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ABSTRACT

An atmospheric general circulation model (AGCM) is used to examine the role of Indian Ocean sea

surface temperature (SST) anomalies in regional climate variability. In particular, the authors focus on the

effect of the basinwide warming that occurs during December through May after the mature phase of El

Niño. To elucidate the relative importance of local and remote forcing, model solutions were sought for

experiments where SST anomalies are inserted in the (i) tropical Indo-Pacific Oceans, (ii) tropical Pacific

Ocean, and (iii) tropical Indian Ocean. A 10-member ensemble simulation is carried out for each of the

three forcing scenarios.

The model solutions demonstrate that precipitation variations over the southwest Indian Ocean are tied

to local SST anomalies and are highly reproducible. Changes in the Indian Ocean–Walker circulation

suppress precipitation over the tropical west Pacific–Maritime Continent, contributing to the development

of a low-level anticyclone over the Philippine and South China Seas. Our model results indicate that more

than 50% of the total precipitation anomalies over the tropical west Pacific–Maritime Continent is forced

by remote Indian Ocean SST anomalies, offering an additional mechanism for the Philippine Sea anticy-

clone apart from Pacific SST. This anticyclone increases precipitation along the East Asian winter monsoon

front from December to May. The anomalous subsidence over the Maritime Continent in conjunction with

persistent anomalies of SST and precipitation over the Indian Ocean in spring prevent the northwestward

migration of the ITCZ and the associated deep moist layer, causing a significant delay in the Indian summer

monsoon onset in June by 6–7 days. At time scales of 5 days, however, the reproducibility of the northward

progression of the ITCZ during the onset is low.

Results indicate that Indian Ocean SST anomalies during December through May that develop in re-

sponse to both atmospheric and oceanic processes to El Niño need to be considered for a complete

understanding of regional climate variability, particularly around the Indian Ocean rim.

1. Introduction

Many observational studies show that the El Niño–

Southern Oscillation (ENSO) induces substantial sea

surface temperature (SST) variations in other tropical

oceans. For example, the Indian Ocean witnesses a ba-

sinwide warming in boreal winter that peaks in the fol-

lowing spring after the mature phase of El Niño (e.g.,

Nigam and Shen 1993). Klein et al. (1999) and Murtu-

gudde and Busalacchi (1999) find that surface heat flux

is the major mechanism for ENSO-induced warming in

the north Indian Ocean. In particular, Klein et al.

(1999) showed that changes in atmospheric circulation

accompanying El Niño induce changes in cloud cover

and evaporation that, in turn, increase the net heat flux

entering the remote oceans—the concept of an “atmo-

spheric bridge” that connects SST anomalies in the cen-

tral equatorial Pacific to those in remote tropical

oceans. That mechanism, however, does not explain the

SST fluctuations over the southwest Indian Ocean

(SWIO) where the anomalies typically reach a maxi-

mum (Klein et al. 1999). Xie et al. (2002) and Huang
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and Kinter (2002) demonstrated that much of SWIO

SST variability is not locally forced but is due instead to

oceanic Rossby waves that propagate from the east.

They showed that such a subsurface effect on SST in

the SWIO is made possible by the simultaneous pres-

ence of mean upwelling and a shallow thermocline

dome and further demonstrated that ENSO is the dom-

inant forcing for the SWIO thermocline variability. Xie

et al. (2002) noted that, when an El Niño event occurs,

anomalous easterlies appear in the equatorial Indian

Ocean, forcing a westward-propagating downwelling

Rossby wave in the southern Indian Ocean. In sum-

mary, both through atmospheric and oceanic processes,

El Niño accounts for the basinwide SST variations ob-

served over the tropical Indian Ocean (TIO). Recently,

there is renewed interest in all aspects of the coupled

system in the tropical Indian Ocean and its role in the

regional climate variability (Annamalai and Murtu-

gudde 2004). The present study explores the possible

role of the basinwide warming in local and remote ef-

fects on the Asian monsoons.

Figure 1 shows the simultaneous correlation between

thermocline depth (h) and SST variations during boreal

winter and the following spring (December–May), with

h represented by the 20°C isotherm depth. The high

local correlation confirms the results of Xie et al. (2002)

and Huang and Kinter (2002) that subsurface variabil-

ity exerts a strong influence on SST over SWIO. By

analyzing the number of tropical cyclone days during

December–April for the period 1951–98, Xie et al.

(2002) noted that there are four cyclone days in a year

when h is abnormally deep as opposed to only one in a

shallow year. Apart from this effect on local climate

and due to its persistence for about 6 months, SWIO

SST anomalies may influence climate over remote re-

gions—a subject of the present investigation.

During boreal winter of El Niño years, negative

convective anomalies over the tropical west Pacific

(TWP)–Maritime Continent force an anticyclone in the

lower atmosphere over the South China Sea–Philippine

Sea region that in turn influences the East Asian winter

monsoon (EAWM) (Wang et al. 2000). Observations

show that precipitation anomalies along the EAWM

front and the anomalous anticyclone over the Philip-

pine Sea persist from boreal winter into the following

spring (Harrison and Larkin 1996; Wang et al. 2000).

Using an atmospheric general circulation model

(AGCM), Wang et al. (2000) showed that the Philip-

pine Sea anticyclone is forced by El Niño and main-

tained by local air–sea interactions. Lau and Nath

(2000) conducted similar sensitivity experiments with a

different AGCM and concluded that the existence of

the Philippine Sea anticyclone is largely due to tropical

Pacific SST anomalies. The AGCM studies of Wang et

al. (2000) and Lau and Nath (2000), however, did not

consider the effect of Indian Ocean SST anomalies.

ENSO-induced SST anomalies over the Indian

Ocean provide a mechanism for the delayed atmo-

spheric response to ENSO after its mature phase. Using

a simple linear model forced by Indian Ocean SST

FIG. 1. Simultaneous correlation between anomalous SST and thermocline depth during Dec–May.

The depth of the 20°C isotherm represents the thermocline.
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anomalies during boreal winter of El Niño years, Wa-

tanabe and Jin (2003) noted that an increase in precipi-

tation over the western Indian Ocean is accompanied

with a decrease in precipitation over the TWP – Mari-

time Continent. Su et al. (2001), again from a simple

model, noted a similar precipitation response during

the 1997–98 El Niño event. Watanabe and Jin (2003)

argued that the suppressed precipitation over the

TWP–Maritime Continent strengthens the Philippine

Sea anticyclone, in addition to the remote forcing by El

Niño–related SST anomalies. These simple linear

model results, while appealing, need to be corroborated

with more comprehensive AGCM experiments because

precipitation interacts with SST and atmospheric circu-

lation in a complex, nonlocal way. Furthermore, Wa-

tanabe and Jin (2003) focused only on the boreal winter

season and their simple model is not suitable for study-

ing extratropical response, such as EAWM. Finally,

sensitivity of the solutions to changes in atmospheric

initial conditions cannot be assessed from simple linear

models. In the present research, by performing en-

semble AGCM simulations we examine if the persis-

tence of SST anomalies over the Indian Ocean influ-

ences convective anomalies over the TWP–Maritime

Continent and therefore on the EAWM through their

effect on the intensity of the Philippine Sea anticyclone.

Another important, yet unresolved issue is the role of

Indian Ocean SST in the onset of the Indian summer

monsoon (ISM). In their correlation analysis between

the ISM onset date and SST anomalies in the preceding

winter and spring, Joseph et al. (1994) identified signifi-

cant positive correlations with SST over SWIO and

negative correlations over TWP (Fig. 11 of their paper).

From that observational study, Joseph et al. (1994) hy-

pothesized that the SST anomalies over the Indian and

TWP oceans cause the interannual variability of the

ISM onset through affecting the timing of the north-

westward movement of the equatorial convective maxi-

mum. Soman and Slingo (1997) used an AGCM and

studied the sensitivity of the ISM onset to tropical SST

anomalies, focusing on two contrasting years: 1983 (de-

layed onset) and 1984 (early onset). They concluded

that the northward migration of the convective center

in spring over the west Pacific is related to in situ SST

anomalies and attributed the slow (fast) northward mi-

gration in the presence of cold (warm) SST anomalies

to the ISM’s delayed (early) onset, confirming the Jo-

seph et al. (1994) hypothesis. Their model results, how-

ever, did not change significantly after inclusion of In-

dian Ocean SST anomalies.

Figures 2a–c show the composite pattern of observed

SST anomaly difference between years of delayed and

early ISM onset during the period 1950–2001. Consis-

tent with Joseph et al. (1994, their Fig. 10), there are

warm SST anomalies over the SWIO and equatorial

Indian Ocean and cold anomalies over the northern

FIG. 2. SST difference (°C) between years of delayed and early

ISM onset dates: (a) Mar, (b) Apr, and (c) May. Positive values

are shaded progressively, while negative values are shown in

dashed contours. The interval is 0.4°C.
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Arabian Sea, particularly in April. Even in May, when

positive SST anomalies occupy the entire tropical In-

dian Ocean, the strongest warming is located near and

south of the equator. In agreement with Joseph et al.

(1994), it is expected that this SST persistence from

March to May favors in situ convection over the ocean,

thereby delaying the ISM onset over land. Our ap-

proach differs from the case studies of Soman and

Slingo (1997) in two aspects; namely, we (i) exclusively

study the impact of Indian Ocean SST anomalies on the

ISM onset by considering more anomalous events and

(ii) perform ensemble AGCM integrations to assess the

reproducibility of the model results. Our modeling ap-

proach can be viewed as an extension of the Joseph et

al. (1994) observational study.

The present study investigates the effect of Indian

Ocean SST anomalies on local precipitation variations

and their remote influence on TWP–Maritime Conti-

nent convection, EAWM, and ISM onset. Since the

SST anomalies over the tropical Indian Ocean often

co-occur with those in the tropical Pacific, it is difficult,

if not impossible, to quantify their effects separately

from observations alone. On the other hand, experi-

ments with a realistic AGCM forced with SST anoma-

lies in each ocean basin offer a means to separate their

effects. We carry out such experiments by forcing an

AGCM with prescribed SST anomalies and assess the

sensitivity of the results to changes in atmospheric ini-

tial conditions by conducting ensemble integrations.

Over the regions of interest, the reproducibility of the

model-simulated precipitation to changes in model ini-

tial conditions is examined.

The main results from our experiments are (i) pre-

cipitation variations over the SWIO are induced by lo-

cal SST anomalies and the reproducibility among the

ensemble members is very high; (ii) the basinwide

warming of the Indian Ocean alters the Indo–Pacific

Walker circulation, affecting TWP convection, the in-

tensity of the low-level anticyclone over South China

Sea–Philippine Sea, and the EAWM; and (iii) the per-

sistence of precipitation anomalies over the Indian

Ocean affects the northward migration of a deep moist

layer and delays the ISM onset by about a week, con-

solidating the original hypothesis proposed in Joseph et

al. (1994). In the model integrations, however, on time

scales of 5 days, the reproducibility of the northwest-

ward migration of the convective center during the ISM

onset stage is rather poor.

The paper is organized as follows. Section 2 presents

the data used and provides a brief description of the

AGCM. Section 3 presents the model response in vari-

ous regions and compares it with observations. Section

4 summarizes our conclusions.

2. Data and model

a. Data

The atmospheric data used in our study are taken

from the National Centers for Environmental Predic-

tion–National Center for Atmospheric Research

(NCEP–NCAR) reanalysis for the period 1950–2001

(Kalnay et al. 1996). The atmospheric variables are

available at standard pressure levels with a horizontal

resolution of 2.5°. We use the Reynolds and Smith

(1994) SST product. In addition, we utilize monthly

mean rainfall from the Climate Prediction Center

(CPC) Merged Analysis Product (CMAP) (Xie and Ar-

kin 1996) for the period 1979–2001. The thermocline

depth (h), as represented by the depth of the 20°C iso-

therm, is taken from the Simple Ocean Data Assimila-

tion (SODA) (Carton et al. 2000). The usefulness of

SODA for studying Indian Ocean coupled dynamics

has been demonstrated in Xie et al. (2002) and Anna-

malai et al. (2003).

In our study, monthly mean climatologies are first

calculated and anomalies are defined as departures

from them. Unless otherwise specified, decadal vari-

ability (periods �8 yr) is separated from interannual

variability (16 months to 8 years) by harmonic analysis.

As an example, Fig. 3 shows the interannual SST anoma-

lies averaged over the SWIO (7.5°–17.5°S, 50°–70°E).

Owing to uncertainities in SST observations prior to the

satellite era, we examined the monthly observed SST

from the Comprehensive Ocean–Atmosphere Data Set

(COADS). We constructed the interannual SST

anomalies over the SWIO and noted that, apart from

the event in 1953, all the other major warm events (Fig.

3) are captured by COADS SST (not shown).

FIG. 3. Time series of SST anomalies (in std dev) averaged over

the southwest Indian Ocean (7.5°–17.5°S, 50°–70°E) during Dec

of year 0 through May of year 1. The std dev is 0.28°C, and during

the period 1950–2001 there are eight strong years (�1.0 std dev).

The years 1990–91 and 2000–01 are slightly below the threshold.

The eight warm years chosen are (1951–52, 1957–58, 1963–64,

1969–70, 1972–73, 1982–83, 1986–87, and 1997–98). Here year 0

represents the developing phase of El Niño, and all 8 years cor-

respond to moderate to strong El Niño years in the equatorial

Pacific.
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b. Model

We use ECHAM5, the latest Hamburg version of the

ECMWF model. It is a global spectral model, which we

ran at T42 resolution with 19 sigma levels in the verti-

cal. The nonlinear terms and the parameterized physi-

cal processes are calculated on a 128 � 64 Gaussian

grid, a horizontal resolution of about 2.8° � 2.8°. As in

the earlier version of the model (ECHAM4) (Roeckner

et al.1996), the convection scheme is based on the mass

flux concept of Tiedtke (1989); the surface fluxes of

momentum, heat, and water vapor are based on the

Monin–Obukhov similarity theory; and the radiation

scheme is from Morcrette et al. (1998). Major changes

in the model include implicit coupling of the atmo-

sphere to land surface (Schulz et al. 2001), advective

transport (Lin and Rood 1996), a prognostic–statistical

scheme for cloud cover (Tompkins 2002), and a rapid-

radiative-transfer model for longwave radiation

(Mlawer et al. 1997). Model details may be found in

Roeckner et al. (2003).

The ECHAM5-simulated climatology, based on a

7-yr mean, is realistic in many aspects. Figure 4 com-

pares precipitation and 850-hPa wind climatology be-

tween the model and observations. The Indian Ocean

ITCZ is located over the SWIO thermocline dome and

is therefore likely to be sensitive to SST changes there.

Model/observation differences include (i) overestima-

tion of precipitation intensity along the SPCZ and off

Madagascar in the southern Indian Ocean and (ii) un-

FIG. 4. Seasonal average (Dec–May) precipitation (mm day�1; shown in color shading) and 850-hPa wind

climatology: (a) observations and (b) AGCM. The reference wind vector is also shown.
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derestimation of precipitation intensity over the equa-

torial central Indian Ocean. Despite these differences,

the spatial structure and magnitude of precipitation and

low-level circulation over the tropical Indo–Pacific

(TIP) Oceans are simulated reasonably well. Unless

otherwise mentioned, model experiments reported

here focus on the two seasons of December–May.

c. Experimental design

We carry out a set of three ensemble experiments. In

the tropical Indo-Pacific runs, seasonally varying SST

anomalies are imposed in the tropical Indo-Pacific re-

gion from 30°S–30°N and seasonally varying climato-

logical SSTs are imposed elsewhere. We refer to them

as TIP runs. The tropical Pacific Ocean (TPO) runs are

similar to the TIP runs, except that SST anomalies are

inserted only in the tropical Pacific. The TIO runs are

like the TIP runs, but with SST anomalies imposed only

in the tropical Indian Ocean. The set of experiments is

expected to reveal the individual and combined effects

of SST anomalies on the local and remote climate vari-

ability. For example, the difference between TIP and

TPO solutions will suggest the effect of Indian Ocean

SST anomalies when the Pacific is interactive, while the

TIO and TPO solutions indicate the exclusive and non-

interactive effect. Table 1 provides some details of the

experiments.

For each of the above forcing scenarios, the model is

run for seven months from December through June.

Monthly surface boundary forcing fields for Decem-

ber–June are obtained by averaging SST anomalies for

eight years when December–May mean SST anomalies

over the SWIO (Fig. 3) exceed one standard deviation

(0.28°C). We choose SWIO SST as our index for two

reasons; namely, (i) SST variance reaches a local maxi-

mum there and (ii) SST variations are caused by ocean

Rossby waves that may be predictable one season in

advance (Xie et al. 2002; Huang and Kinter 2002). Over

the tropical Indo–Pacific, the composite spatial pattern

and intensity of SST anomalies based on the SWIO SST

index is nearly identical to that based on El Niño when

the December–February mean multivariate ENSO in-

dex of Wolter and Timlin (1998) exceeds one standard

deviation (not shown).

To account for the atmospheric sensitivity to initial

conditions, a 10-member ensemble approach, with

changes only in the initial conditions varying from 1 to

10 December but preserving the same SST forcing, are

conducted. Initial conditions are taken from the control

(CTL) run with the monthly climatological SST as the

boundary forcing. In the CTL experiment, the model is

run for 7 years. The composites (both constructed from

observations and ensembles of AGCM solutions) are

subjected to a t test for statistical significance. Values

significant at the 95% level or greater are plotted. The

level of significance, however, does not alter the main

conclusions of the study as long as the interpretations

offered are robust and consistent with the dynamics.

In multiple realizations of an AGCM experiment, the

reproducibility that is essentially a signal-to-noise ratio

is a good measure to asses the model’s robustness to the

imposed boundary forcing (e.g., Sperber and Palmer

1996). Here, the signal is the variance of the ensemble

mean and the noise is the sum of the deviation of the

individual member variance from the ensemble mean

variance. Reproducibility is related to the F distribution

for testing variances of two normally distributed popu-

lations. In the present study, we test the signal-to-noise

ratio for the model-simulated precipitation, and the

more this ratio deviates from 1, the stronger the evi-

dence for unequal population variances. In other

words, if the noise is zero, then each realization is an

exact replica and the reproducibility is infinity (Sperber

and Palmer 1996).

3. Results

a. Observed anomalies

The observed composite SST anomaly pattern (Fig.

5a), not surprisingly, is reminiscent of El Niño. Over the

equatorial central–eastern Pacific warm anomalies are

flanked by cold anomalies over the TWP, extending

into the subtropics in both hemispheres. SST anomalies

over the western North Pacific (20°–40°N, 120°–160°E)

and including the South China Sea are warmer than

normal because of weakened EAWM (Liu et al. 2004).

The tropical Indian Ocean displays a basinwide warm-

ing with a maximum in the southwest basin. Warm SST

anomalies are also present off south Java and over the

Indonesian Seas.

Figure 5b shows the associated precipitation anoma-

lies constructed from the last three SWIO warm events

(1982–83, 1986–87, and 1997–98) for which CMAP ob-

servations over the open oceans are available. For com-

TABLE 1. A list of the AGCM experiments discussed in the text.

Expt Forcing

CTL Climatological but seasonally varying SST. Duration of

the run is 7 yr.

TIP SST anomalies over the tropical Indo–Pacific regions

(30°S–30°N, 40°E–80°W).

TPO SST anomalies only over the tropical Pacific (30°S–30°N,

120°E–80°W).

TIO SST anomalies only over the tropical Indian Ocean

(30°S–30°N, 40°–120°E).
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parison, Fig. 5c shows the corresponding NCEP–

NCAR reanalysis precipitation averaged over all the

eight events. In general, positive precipitation anoma-

lies are collocated with warm SST anomalies, whereas

negative precipitation anomalies overlay warm SST

anomalies over the South China Sea, eastern equatorial

Indian Ocean, and Indonesian islands extending into

north Australia. Model results discussed later (Fig. 6c)

suggest that the observed below normal precipitation

over these regions is due to subsidence forced by re-

mote convection. As in Su et al. (2001), the reanalysis

precipitation during El Niño years (Fig. 5c) is broadly

similar to CMAP but the magnitude is weaker. This is

possibly due to the difference in the number of samples

used in the composites (eight in Fig. 5c to three in Fig.

5b) and to the limitations in the physical parameteriza-

tions used in the reanalysis model. Over the Tropics,

the 850-hPa wind anomalies (Fig. 5d) are dynamically

consistent with the anomalous precipitation patterns. In

particular, westerly anomalies over the equatorial cen-

tral Pacific and easterly anomalies over the equatorial

Indian Ocean indicate changes in the Indo–Pacific

Walker circulation. Finally, an anomalous anticyclone

is prominent in the South China Sea–Philippine Sea

region while cyclonic circulation anomalies dominate

over the SWIO, both being a Rossby wave response to

respective precipitation anomalies nearby (e.g., Gill

1980).

The following three subsections discuss the model

response over the SWIO, TWP–Maritime Continent–

East Asia, and Indian subcontinent and compare it with

observations. Our focus is to understand the role of

Indian Ocean SST in these regional climate variations.

Therefore, we compare and contrast the model solu-

tions to the SST forcing from individual and combined

oceans.

b. Southwest Indian Ocean

Figures 6 and 7 show the model response to tropical

Indo–Pacific and Pacific SST anomalies, respectively.

Qualitatively, the TIP solutions mimic the observed

rainfall and circulation patterns (Fig. 5) over the tropi-

cal Indo–Pacific region. In both TIP and TPO solutions,

the simulated precipitation and wind anomalies along

the equatorial (10°S–10°N) Pacific are broadly similar

and agree with observations (Fig. 5). Furthermore, the

changes to the equatorial east–west Pacific Walker cir-

culation, as depicted by the upper-level velocity poten-

FIG. 5. Seasonal average (Dec–May) composite anomalies: (a) SST (°C), precipitation (mm day�1) from (b) CMAP, (c) NCEP–

NCAR reanalysis, and (d) 850-hPa wind (m s�1). The scaling in (c) is different from that in (b). In (a)–(c) positive values are shaded

progressively and negative values are shown in contours. The contour interval is (a) 0.4°C, (b) 1 mm day�1, and (c) 0.5 mm day�1.
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tial, are nearly identical. More importantly, in both the

solutions, the reproducibility of the simulated precipi-

tation along the equatorial Pacific is rather striking

(Figs. 9c,d). These findings suggest that Pacific SST

anomalies are the dominant forcing in determining the

atmospheric response there. However, in terms of the

strength of the anomalies, prominent differences be-

tween the two solutions exist over the TWP–Maritime

Continent and along the EAWM region. We return to

these issues in section 3c.

Over the tropical Indian Ocean, the large differences

between the two solutions highlight the importance of

local SST anomalies. In particular, increased precipita-

tion over SWIO in the TIP solutions (Fig. 6a) and the

associated ascent (Fig. 6c) are not present in the TPO

runs (Fig. 7). In the TIP run, consistent with the pre-

cipitation pattern, anomalous westerlies with cyclonic

vorticity prevail in the equatorial (15°S–5°N) western

Indian Ocean (Fig. 6b), which is much weaker in the

TPO run (Fig. 7b). The divergence and associated nega-

tive precipitation anomalies off south Java appear in

both the TIP and TPO solutions, in agreement with

observations. Overall, the wind and precipitation in TIP

solutions are in closer agreement with observations

than in TPO runs.

The potential role of Indian Ocean SST anomalies on

the local and remote effects is further demonstrated by

the TIO solution. The spatial distribution of the simu-

FIG. 6. Seasonal average (Dec–May) (a) anomalous precipita-

tion, (b) 850-hPa wind anomalies, and (c) velocity potential from

the TIP solutions. Positive values in (a) are shaded progressively,

while negative values are shown in contours with an interval of 1.0

mm day�1. In (c) negative values (ascending regions) are shaded

progressively, while positive values (descending regions) are

shown as contours with an interval of 1.0 � 106 m2 s�1.

FIG. 7. As in Fig. 6, but for the TPO solutions.
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lated precipitation anomalies over the SWIO (Fig. 8)

agrees well with the observations (Fig. 5b). The simu-

lated low-level circulation anomalies in the TIO runs

(Fig. 8b) depict a well-defined cyclone to the southwest

of the anomalous precipitation in the southern Indian

Ocean. Consistent with Xie et al. (2002) speculation

based on observations, these circulation anomalies are

a Rossby wave response to the anomalous precipitation

(Matsuno 1966; Gill 1980). Compared to TIP runs (Fig.

6a), SWIO precipitation anomalies in the TIO solution

are stronger (Fig. 8a), and the sign of the precipitation

anomalies are reversed over the equatorial Indian

Ocean. These can be attributed to the lack of subsi-

dence induced by tropical Pacific SST warming (Fig.

7c). Therefore, we conclude that local SST anomalies

are the dominant factor in determining the precipita-

tion variations over SWIO but not over the equatorial

eastern Indian Ocean.

To assess the sensitivity to atmospheric initial condi-

tions, first we show area-averaged precipitation anoma-

lies over the SWIO for all ten members of the ensemble

from the TIO runs in Fig. 9a. Despite changes in initial

conditions the simulated precipitation anomalies, bar-

ring differences in intensity, display the same sign in all

the member runs. The dispersion in the simulated in-

tensity among the ensemble members, however, will

limit the predictability. To understand this, we show the

reproducibility of model-simulated precipitation from

all three experiments (Figs. 9b–d). Not surprisingly, the

reproducibility over the tropical Pacific in the TIP and

TPO simulations is very high. In the TIO solutions, the

reproducibility is remarkable over the SWIO, TWP,

and EAWM regions. Some recent modeling studies

(e.g., Wu and Kirtman 2004) suggest that experiments

with prescribed SST anomalies over the Indian Ocean

may cause inconsistency between latent heat flux and

SST that in turn leads to spurious variance in rainfall

and surface wind anomalies, particularly over the

northern Indian Ocean during boreal summer. In the

present study, the high skill in reproducing the rainfall

FIG. 8. Seasonal average (Dec–May) (a) anomalous precipitation, (b) 850-hPa wind and streamfunction (positive values shaded and

negative values shown in contours) anomalies, (c) velocity potential, and (d) temporal evolution of the anomalous streamfunction

averaged over the South China Sea, from the TIO solutions. Positive values in (a) are shaded progressively, while negative values are

shown in contours with an interval of 1.0 mm day�1. In (c), negative values (ascending regions) are shaded progressively, while positive

values (descending regions) are shown as contours with an interval of 1.0 � 106 m2 s�1.
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anomalies over SWIO (Fig. 9) implies that the conjec-

ture of Wu and Kirtman (2004) may depend on the

seasons, regions where SST anomalies are largely flux

driven, and also the mean state of the models em-

ployed. Other studies indicate that the potential pre-

dictability of seasonal means (signal) is limited by the

chaotic intraseasonal and synoptic variability (noise),

again during boreal summer (e.g., Sperber et al. 2000;

Krishnamurthy and Shukla 2000). Over the SWIO, de-

spite pronounced observed tropical cyclone activity

during December–May (Jury et al. 1999), the reproduc-

ibility of seasonal rainfall anomalies by ECHAM5 is

encouraging. Sensitivity experiments with ECHAM 4.6,

an earlier version to ECHAM5, produced similar re-

sults (not shown). This, along with the fact that ocean

Rossby waves excited in the eastern basin take a few

months to cross the basin (Xie et al. 2002; Huang and

Kinter 2002), suggests that SST and rainfall variations

in the SWIO may be predictable a few months in ad-

vance. We are currently investigating the robustness of

the results with other AGCMs and are examining the

relationship between latent heat flux and SST, and the

results will be reported elsewhere. Here, the reproduc-

ibility of the precipitation anomalies over SWIO (Fig.

9b) is appealing, and therefore the possible effect of

Indian Ocean SST on remote climate is expected to be

realistic.

c. Tropical West Pacific and East Asian winter

monsoon

This subsection discusses the effect of Indian Ocean

SST on the EAWM, primarily through its influence on

TWP convection and the associated anomalous Philip-

pine Sea–South China Sea anticyclone. A comparison

of the precipitation simulation between the TIP (Fig. 6)

and TPO solutions (Fig. 7) demonstrates the potential

effect of Indian Ocean SST anomalies on the TWP con-

vection. This can be further delineated from the TIO

solutions (Fig. 8a) where increased precipitation over

the western Indian Ocean is accompanied with a sub-

stantial decrease (4–5 mm day�1) over the TWP–

Maritime Continent.

The interpretation for the above notable precipita-

tion difference is that in the TIP solutions convection

FIG. 9. (a) Precipitation anomalies (mm day�1) averaged over the (b) SWIO (20°S–0°, 55°–85°E) and over the seasons (Dec–May)

from the individual ensemble member of the TIO solution. The reproducibility (R) is essentially the signal-to-noise ratio: R is related

to the F distribution for testing variances of two normally distributed populations. In (c)–(d) values greater than 6 are significant at

99.9% level.
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induced by equatorial Pacific and Indian Ocean warm-

ing enhances subsidence over the TWP–Maritime Con-

tinent region (Fig. 6c). This subsidence, in conjunction

with local cold SST anomalies (Fig. 5a), results in stron-

ger negative precipitation anomalies (�6–7 mm day�1;

Fig. 6a). Similarly, in the TIO runs, warm SST anoma-

lies increase the convection over SWIO, and the result-

ant heat source forces low-level (upper-level) easterly

(westerly) wind anomalies over the equatorial eastern

Indian Ocean and west Pacific as a Kelvin wave re-

sponse (Fig. 8b). Consistent with Watanabe and Jin

(2003), our model results suggest that the changes in the

Indian Ocean Walker circulation (Fig. 8c) induce sub-

sidence and reduce the precipitation over the TWP–

Maritime Continent. As a consequence, the anomalous

anticyclone over the South China Sea persists from De-

cember through May (Fig. 8d). In the TPO runs, sub-

sidence induced by Indian Ocean warming is absent

(Fig. 7c). Therefore, the magnitude of the negative pre-

cipitation anomalies over TWP–Maritime Continent is

rather weak (2–3 mm day�1; Fig. 7a). One can infer

either from the difference (TIP minus TPO) or from

the TIO solutions that more than 50% of the precipi-

tation anomalies over the TWP–Maritime Continent

region is due to Indian Ocean SST anomalies. As a

consequence, both in the TIP and TIO solutions the

low-level climatological mean flow (Fig. 4) over the

South China Sea is enhanced by the anomalous south-

erlies (Figs. 6b and 8b). The net result is the intensifi-

cation of the rainfall along the EAWM front in both

solutions (Figs. 6a and 8a). We conclude that, even

without tropical Pacific SST forcing, the South China

Sea–Philippine Sea anticyclone still develops (Fig. 8b)

and persists (Fig. 8d) and the rainfall along the EAWM

front to the north is also strengthened in response to

Indian Ocean warming.

While Wang et al. (2000) and Lau and Nath (2000)

stressed the importance of equatorial central–eastern

Pacific and local SST anomalies for the Philippine Sea

anticyclone, our model results indicate that the subsi-

dence induced by the delayed warming in the Indian

Ocean in response to ENSO is an additional mecha-

nism for the suppression of precipitation over the

TWP–Maritime Continent and the Philippine Sea anti-

cyclone. In our earlier study (Annamalai et al. 2005), it

is noted that the formation of the Philippine Sea anti-

cyclone during boreal fall of El Niño years is also sen-

sitive to the spatial distribution of SST anomalies in the

tropical Indian Ocean.

Apart from the model basic state, the model’s pre-

cipitation response to prescribed SST anomalies de-

pends on the mean SST over the respective regions. For

example, during December–May the mean SST over

the SWIO lies between 29° and 30°C (not shown) and

warm anomalies of 0.5°C will have a significant impact

on precipitation due to the nonlinear relationship be-

tween SST and convection (Graham and Barnett 1987).

In contrast, the mean SST over the winter South China

Sea and along the EAWM front is around 25°–26°C

(not shown), and with moderate warm anomalies there

the total SST does not exceed 28°C, the threshold nec-

essary to support the occurrence of deep convection.

Therefore, the remote forcing from the Indian Ocean

becomes important.

From observations, Wang et al. (2000) showed that

precipitation anomalies along the EAWM front and the

anomalous anticyclone over the Philippine Sea persist

from boreal winter into the following spring. It should

be noted that the tropical mean state is considerably

different between boreal winter [December–February

(DJF)] and spring [March–May (MAM)]. DJF surface

flow in the South China Sea is dominated by the north-

east monsoon. Observed surface winds start to turn

southwesterly in late May (see Fig. 2 in Kawamura et al.

2001). Therefore, a division into DJF and MAM is nec-

essary in light of the background wind. Figures 10a–b

show the simulated precipitation anomalies from the

TIO runs separately for the two seasons. The corre-

sponding observed precipitation anomalies from

CMAP are shown in Figs. 10c and 10d, respectively.

Despite the changes in the background state the spatial

distribution of negative precipitation anomalies over

the TWP and EAWM regions persists. The intensity of

precipitation anomalies, however, is slightly stronger

during boreal winter (Figs. 10a,c). Similar results are

noticed in the TIP solutions (not shown).

d. Indian summer monsoon onset

This subsection discusses the role of Indian Ocean

SST in delaying the northward migration of the deep

moist layer associated with the ISM onset. Tradition-

ally, the India Meteorological Department declares the

ISM onset based on rainfall over the southern tip of

India, and according to this criterion the climatological

onset date is 31 May (Joseph et al. 1994). Figure 11a

shows the departure in the ISM onset dates for the

period 1950–2001. In 5 out of 8 years when anomalous

SWIO warming exceeds one standard deviation (Fig.

3), the ISM onset date is delayed. If one uses a 0.75

standard deviation as the SST threshold (Fig. 3), then

the onset is delayed in 8 out of 12 years. In some years,

such as 1972 and 1997 (Fig. 11a), the onset is delayed

during the developing phase of El Niño, while in the

majority of the years the onset delay occurs following

the mature phase of El Niño, consistent with the find-

ings of Joseph et al. (1994).
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It is well known that during the onset stage dramatic

changes in the large-scale atmospheric pattern occur

over the monsoon domain. Approximately 3–5 days

prior to the rapid increase in rainfall over southern In-

dia there is a dramatic rise in the kinetic energy over

the Arabian Sea (e.g., Krishnamurti 1987). This in-

crease in kinetic energy is associated with the develop-

ment of the low-level jet known as the Findlater Jet

(Joseph and Raman 1966; Findlater 1969). During the

onset, the axis of the jet lies around 5°–12°N (Joseph

and Sijikumar 2004), and therefore the kinetic energy

averaged over the region (5°–12°N, 50°–70°E) and ex-

ceeding a threshold of 80 m2 s�2 is referred to as the

dynamical onset here (Fig. 12). Soman and Krishnaku-

mar (1993) showed that the ISM onset is associated

with large-scale increases in atmospheric moisture con-

tent. In particular, the moist layer, originally confined

to the boundary layer, deepens considerably. Hence,

the north-northwestward migration of vertically inte-

grated moisture is a good measure of the poleward mi-

gration of the ITCZ from the equatorial region toward

the monsoon domain (Figs. 13–14). Finally, we assess

the reproducibility of the northwestward progression of

the simulated precipitation (Fig. 15). The results are

based on a 7-yr mean and individual years for the CTL

run, and a 10-member ensemble mean and individual

members for the sensitivity runs.

Figure 12 shows the temporal evolution of the kinetic

energy from the CTL (Fig. 12a) and the sensitivity

(Figs. 12b–d) runs, respectively. In the CTL run, the

FIG. 10. Seasonal average precipitation anomalies (mm day�1) during DJF (a) TIO runs and (c) observations and during MAM (b)

TIO runs and (d) observations. Positive (negative) values are shaded progressively (contours). Contour interval is 1.0 mm day�1.
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7-yr mean kinetic energy (thick red line) gradually rises

around 22 May with an abrupt increase around 3 June.

The mean model dynamical onset is consistent with

other AGCMs (e.g., Krishnamurti 1987; Soman and

Slingo 1997). Out of the seven years considered here, in

four years the raise in kinetic energy is well before the

end of May. In the remaining three years, the delay is

prominent in one case when the onset occurs around 10

June. In contrast, in years when warm SST anomalies

persist over the SWIO, the mean dynamical onset

(thick red line) occurs at about 7 June (Fig. 12b), one

week later than in the CTL run. This delay in the onset

simulated by the model agrees with observations (Fig.

11a). In the TIO runs, the onset is earlier only in two

cases, and the solutions from the majority of the en-

semble members converge toward a systematic delay.

In the TPO solutions, the mean onset (thick red line)

occurs a few days earlier than in the CTL run, although

the onset is delayed in three members. Among all the

solutions, the extreme delay in the onset (around 20

June) occurs in one of the members in the TPO solu-

tions. In the TIP, only five members indicate a delay

(Fig. 12d), and the ensemble mean (thick red line) sug-

gests a late onset by 2–3 days only. In summary, the

delay in the ISM onset in the ECHAM5 model is sen-

FIG. 11. (a) Time series of ISM onset dates shown as departures

from normal onset date of 31 May. The delayed (early) onset

dates are shown in dark (light) shading. Out of the eight warm

years chosen in the present study (Fig. 2), the onset is delayed in

five years (1958, 1964, 1973, 1987, and 1998). (b) Time series of

SST anomalies (in std dev) averaged over SWIO (7.5°–17.5°S,

50°–70°E) during MAM. The std dev is 0.29°C.

FIG. 12. Time series of kinetic energy (KE: in m2 s�2) averaged

over the Arabian Sea (5°–12°N, 50°–70°E) from (a) CTL, (b) TIO,

(c) TPO, and (d) TIP solutions, respectively. The dotted line rep-

resents the threshold value of 80 (m2 s�2), and the date when the

KE exceeds the threshold is considered as the model dynamical

onset date. In (a) the KE from the individual years as well as their

mean (thick red line) are shown. For all the sensitivity runs, the

KE from the individual members as well the ensemble mean

(thick red line) are shown. A 5-day running mean is applied in all

the cases. The vertical line corresponds to onset in the CTL run.
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sitive to Indian Ocean SST anomalies—a result that

needs to be verified with other AGCMs.

To understand the large-scale moisture distribution

before and during the climatological onset (e.g., Fig.

12a), column-integrated moisture averaged for 3 days

centered on 20 May and 1 June are shown in Figs. 13

and 14, respectively. On 20 May, high moisture content

(�50 kg m�2) occupies a large region encompassing the

equatorial Indian Ocean, Bay of Bengal, South China

Sea, and the southern tip of India in the CTL run (Fig.

13a), conditions favorable for ISM onset. In sharp con-

trast, in the TIO solutions (Fig. 13b), high moisture

content is confined to the near-equatorial Indian

Ocean, eastern Bay of Bengal, and near-equatorial

western Pacific while the southern tip of India is rela-

tively dry. On 1 June (Fig. 14) in the CTL run, the deep

moist layer has moved north-northwestward to cover

the entire Indian subcontinent, with a maximum over

the head of the Bay of Bengal. In particular, the east–

west-oriented monsoon trough along 20°–25°N is rich in

moisture (�60 units), heralding the establishment of

the monsoon. In contrast, high moisture content is yet

to reach the southern tip of India in the TIO solutions

on 1 June (Fig. 14b), conditions typical of preonset. By

comparing the moisture distribution over the tropical

western Pacific (Figs. 13b and 14b), it is found that high

moisture content stalls over the equatorial west Pacific.

The changes in the moisture are consistent with the

meridional dipole of precipitation during spring (Fig.

10) with positive and negative anomalies over the equa-

torial and northern Indian Ocean, respectively. This

feature again suggests a delay in the northward move-

ment of the ITCZ. Based on strong minus weak ISM

year composites Kawamura et al. (2001) note a similar

antisymmetric rainfall pattern about the equator during

boreal spring from observations.

FIG. 13. Vertically integrated (1000 to 100 hPa) specific humid-

ity (kg m�2) averaged over three days centered on 20 May from

the (a) CTL run and (b) TIO solutions.

FIG. 14. As in Fig. 13, but centered on 1 Jun.
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Among all solutions, the dispersion in the strength of

the kinetic energy among the members is higher in the

TPO and CTL than in the TIO and TIP runs (Fig. 12).

One interpretation is that the inclusion of Indian Ocean

SST anomalies possibly reduces the “noise” due to in-

ternal variability of the atmosphere. To quantify this,

we examine the reproducibility in the spatiotemporal

evolution of the large-scale ITCZ prior to the onset in

the TIO and CTL runs.

Figure 15 shows the evolution of 5-day mean precipi-

FIG. 15. Pentad mean precipitation (mm day�1; in contours) for pentads prior to and during the ISM onset from the (left) CTL and

(right) TIO runs. The 6 mm day�1 contour corresponding to 240 W m�2 of OLR is shown by the thick broken line. The contours 10,

14, and 18 mm day�1 correspond to 220, 200, and 180 W m�2 of OLR, respectively. The contour values are chosen to represent “deep

convection” associated with the ISM onset. Also shown is the reproducibility (shaded), and values �6 are significant at the 95% (99.9%)

level for the CTL (TIO) runs. The reproducibility patterns in the TIO runs do not change for significance at the 95% level.
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tation (contours) and its reproducibility (shaded) from

the CTL and TIO solutions. In the observational study,

Joseph et al. (1994) noted that at the time of the ISM

onset deep convection (�10 mm day�1 of rainfall) is

increased in a band about 5°–10° meridionally, extend-

ing from the south Arabian Sea to south China longi-

tudinally (see Fig. 5 of their paper). Such large-scale

features of the ITCZ are present in the model simula-

tions. Compared to the CTL solutions, in the TIO so-

lutions there is a systematic delay of about 5 days in the

northwestward progression of the ITCZ. In contrast,

the reproducibility of the pentad mean precipitation

(shaded, Fig. 15) along the ITCZ, in both runs, barely

passes the significance levels. This low skill compared

to the seasonal mean reproducibility discussed earlier

(Fig. 9) implies that the noise contribution by the at-

mospheric internal variability at shorter time scales is

large over the monsoon region. Further modeling stud-

ies with more ensemble members are required to ad-

dress this issue.

In summary, when warm SST anomalies persist near

and south of the equator in the Indian Ocean in boreal

spring, there is a delay in the northward migration of

the deep moist layer and in the formation of the Find-

later Jet. In a case study of the 1983 ISM onset, Soman

and Slingo (1997) noted a 5–7-day delay in the dynami-

cal onset over the Arabian Sea and argued that cold

SST anomalies over the TWP caused the delay in the

northward migration of the convective maximum. Our

model results, however, indicate that to a considerable

degree, convective anomalies over the TWP are influ-

enced by Indian Ocean SST anomalies (Fig. 8a). There-

fore, either directly affecting the local precipitation or

remotely modulating the TWP convection or both,

warm SST anomalies that occur over the Indian Ocean

after the mature phase of El Niño can delay the ISM

onset. The ISM onset is also sensitive to the phase of

the Madden–Julian oscillation (e.g., Flatau et al. 2001)

and to the developing phase of El Niño (e.g., 1972;

Joseph et al. 1994). Furthermore, recent studies note a

weakening in the ENSO–monsoon relationship and at-

tribute that weakening to global warming (Krishnaku-

mar et al. 1999; Ashrit et al. 2001). Therefore, it will be

interesting to study the impact of global warming on the

ISM onset, both during the developing phase and after

the mature phase of El Niño.

4. Summary and discussions

The present study investigates the effect of tropical

Indian Ocean SST anomalies, in particular the basin-

wide warming that occurs after the mature phase of El

Niño, on regional climate variability over the SWIO,

the TWP–Maritime Continent, the EAWM, and the

ISM. We focus on two seasons from December through

May. We have conducted three 10-member ensemble

simulations with an AGCM in which SST anomalies are

prescribed as the lower boundary condition in the In-

dian basin, the Pacific basin, and their combined do-

main, respectively.

Qualitatively, the TIP solutions reproduce the ob-

served anomaly patterns of rainfall and low-level circu-

lation over the tropical Indo–Pacific (Fig. 6). The im-

portance of Indian Ocean SST anomalies in determin-

ing the local and remote precipitation and circulation

anomalies is illustrated by a comparison between the

TIP and TPO solutions (Figs. 6 and 7) and the TIO runs

(Fig. 8). Our model solutions demonstrate that the pre-

cipitation anomalies over the SWIO are largely forced

by local SST anomalies and that this local response is

robust and highly reproducible (Fig. 9). Our model re-

sults reaffirm the conclusions of Shukla (1998) that at

seasonal and longer time scales the underlying SST

largely determines tropical rainfall patterns, particu-

larly over the open oceans.

Indian Ocean SST exerts a significant influence on

climate in remote regions. We estimate that about

50%–60% of precipitation anomalies over the TWP–

Maritime Continent region are forced by Indian Ocean

SST anomalies. Consistent with this precipitation re-

sponse, the low-level South China Sea–Philippine Sea

anticyclone that forms at the mature phase of El Niño

and persists afterwards is well defined in both the TIP

and TIO runs (Figs. 6 and 8). The development of this

anticyclonic circulation leads to increased rainfall along

the EAWM front. Finally, our model results suggest

that the SWIO warming effect lingers into early sum-

mer and causes a significant delay in the ISM onset by

a week (Figs. 12–15). With positive SST anomalies near

and south of the equator convection stays over the

ocean longer than normal, keeping the ITCZ from ad-

vancing into the Indian subcontinent. Our model solu-

tions confirm the hypothesis embodied in Joseph et al.

(1994). However, during the ISM onset stages the re-

producibility of the pentad mean precipitation is rather

poor. Our conclusions are, however, based on ECHAM

model solutions, and therefore some caution needs to

be exercised on the results that might be model depen-

dent. We are currently investigating the reproducibility

of this result with other AGCMs.

Variance of equatorial eastern Pacific SST peaks in

December and decays rapidly in the following season.

This and other recent studies, however, show that

ENSO effects linger much longer. This calls for mecha-

nisms for delayed ENSO effect long after SST anoma-

lies have dissipated over the eastern equatorial Pacific.
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Wang et al. (2000) emphasized the importance of local

air–sea interactions in maintaining the Philippine Sea

anticyclone following El Niño. In response to ENSO,

Indian Ocean SST warming peaks in boreal spring, a

delay due to the thermal inertia of the ocean mixed

layer (e.g., Lau and Nath 2000) and propagation of

ocean Rossby waves (Xie et al. 2002). Our AGCM re-

sults demonstrate that the subsidence induced by de-

layed SST response in the Indian Ocean to ENSO forc-

ing is an additional mechanism for the Philippine Sea

anticyclone. Our results extend those of Soman and

Slingo (1997) and suggest that the convective anomalies

over the tropical west Pacific are also modulated by

Indian Ocean SST anomalies in spring, thereby stress-

ing the role of Indian Ocean SST anomalies in the ISM

onset delay. This recognition of the Indian Ocean as a

condenser in climate response to ENSO calls for fur-

ther studies of its dynamics and interaction with the

atmosphere and teleconnection out of the ocean basin.

On this line of interest, we will be examining the pos-

sible role of Indian Ocean SST anomalies in influencing

the Northern Hemispheric circulation in a future study.
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