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ABSTRACT

This study investigates the impact of Indian Ocean sea surface temperature (SST) anomalies on the at-

mospheric circulation of the Southern Hemisphere during El Niño events, with a focus on Australian climate.

During El Niño episodes, the tropical Indian Ocean exhibits two types of SST response: a uniform ‘‘basinwide

warming’’ and a dipole mode—the Indian Ocean dipole (IOD). While the impacts of the IOD on climate have

been extensively studied, the effects of the basinwide warming, particularly in the Southern Hemisphere, have

received less attention. The interannual basinwide warming response has important implications for Southern

Hemisphere atmospheric circulation because 1) it accounts for a greater portion of the Indian Ocean monthly

SST variance than the IOD pattern and 2) its maximum amplitude occurs during austral summer to early

autumn, when large parts of Australia, South America, and Africa experience their monsoon. Using obser-

vations and numerical experiments with an atmospheric general circulation model forced with historical SST

from 1949 to 2005 over different tropical domains, the authors show that the basinwide warming leads to

a Gill–Matsuno-type response that reinforces the anomalies caused by changes in the Pacific as part of

El Niño. In particular, the basinwide warming drives strong subsidence over Australia, prolonging the dry

conditions during January–March, when El Niño–related SST starts to decay. In addition to the anomalous

circulation in the tropics, the basinwide warming excites a pair of barotropic anomalies in the Indian Ocean

extratropics that induces an anomalous anticyclone in the Great Australian Bight.

1. Introduction

Australian climate is affected by the surrounding

oceans, particularly by variations in tropical Pacific and

Indian Ocean sea surface temperature (SST). While

El Niño–Southern Oscillation (ENSO) is the primary

mode affecting Australian climate over the north and

east throughout the year, variations of SST in the Indian

Ocean, via the Indian Ocean dipole (IOD), play a pri-

mary role in modulating rainfall in the southern regions

during austral winter and early spring (Risbey et al. 2009

and references therein). The effect of the IOD on

Australian climate has already been reported by many

previous studies (e.g., Ashok et al. 2003; Ummenhofer

et al. 2009a,b). The IOD, which is prominent in austral

winter and spring, is characterized by an anomalous

east–west SST gradient along the equatorial Indian

Ocean. It supports an associated anomalous surface

pressure and rainfall distribution, which in turn induces

remote changes in circulation that drive anomalous

rainfall conditions over southern Australia.

Although the IOD is the leading mode of SST vari-

ability in the Indian Ocean during austral winter and

spring, it only accounts for 12% of the explained vari-

ance for all months in detrended SST from 1958 to 1998

(Saji et al. 1999). In fact, the first pattern of monthly

tropical Indian Ocean SST variability is a basinwide
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warming (e.g., Chambers et al. 1999), as shown here by

an empirical orthogonal function (EOF) analysis (Fig. 1a).

This pattern accounts for approximately 26% of the

monthly tropical Indian Ocean SST variance from 1949 to

2005. An EOF analysis of the seasonal detrended SST

(not shown) reveals a preference for the Indian Ocean

basinwide warming to peak during austral summer and

autumn. Despite appearing as the leading EOF, the ba-

sinwide warming is not referred to here as a mode of

variability because it is essentially a forced response to

ENSO processes in the Pacific and is not an independent

oscillation (e.g., Klein et al. 1999; Lau and Nath 2000).

Typically, when El Niño develops in the middle of the

year, the related anomalous Walker circulation generates

an easterly wind stress anomaly over the equatorial In-

dian Ocean, so that the eastern (western) Indian Ocean

becomes initially cold (warm) (e.g., Annamalai et al.

2003). The eastern cold anomaly, which normally occurs

from July to November, rapidly disappears after the trade

winds relax and switch to westerly in the eastern Indian

Ocean during the onset of the Australian summer monsoon.

Consequently, upwelling and surface cooling through the

latent heat flux are reduced. Simultaneously, the atmo-

spheric subsidence induced during the peak of El Niño

events (i.e., November–December) reduces convection

and cloud cover over the eastern Indian Ocean, thus

increasing the net heat flux into the ocean (Klein et al.

1999). The anomalous Walker circulation also acts to

decrease wind speed at the beginning of the austral

summer. The reduction of wind speed, in conjunction with

the weakening of the seasonal upwelling and the anoma-

lous heat flux into the ocean, favors a rapid warming of

the eastern Indian Ocean after December (e.g., Tokinaga

and Tanimoto 2004). The anticyclonic wind anomalies

also initiate downwelling Rossby waves (e.g., Masumoto

and Meyers 1998; Chambers et al. 1999) that propagate

westward, deepening the thermocline and sustaining the

warming in the western Indian Ocean (Xie et al. 2002).

The uniform basinwide warming thus reaches its maxi-

mum amplitude during late austral summer and autumn,

approximately 3–4 months after the El Niño mature phase

(Lau and Nath 2003).

The fact that the Indian Ocean basinwide warming is

a response to El Niño events masks its importance in

modulating atmospheric circulation. However, previous

studies demonstrated its significance for the South and

East Asian monsoons, the western Pacific region, Phil-

ippine Sea, South China Sea, and other Indian Ocean

rim nations (e.g., Watanabe and Jin 2002; Annamalai

et al. 2005; Yang et al. 2007; Li et al. 2008; Xie et al. 2009;

Schott et al. 2009). Yang et al. (2009) show that the

basinwide warming can also generate significant remote

circumglobal teleconnections in the Northern Hemi-

sphere midlatitudes during boreal summer.

Xie et al. (2009) hypothesized that the ENSO-induced

Indian Ocean warming acts as a capacitor for the Indo-

western Pacific climate. The peak of El Niño events

during late austral spring–early summer leads to

a warming of the tropical Indian Ocean (‘‘charging’’ the

capacitor). The basinwide warming is maintained via

ocean–atmosphere interactions within the tropical In-

dian Ocean, as described by Du et al. (2009), and persists

through austral winter after the eastern Pacific SST

anomalies have dissipated. The persistent Indian Ocean

basinwide warming then acts as a discharging capacitor,

exerting a delayed influence on the northwestern Pacific

climate via a Gill–Matsuno response. Recently, Huang

et al. (2010) showed that the tropical Indian Ocean–

northwestern Pacific climate relationship has strength-

ened since the mid-1970s because of the intensification

and persistence of the El Niño–induced Indian Ocean

SST anomalies during the boreal summer.

Unlike the IOD, little is known about the direct cli-

mate impacts of the basinwide warming on the Southern

Hemisphere circulation. In this study, we focus on austral

summer and autumn, when the IOD variability is less

prominent and the Indian Ocean basinwide warming has

its greatest influence on the Southern Hemisphere climate.

We show that during El Niño events, the January–March

(JFM) Australian rainfall is modulated by the Indian

Ocean as well as by tropical Pacific SST anomalies. In

FIG. 1. (top) Leading EOF mode of monthly SST anomalies in

the tropical IO, with (bottom) the time series of the associated

expansion coefficients. Data based on the HadISST1 from De-

cember 1949 to November 2005. Eigenvalues indicate that this

mode explains 25.94% of the total variance for monthly SST.
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addition, we assess the relative influence of the basinwide

warming on the Southern Hemisphere circulation using an

atmosphere general circulation model (AGCM).

2. Datasets and numerical experiments

The observational datasets used here consist of the

global SST and sea ice data from the Hadley Centre

[Met Office Hadley Centre Sea Ice and Sea Surface

Temperature version 1 (HadISST1); Rayner et al. 2003]

and gridded rainfall analyses from the Australian Bureau

of Meteorology (BOM; Jones et al. 2009). The period

analyzed in this study ranges from December 1949 to

November 2005. The anomalies relative to the seasonal

cycle were calculated by removing long-term monthly

climatology over the entire period. In addition, the time

series were linearly detrended to highlight the rela-

tionship between the Indian Ocean basinwide warming

and Southern Hemisphere climate on interannual time

scales. Previous studies have examined the impacts of

the long-term Indian Ocean warming trend on regional

climate (e.g., Luffman et al. 2010) and will not be ad-

dressed here.

The National Center for Atmospheric Research

(NCAR) Community Atmospheric Model, version 3

(CAM3) was used to perform four experiments. A

complete description of the CAM3 can be found in

Collins et al. (2004). Each experiment consists of a seven-

member ensemble, each forced with historical SST

from December 1949 to November 2005 over different

domains and with a repeating mean seasonal SST cli-

matology elsewhere. The different domains were 1)

the tropical Indian Ocean (IO); 2) the tropical Pacific

Ocean (PO); and 3) the tropical Indian and Pacific

Oceans (IO1PO), where the tropics are defined from

308S to 308N, and the Indian and Pacific Oceans are

longitudinally bounded at 1308E and by the African and

American continents. To reduce spurious atmospheric

responses at the domain boundaries, the historical SST

fields were linearly damped out over a distance of ap-

proximately 1000 km. A fourth experiment was performed

with monthly varying SST over the global oceans (GO) to

assess the realism of the model compared to observations.

In addition, a control experiment was performed that had

climatological SST forcing globally (CTRL).

To account for unforced internal variability, each

ensemble member was started from slightly different

initial conditions. The ensemble mean of each experi-

ment was analyzed here for precipitation, geopotential

height, vertical velocity, sea level pressure, asymmetric

streamfunction, and wind fields.

Previous studies have reported biases in the accurate

simulation of the Asian–Australian monsoon system

using uncoupled AGCM experiments due to the lack

of monsoon–ocean interactions (Wang et al. 2008 and

references therein). This poor representation in the

monsoon regions seems to be aggravated for the North-

ern Hemisphere compared to the Southern Hemisphere.

For instance, Wang et al. (2004) concluded that most

of the models participating in the Atmospheric Model

Intercomparison Project (AMIP) reproduced quite

realistic low-level circulation anomalies and the vari-

ability of the Australian monsoon region, but they failed

to simulate a realistic Indian monsoon. Similarly, Zhou

et al. (2009) examined the Asian–Australian monsoon

variability simulated by AGCMs forced by prescribed

historical SSTs and concluded that, despite limitations in

the Asian monsoon representation, the (austral summer)

Australian monsoon is quite well simulated because the

December–February (DJF) season has the highest skill in

the AMIP-style runs.

Figure 2 shows the observed/reanalyzed versus simu-

lated climatology of rainfall and sea level pressure using

the GO experiment. Generally, the sea level pres-

sure climatology is slightly overestimated in the model

compared to the reanalysis. In addition, some local

features of the rainfall climatology are not well repre-

sented in the model, such as the east–west precipitation

pattern in Tasmania and the increased rainfall along the

eastern coast. Nevertheless, the large-scale pattern is

well captured by the model, given the absence of ocean–

atmosphere interaction and the coarse resolution of

the model. For instance, the CAM3 represents well the

pressure trough and high rainfall intensities when the

monsoon is active (i.e., during austral summer), and

the high-pressure center and low rainfall values over the

southern half of Australia during austral winter.

The annual cycle of rainfall averaged over northern

Australia is slightly overestimated in the simulation

compared to observations; however, the model re-

produces the seasonality very well. Previous studies

have reported the limitations of the CAM3 in simulating

extreme events and trends in rainfall and temperature

over Australia (Alexander and Arblaster 2009); how-

ever, this is not addressed in this study. For our pur-

poses, both Australian rainfall and the circulation

climatologies are satisfactorily well represented by the

NCAR CAM3 model.

3. Results

a. Impacts on Australian rainfall

Figure 1 shows the spatial signature of the leading ba-

sinwide warming. Because of the inhomogeneity in the

SST observations across the Indian Ocean SST prior to
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the satellite era (Deser et al. 2010, their Fig. 3), the EOF

analysis has also been performed for the period December

1981–November 2005. In addition, the analysis was carried

out with the National Oceanic and Atmospheric Admin-

istration (NOAA) Optimum Interpolation Sea Surface

Temperature, version 2 (OISSTv2) data (Reynolds et al.

2002) to account for any biases in the interpolation method

of the gridded datasets. The first principal components

between the entire period and the postsatellite era and

between HadISST1 and NOAA OISSTv2 data are es-

sentially the same (not shown). The correlation coefficient

of the principal component time series between these

datasets is 0.925 for the same period.

Figure 3 shows the month-by-month standard de-

viation of the IOD, Indian Ocean basinwide warming

(IOBW), and Niño-3.4 as well as the annual cycle of

correlations between them. The principal component

time series shown in Fig. 1 is used here as the index for

the IOBW, while the IOD index is calculated according

to Saji et al. (1999).

Although the IOBW appears as the leading pattern of

variability in the Indian Ocean, it acts primarily during

the first half of the year, as shown by the annual cycle of

the standard deviation of the IOBW index (Fig. 3b, blue

line). In contrast, the second half of the year is domi-

nated by the IOD mode (Fig. 3a, blue line), particularly

during August–October.

Both the IOBW and IOD reveal significant correla-

tions with ENSO during those months when the indices

have a large standard deviation. The significant correla-

tion coefficient of approximately 0.6 during September–

November (SON) between Niño-3.4 and the IOD indices

(Fig. 3a, red line) does not necessarily imply a dynamical

link between these two phenomena. It is a statistical

reflection of the co-occurrence of approximately 45%

IOD events with ENSO (Meyers et al. 2007). Although

some positive (negative) IOD events occur during the

same year as El Niño (La Niña), previous studies sup-

port the hypothesis that the IOD is also a distinct

coupled ocean–atmosphere phenomenon (e.g., Saji and

Yamagata 2003). Li et al. (2003) also argue that the IOD

is independent of ENSO, but the latter is one of the major

triggering mechanisms of the former. A review of the

IOD–ENSO relationship can be found in Schott et al.

(2009).

The strong (r . 0.7) Niño-3.4 and IOBW correlation

(Fig. 3b, solid red line) during JFM results from the

dynamical link between these two phenomena. As

El Niño anomalies decay, the correlation between the

IOBW and Niño-3.4 indices weakens; however, it re-

mains significant up to June. The maximum standard

deviation of the IOBW occurs 2 months after the max-

imum Niño-3.4 (Figs. 3b and 3c, blue lines), at a time

FIG. 2. (top) Seasonal climatologies of rainfall (color shaded over

Australia) and sea level pressure (contoured) for (left) observa-

tions (BOM data) and reanalysis [National Center for Atmo-

spheric Research (NCEP)–NCAR] and (right) the simulated fields

from the GO experiment. (bottom) Annual cycle of rainfall aver-

aged over northern Australia (north of 248S).
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when El Niño SST anomalies are rapidly decaying in the

tropical Pacific (Fig. 3c, blue line). Figure 3c (solid red

line) shows the correlations between the December

Niño-3.4 index (i.e., the peak Niño-3.4 standard de-

viation, blue line) and the monthly varying IOBW index.

The ENSO-induced Indian Ocean warming extends

throughout austral autumn and winter. The persistence

of the SST warming in the tropical Indian Ocean until

austral winter after the peak of El Niño is consistent with

the capacitor effect of the tropical Indian Ocean pro-

posed by Xie et al. (2009).

The importance of the IOBW for Australian climate

lies in the fact that its maximum intensity occurs dur-

ing JFM, when the monsoon is active. The Australian

monsoon generally starts in December and ends in

March (Suppiah 1992), bringing more than 70% of the

total annual rainfall during this time of the year for the

tropical regions. To demonstrate that the Australian

tropical climate is affected by the Indian Ocean SST

anomalies, Fig. 4 shows the month-by-month correlation

between the IOBW index and rainfall averaged north of

248S over Australian land areas. To smooth the high

variability of the monthly rainfall time series, the cor-

relation in January takes into account the DJF mean for

both the IOBW index and precipitation; the correlations

in February are calculated using the JFM mean time

series; and so on. For comparison, the annual cycles of

the correlation between precipitation and the IOD and

Niño-3.4 indices are also presented in Fig. 4.

The strongest negative correlations between Austra-

lian rainfall and the IOBW index are observed during

JFM, coinciding with the peak of the basinwide warm-

ing. Similarly, the IOD is significantly correlated with

Australian rainfall during SON, when the phenomenon

peaks. However, the impact of the IOBW is greater than

that of the IOD on northern Australian rainfall, simply

because most of the rainfall occurs in JFM, when the

monsoon is active. This is demonstrated by the monthly

standard deviation depicted by the green line in Fig. 4,

FIG. 3. Annual cycle of the standard deviation of the (a) IOD,

(b) IOBW, and (c) Niño-3.4 indices (blue) and month-by-month

correlations between the Niño-3.4 index and the (a) IOD and

(b) IOBW and (c) lagged correlation between the IOBW index and

the Niño-3.4 index fixed at the peak of El Niño (December) (red).

Circles show correlation coefficients significant at the 95% confi-

dence level based on a Student’s t test. Gray band shows the months

when the IOBW index peaks.

FIG. 4. Annual cycle of 3-month running-mean correlation be-

tween northern Australian rainfall (north of 248S) and Niño-3.4

(blue), IOBW (red), and IOD (black) indices. Circles show cor-

relation coefficients significant at the 95% confidence level based

on a Student’s t test. The gray band shows the months when the

IOBW index peaks. The green line represents the standard de-

viation of northern Australia rainfall.
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FIG. 5. Spatial structure of the temporal correlation between JFM Australian rainfall from BOM and the

JFM (a) Niño-3.4 and (b) IOBW indices. Partial correlations between JFM Australian rainfall and (c) the

JFM Niño-3.4 index without the IOBW index and (d) the IOBW without the Niño-3.4 index. Areas within

the thin black line are statistically significant at the 95% confidence level based on a Student’s t test.

Regressions between the IOBW index and (e) the observed JFM rainfall from BOM and (f) the simulated

rainfall in the GO experiment.
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with maximum values from December to March and

minimum values from June to October.

Figure 4 also shows that correlations with the Niño-3.4

index and Australian rainfall are significant during the

same months as for the IOBW and IOD, again indicating

that both phenomena have a statistical connection to

tropical Pacific variability. Untangling the relative con-

tributions of Indian and Pacific Ocean SST variability on

JFM rainfall, given that the IOBW is a forced response

to ENSO, is therefore a difficult task.

To address the problem of multiple drivers, a partial

correlation is commonly used. Here, the influence of one

driver is removed prior to a correlation with the other

driver. JFM rainfall is significantly correlated with

El Niño (Fig. 5a); however, any statistically significant

response essentially disappears when the IOBW index is

removed from the time series before calculating the

correlations (Fig. 5c). In comparison, when a partial

correlation is performed between the IOBW index and

Australian rainfall with the effect of the Niño-3.4 re-

moved (Fig. 5d), although the correlations are much

reduced, they remain significant over much of the north-

western region (Fig. 5d). This suggests that despite being

a response to ENSO, the basinwide warming may be the

primary driver of anomalous atmospheric circulation

that favors below-average rainfall over northwestern

Australia. These results should be viewed with caution,

however. In particular, this technique assumes a linear

relationship between El Niño, the IOBW, and Austra-

lian rainfall. In addition, the basinwide warming and

Niño-3.4 are highly correlated (Fig. 3b), and the am-

plitude of the IOBW index is considerably reduced

when removing the effect of Niño-3.4, making inter-

pretation difficult.

To address these uncertainties, we make use of nu-

merical experiments. A preliminary assessment of the

modeled rainfall response to the Indian Ocean warming

in the GO experiment shows good agreement with ob-

servations, as revealed by the regression of the IOBW

index on to Australian rainfall (Figs. 5e and 5f).

b. Tropical teleconnections

A more robust way of separating the relative effects of

the Pacific and Indian Ocean variability can be done

using atmospheric model experiments with prescribed

SST forcing. Here, we examine the relative impact of the

tropical Pacific and Indian Oceans in experiments IO,

PO, and IO1PO. Figure 6 shows the simulated JFM

vertical velocity anomaly averaged between 108S and

108N regressed on to the observed IOBW index. Simi-

larly, Figs. 6 and 7 show the simulated JFM large-scale

circulation at low and high levels of the atmosphere

represented by sea level pressure, horizontal winds, and

asymmetric streamfunction anomalies regressed onto

the IOBW index.

In the IO experiment (where interannual variability is

only present in the tropical Indian Ocean), the basinwide

warming is associated with an overall decrease in sea level

pressure and an anomalous expansion of the high tro-

posphere over the Indian Ocean as a response to the

underlying SST warming (Figs. 6a and 7a). The anoma-

lous sea level pressure over the ocean warming generates

a pressure gradient that induces anomalous trade winds

over Indonesia and westerly wind anomalies over Africa.

As a consequence, a zone of low-level convergent flow

takes place over the central-western equatorial Indian

Ocean. By continuity, local ascending motion occurs over

the heating source, as shown by the vertical velocity

anomalies over the Indian Ocean longitudes from 308 to

1108E (Fig. 6a). This provides a Walker-type circulation

with updraft over the convergence area and subsequent

sinking motion eastward to the heating source. Off the

coast of Madagascar, a cyclonic circulation anomaly oc-

curs while an anomalous anticyclone is located over the

northwestern coast of Australia (Fig. 7a).

The anomaly patterns shown in Figs. 7 and 8 re-

semble the Gill–Matsuno response (e.g., Gill 1980) to

diabatic heating across the equator, with the propaga-

tion of equatorially trapped Kelvin waves to the east

and, by conservation of vorticity, a return flow to the

western margins of the heating source. This response is

also clearly represented in Fig. 8a by the quadrupole

anomaly pattern in the simulated asymmetric stream-

function in the high troposphere. The baroclinic Gill–

Matsuno response to the heating in the tropical Indian

Ocean is associated with a pair of upper-atmosphere

anticyclonic anomalies that straddle the equator at

about 608E and overlie cyclonic anomalies in the lower

troposphere (Figs. 6a and 7a). In addition, an anoma-

lous cyclone associated with upper-level convergence is

located over Australia (Fig. 8a). This generates a sub-

sequent subsidence across Australia, thus inhibiting

convection and causing dry conditions in this region.

This response suggests that the IOBW can inde-

pendently reduce rainfall over Australia via changes in

the Walker circulation. This is consistent with the re-

sults of Lau and Nath (2000), who obtained drier con-

ditions over northern Australia during DJF in an

experiment with global-varying prescribed SST com-

pared to a simulation forced with SST anomalies

varying only over the tropical Pacific.

The PO experiment (Fig. 6b) shows a strong upward

motion in the central Pacific associated with the El Niño

SST anomalies. However, the associated downward

motion between the longitudes 1208 and 1608E is weaker

than in the IO case. The JFM response from realistic
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SST forcing over the Pacific and Indian Oceans (i.e.,

from the IO1PO experiment) reveals a strong sub-

sidence extending across all Australian longitudes (Fig.

6c), resulting from the rising motion over both tropical

oceans. The response obtained in the IO1PO experi-

ment seems to be a linear combination of the individual

IO and PO experiments. The Gill–Matsuno-related pair

of anticyclones straddling the equator is a clear re-

sponse, in the PO experiment, to El Niño (Fig. 8b). No

significant circulation anomaly occurs over Australia at

200 hPa (Fig. 8b), although an anticyclone at low levels

is seen over the northwestern coast of the continent (Fig.

7b). In addition to the tropical teleconnections driven by

the warm SST in the tropical Indian Ocean, there is also

an atmospheric response that extends into the higher

southern latitudes.

c. Extratropical teleconnections

Figure 9 shows the simulated JFM large-scale circu-

lation in the Southern Hemisphere extratropics repre-

sented by the geopotential height anomalies and

horizontal winds at 200 hPa regressed onto the IOBW

index.

In the IO experiment (Fig. 9a), a wave train pattern of

equivalent barotropic anomalies emanates from the

tropical Indian Ocean to higher southern latitudes,

presumably resulting from the tropical diabatic heating

anomalies (e.g., Hoskins and Karoly 1981) associated

with the IOBW. Drumond and Ambrizzi (2008) showed

that a warming in the subtropical Indian Ocean can

produce a stationary Rossby wave train teleconnection

to South America during DJF. Our result suggests

a more confined response over the Indian Ocean sector

during JFM, although preliminary analyses have shown

that the Indian Ocean–South American teleconnection

strengthens from austral autumn to winter (not shown).

The wave pattern obtained here results in a strong

equivalent barotropic anticyclonic anomaly in the Great

Australian Bight, with associated easterly wind anoma-

lies across extreme southern parts of the country.

Southern Australian rainfall is dependent on the lo-

cation and intensity of extratropical systems in the storm

tracks. The anomalous circulation simulated in the

Australian extratropics in the IO experiment suggests

a possible influence of the IOBW in modulating rainfall

over southern Australia. The anticyclone anomaly would

lead to below-normal rainfall conditions by weakening

the westerlies and reducing the number of extratropical

lows and frontal systems reaching the southern regions

of the country. The impacts of any Indian Ocean SST

variability on the southern parts of Australia would,

however, be larger during austral winter and spring,

when the region experiences its rainy season. For in-

stance, Ashok et al. (2003) found significant negative

correlations between June and September rainfall over

southern Australia and IOD events. Saji et al. (2005)

found that southern Australia, subtropical South America,

and South Africa experience warmer air temperatures

with positive IOD events during SON, driven by a wave

train emanating from the eastern Indian Ocean and

FIG. 6. Simulated JFM vertical velocity anomalies (Pa s21) av-

eraged between 108S and 108N regressed onto the leading principal

component of the observed IOBW index: (a) IO, (b) PO, and

(c) IO1PO experiments. Blue (red) regions indicate an upward

(downward) motion.
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propagating along the subtropical and subpolar jet

streams. Chan et al. (2008) also reported a similar wave

train teleconnection associated with IOD events dur-

ing SON that modulates rainfall variability in South

America. Here, we show that, during austral summer,

the IOBW generates a wavelike pattern more confined

in the Indian Ocean sector.

The wave train/height anomalies over the extratropics

present a different pattern when the model is forced by

the Pacific SST anomalies only, with the signal south of

Australia largely absent (Fig. 9b). Instead, the atmo-

spheric response appears across all the circumpolar

latitudes of the Southern Hemisphere. The combined

Indian and Pacific SST forcings simulate a much stronger

extratropical response in the IO1PO experiment (Fig.

9c). In particular, the anticyclonic anomaly to the south of

Australia in the Bight is damped in the combined exper-

iment, producing a more annular pattern with a wave-

number 3–like response in the extratropics during JFM.

This is consistent with the findings of Carvalho et al.

(2005) and L’Heureux and Thompson (2006), who showed

that the Southern Hemisphere circulation response to

ENSO during austral summer includes a component that

projects onto the southern annular mode.

FIG. 7. Simulated JFM anomalies of sea level pressure (mb) and winds (m s21) at 850 hPa

regressed onto the IOBW index: (a) IO, (b) PO, and (c) IO1PO experiments. Colored areas

represent a response significant at the 95% confidence level according to a two-sided t test.
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4. Conclusions

In this study, we examined the influence of the Indian

Ocean basinwide warming on Southern Hemisphere

circulation using observations and a set of AGCM ex-

periments for the period December 1949 to November

2005. The analyses shown here were also confirmed for

the postsatellite era, from December 1981 to November

2005, and with different SST datasets (i.e., HadISST and

NOAA).

Previous studies on the impacts of the Indian Ocean

on Australian climate have tended to focus on the IOD

phenomenon. The climate effects of the basinwide

warming have been largely overlooked, in part because

the IOBW is a response to El Niño events. However,

given that the IOBW is the leading EOF pattern of In-

dian Ocean SST variability and its signal persists a few

months after the El Niño decay, its impact cannot be

neglected. Moreover, the IOBW generally peaks when

the monsoon season is active in the Southern Hemi-

sphere. Here, we have shown that Australian rain-

fall is affected not only by the direct SST warming in

the tropical Pacific during El Niño events but also by the

indirect effect of ENSO on the Indian Ocean via the

FIG. 8. Simulated JFM anomalies of asymmetric streamfunction (m2 s21) and winds (m s21) at

200 hPa regressed onto the IOBW index: (a) IO, (b) PO, (c) IO1PO experiments. Colored areas

represent a response significant at the 95% confidence level according to a two-sided t test.
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IOBW. Separating the relative influence of the IOBW

from ENSO is difficult, as they are strongly correlated.

However, given that future changes may affect vari-

ability in the basins differently, it is important to un-

derstand their individual roles. An attempt is made here

using partial correlation analysis in observations and

AGCM simulations.

The mechanisms that influence the climate response

to the basinwide warming of the Indian Ocean can be

divided into two categories: 1) tropical teleconnections

via the Gill–Matsuno response and 2) extratropical links

via a wave train pattern.

The IOBW leads to an adjustment of the Walker cell

over the Indian Ocean that enhances the circulation

anomalies caused by El Niño events in the Pacific. The

Indian Ocean warming induces a region of anomalous

low pressure that leads to anomalous wind convergence

and, by continuity, upward motion throughout the tro-

posphere occurs over the warm waters in the tropical

Indian Ocean basin. This increases the vertical moisture

advection from low to mid- and high levels of the atmo-

sphere, favoring enhanced diabatic heating that in turn

drives a Gill–Matsuno-type response over the tropical

Indian Ocean. The Gill–Matsuno response generates

a baroclinic circulation anomaly, characterized by an

anomalous anticyclone at 200 hPa, associated with con-

vergence at upper levels over Australia. Consequently,

enhanced subsidence inhibits convection and the forma-

tion of clouds, directly generating dry conditions across

the continent.

Based on the numerical experiments, the subsidence is

considerably weaker in the PO experiment compared to

the IO experiment. The simulations therefore suggest that

Indian Ocean anomalies might in fact be the primary cause

of the dry conditions over Australia—although these

anomalies are ultimately caused by Pacific SST variability.

The subsidence in the IO1PO experiment seems to be

a linear combination of the Pacific and Indian Ocean

forcings.

The results found in this study are consistent with the

Indian Ocean capacitor effect proposed by Xie et al.

(2009). Here, we show that the ‘‘capacitor effect’’ takes

the form of the IOBW for the Southern Hemisphere. The

persistence of the IOBW through austral autumn exerts

a delayed response on northwestern Australia circulation

and rainfall, prolonging the dry conditions initiated by

El Niño events. Given that the IOBW can persist

throughout austral autumn and winter (as in Xie et al.

2009 and in our Fig. 2c), the indirect effect of El Niño on

Australian rainfall via the Indian Ocean warming can

extend through and beyond the monsoon season.

In addition to the Gill–Matsuno response, an equiv-

alent barotropic wave pattern is excited in the Southern

FIG. 9. As in Fig. 8, but of geopotential height (m) and winds

(m s21).
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Hemisphere extratropics by the diabatic heating anom-

alies associated with the tropical rainfall variation in-

duced by the SST warming. In the IO experiment, the

signal is more confined to the Indian Ocean sector. An

anticyclone is located over the Great Australia Bight,

suggesting a weakening of the westerlies and a reduction

in the synoptic systems affecting rainfall in the southern

regions of the continent. The experiment forced with the

Pacific SST only and the combined response in the

IO1PO experiment produces a more annular anomaly.

The significant extratropical teleconnection over the

Indian Ocean sector in the IO experiment suggests that

the IOBW has the potential to modulate the ENSO

Rossby wave train teleconnection over the southern

mid- to high latitudes. It is likely that the background

circulation of the atmosphere plays a role in influencing

this remote response via the mean state of the sub-

tropical jets, which can act as waveguides to tropically

forced atmospheric anomalies (Ambrizzi and Hoskins

1997). For instance, Lee et al. (2009) demonstrate that

the circumpolar wave train pattern in the summer

hemisphere is generally weaker than in winter because

the subtropical jet is farther from the heating latitude.

Because the warming from the basinwide warming can

extend farther toward this jet in the Indian Ocean than

ENSO variability in the Pacific Ocean, the weaker

summer subtropical jet is still able to host a robust sta-

tionary wave train in the IO experiment.

It is important to mention that the AGCM experi-

ments do not take into account any feedback associated

with the ocean, but instead they provide a direct tool to

assess the impact of the SST on the atmospheric circu-

lation. The use of AGCM simulations provides a more

controlled experimental design for our purposes without

adding complexity. Another decisive factor for using an

AGCM here—and not coupled climate models—lies in

the teleconnection bias reported by Cai et al. (2009).

The authors documented the poor ability of the Coupled

Model Intercomparison Project phase 3 (CMIP3)

models in simulating a correct rainfall–ENSO tele-

connection over the Maritime Continent. They show

that most of the CMIP3 models have a cold tongue bias

in the equatorial Pacific and a warm pool located too

far west. Consequently, Australia suffers an unrealistic

ENSO–rainfall teleconnection, with more models showing

a significant correlation over western rather than eastern

Australia.

An alternative technique would be to use a coupling

experimental design. Using a suite of experiments

forced with prescribed SST in the tropical Pacific and

a mixed layer ocean elsewhere, Lau and Nath (2000,

2003) found that the IOBW tends to offset the negative

Australian rainfall anomaly caused by ENSO during the

second half of the year. Although our results suggest

that the IOBW reinforces the El Niño impacts during

JFM, we also found that the subsiding anomaly over the

Australian longitudes (Fig. 6a) tends to weaken during

JJA (not shown), which a priori agrees with Lau and

Nath’s (2000) findings; however, it could also be due to

the weakening of the IOBW itself and the strengthening

of the IOD during this time of the year.

A complicating factor in the IOBW–ENSO relation-

ship arises from modified responses due to different types

of El Niño. Here, we used the Niño-3.4 index, which

shows the strongest links with Australian climate. How-

ever, the Niño-3.4 region experiences warming during

both canonical and El Niño Modoki events (Ashok et al.

2007), and thus the Niño-3.4 index does not distinguish

among these flavors. Wang and Hendon (2007) observed

distinct impacts on Australian rainfall to different flavors

of El Niños. Taschetto and England (2009) and Taschetto

et al. (2009) showed that El Niño Modoki episodes

tend to be associated with below-normal rainfall over

northern Australia during December and March–May,

driven by anomalous subsidence from a shifted Walker

circulation. They also show that, during January and

February, northwestern Australia tends to experience

above-normal rainfall during Modoki events because of

the interaction of the anomalous SST warming around

the date line and the climatologically enhanced diabatic

heating generated by the setup of the South Pacific con-

vergence zone (Taschetto et al. 2010). The sharp transi-

tion in the rainfall conditions from February to March

over northern Australia during Modoki events may pos-

sibly be intensified by the IOBW. However, whether

El Niño Modoki events can induce a basinwide warming

in the Indian Ocean is still unresolved.

Finally, although observations support the findings of

this study, it should be noted that the results obtained

with the numerical experiments may be model de-

pendent. Future studies, possibly using the new gener-

ation of climate models currently coming online, are

needed to test the robustness of our results.

This study shows the importance of the Indian Ocean

basinwide warming in modulating and prolonging the

JFM rainfall and circulation anomalies over Australia

associated with El Niño events, historically almost en-

tirely attributed to tropical Pacific SST variability. In

addition, this study demonstrates the potential of the

Indian Ocean to not only affect regional climate but also

drive global extratropical teleconnections.
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