enabling subsurface tempera-

ture anomalies to affect SST more effectively. The

strengthening of thermocline feedback, however, does

not lead to an intensification of IOD. The atmospheric

response weakens, counteracting the stronger ther-

mocline feedback due to a shoaling thermocline. Our

decomposition analysis of zonal wind feedback shows

that the increased tropospheric stability and reduced

interannual variability of precipitation in the eastern

EIO are both the reasons for the weakened atmo-

spheric feedback.

Even though the IOD variance change in SST is small

in the CMIP5 ensemble mean, the skewness of eastern

EIO SST tends to weaken significantly under global

warming. The asymmetry of the IOD mode is due to

the deep thermocline in the eastern EIO, with a stron-

ger thermocline feedback for cold compared to warm

events. By this mechanism, the shoaling of the ther-

mocline in the eastern EIO results in a more linear

SST–thermocline relationship and reduces the SST

skewness. Indeed, the intermodel variability in skew-

ness change is significantly correlated with that in the

thermocline depth, confirming the mean thermocline

depth effect on the IOD asymmetry. These results

FIG. 9. (a) Scatterplots of R(U, T ) (m s21
8C21) between 1950–2000 and 2045–95. The black

dot and error bars denote the ensemble mean and standard deviation of intermodel variability,

respectively.MIROC5 is excluded from ensemblemean calculation. (b) The 50-yr running time

series of R(U, T ) (m s21
8C21) for SON in 17 CMIP5 CGCMs referenced to the regression

during 1901–2000. The black thick line is multimodel ensemble mean.
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suggest that themean state change is very important for

the climatemode response to global warming. Since the

IOD generates considerable influences on local and

remote climate by affecting atmospheric convection,

the changes in IOD climatic impacts need to be in-

vestigated in future studies.

While the ensemble-mean IOD variance in SST re-

mains unchanged in global warming, there is consider-

able variability among models in this change (Fig. 6a).

The intermodel variability in eastern IO SST variance

is only weakly correlated with ENSO amplitude, and

much more highly correlated with changes in thermo-

cline feedback (Fig. 11). Thus, the IOD variance change

in the future appears to be largely determined by in-

ternal ocean–atmospheric feedback within the TIO,

in particular the thermocline depth change in the

eastern EIO.

We have shown that most CMIP5 models display an

IOD-like pattern in the mean state change, including

an enhanced (reduced) warming in the west (east), a

weakened Walker cell, and shoaling thermocline in

the east. Such a pattern of climate change may have

emerged from observations (Abram et al. 2008; Du et al.

2013a). Indeed, precipitation over the Maritime Conti-

nent has been decreasing (Tokinaga et al. 2012) as

projected by models, associated with the Walker circu-

lation slowdown. Conflicting results, however, were

obtained from reanalysis (Han et al. 2010), illustrating

the difficulty detecting climate change signals amid

natural variability from limited observations.

This study focuses on changes of interannual IOD

variability under global warming. The tropical Indian

Ocean also shows interdecadal variability (Ashok et al.

2004; Annamalai et al. 2005; Schott et al. 2009; Nidheesh

et al. 2013). Interdecadal variations influence the IOD

mode by modulating the background state (Annamalai

et al. 2005; Zheng et al. 2010). Indeed, there are appar-

ent interdecadal variations in eastern EIO SST standard

deviation (Fig. 6e), thermocline feedback (Fig. 8c), and

atmospheric feedback (Fig. 9b) in CMIP5models.While

the multimodel mean suppresses low-frequency natural

modulation, the interference effect by interdecadal

FIG. 10. Scatterplots of (a)R(Precip,T ) (mmmonth21
8C21) and

(b) R(U, Precip) [(m s21)(mm month21)21] between 1950–2000

and 2045–95. The black dot and error bars denote the ensemble

mean and standard deviation of intermodel variability, respec-

tively. MIROC5 is excluded from ensemble mean calculation.

FIG. 11. Scatterplots of the ratios of (a) R(SST, h) (8Cm21) and

(b) s(T )Ni~no (8C) with that of s(T )EEIO (8C) between the twenty-

first and twentieth centuries. The solid line denotes the linear re-

gression. MIROC5 is excluded from correlation calculation.
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variations on detecting the IOD response to anthropo-

genic forcing needs further investigation, especially for

individual models.
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