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[1] In recent years, the Indian Ocean (IO) has been
discovered to have a much larger impact on climate
variability than previously thought. This paper reviews
climate phenomena and processes in which the IO is, or
appears to be, actively involved. We begin with an update
of the IO mean circulation and monsoon system. It is
followed by reviews of ocean/atmosphere phenomenon at
intraseasonal, interannual, and longer time scales. Much of
our review addresses the two important types of interannual
variability in the IO, El Niño–Southern Oscillation (ENSO)

and the recently identified Indian Ocean Dipole (IOD). IOD
events are often triggered by ENSO but can also occur
independently, subject to eastern tropical preconditioning.
Over the past decades, IO sea surface temperatures and heat
content have been increasing, and model studies suggest
significant roles of decadal trends in both the Walker
circulation and the Southern Annular Mode. Prediction of
IO climate variability is still at the experimental stage, with
varied success. Essential requirements for better predictions
are improved models and enhanced observations.
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1. INTRODUCTION

[2] Until quite recently, it was generally accepted that the

influence of the Indian Ocean (IO) on climate variability,

beyond its probable impact on the monsoons, was not

appreciable. This view has changed profoundly recently,

particularly since 1997, with new evidence indicating an

important climatic role of IO sea surface temperature (SST)

both within the region and in other sectors of the globe. By

many measures, 1997 was an extraordinary year for the IO

and countries on its rim. Record rainfall was observed in East

Africa during October and November. Severe flooding in

Somalia, Ethiopia, Kenya, Sudan, andUganda caused several

thousand deaths and displaced hundreds of thousands of

people. On the other side of the IO, Indonesia suffered severe

droughts at the same time, and wild fires broke out of control

on several of its islands. The smoke and haze they generated

caused severe health problems in Indonesia and surrounding

countries. Not all of these climatic anomalies were due to the

El Niño of the century; unusual conditions in the tropical IO

made them worse. Among other things, the usual westerly

winds switched to easterlies during July–November, and the

otherwise typical eastward equatorial surface current never

developed during boreal fall. Efforts to determine the phys-

ical cause of the extraordinary 1997 event led to rapid

progress in understanding IO air-sea interaction and modes

of climate variability.

[3] The tropical Indian Ocean forms the major part of the

largest warm pool on Earth, and its interaction with the

atmosphere plays an important role in shaping climate on

both regional and global scales. It exhibits a number of

modes of climate variability, ranging from intraseasonal-to-

interannual and longer time scales, most of which are

coupled to the strong seasonal cycle. It differs from the

Atlantic and Pacific in a number of climatically important

ways. For one thing, the IO is bounded to the north by the

Asian continent, preventing northward heat export and only

allowing weak ventilation of the IO thermocline from the

north. For another, the Asian continent drives the strongest

monsoon on Earth, and the monsoonal winds generate large

seasonal variations in ocean currents, many of which

display annual reversals such as the Somali Current and

the Southwest/Northeast Monsoon Current south of India/

Sri Lanka. Equally important, the IO lacks steady equatorial

easterlies, a consequence of the rising branch of the IO

Walker circulation being anchored over the maritime con-

tinent. As a result, there is no climatological equatorial

upwelling in the eastern ocean, in contrast to the other two

tropical oceans. Instead, upwelling occurs in the Northern

Hemisphere off northwest Africa and the Arabian peninsula

and east and west of the tip of India and in the Southern

Hemisphere along the northern edge of the southeast trades.
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The northern upwelling is supplied by a shallow cross-

equatorial cell (CEC) that again does not exist in the other

oceans and carries most of the cross-equatorial heat trans-

port. Finally, the IO has a low-latitude exchange route with

the Pacific, the Indonesian Throughflow (ITF).

[4] In this paper, we review current evidence that sup-

ports the IO’s influence on climate variability. Specifically,

we report on climate phenomena for which IO SST anoma-

lies are known (or hypothesized) to feed back to the

atmosphere and on the oceanic processes that generate those

SST anomalies. We begin with an overview of the climato-

logical forcings and upper ocean circulations in the IO that

provide the background state about which climate signals

develop (section 2). We then discuss IO climate phenomena

sorted by time scale. (This division is practical and sensible

but not perfect since phenomena at different time scales

interact significantly.) Section 3 discusses intraseasonal

variability, one of the primary processes affecting rainfall

in the region. Section 4 reviews interannual climate vari-

ability, for which the two major signals are the El Niño–

Southern Oscillation (ENSO) and the Indian Ocean Dipole

(IOD; also called the Indian Ocean Zonal Mode). Section 5

considers variability at decadal and longer time scales,

including the secular warming trend that has occurred since

the 1950s. Section 6 provides a summary on the new

discoveries and discusses remaining challenges.

[5] Several review papers have been published previ-

ously on IO circulation and climate variability. Schott and

McCreary [2001] (hereinafter referred to as SMC01) is a

review of IO circulation, and section 2 updates this review.

Yamagata et al. [2004], Annamalai and Murtugudde [2004],

and Chang et al. [2006] focus mostly on the IOD mode,

southwest IO Rossby waves, and their climatic influences.

Our review is broader in scope, covering time scales from

intraseasonal to secular trends. It presents the latest advances

in ocean circulation studies and in the description and

understanding of modes of IO climate variability, including

their predictability and remote influences.

2. OCEAN CIRCULATIONS AND PROCESSES

[6] In much of this section, we review aspects of the IO

climatological circulation that impact SST, namely, the

ocean and atmosphere fields that interact at the air-sea

interface (section 2.1), near-surface currents (section 2.2),

the shallow meridional overturning circulations that carry

cool subsurface water to upwelling regions (section 2.3),

and the interocean circulations that connect the IO to the

other oceans (section 2.4). We conclude with a general

discussion of the oceanic processes that are known (or

expected) to alter IO SST and, hence, climate variability

(section 2.5).

2.1. Air-Sea Interface

2.1.1. Winds
[7] South of about 10�S, the southeast trades are rela-

tively steady (Figure 1), with their northern edge shifting

northward (southward) during the northern summer and fall

(winter and spring). In contrast, north of 10�S the winds

vary markedly, reversing direction with the monsoons

(Figures 1a and 1c). A striking, and dynamically important,

difference from the other tropical oceans is the absence of

sustained easterly winds along the equator. Instead, the

near-equatorial winds have an easterly component only

during the late winter/early spring (Figure 1a), a semiannual

westerly component during both intermonsoons (Figures 1b

and 1d), and a weak westerly annual mean.

2.1.2. Thermocline Depth
[8] One measure of the dynamical response of the ocean

to wind forcing is the depth of the thermocline. To illustrate,

Figure 1 also plots the depth of the 20�C isotherm (Z20;

shading), a typical midthermocline isotherm in the tropical

ocean, from the Simple Ocean Data Assimilation (SODA)

product [Carton et al., 2000]. It is deeper in regions of

Ekman convergence, i.e., where the Ekman pumping veloc-

ity wek is negative. (The wind-driven Ekman transports are

given by Me = (Mx, My) = (1/ro)k̂ � (t/f ), where t is the

wind stress vector, k̂ is a unit vector in the z direction, and f is

the Coriolis parameter. They are directed to the right (left) of

t in the Northern (Southern) Hemisphere. The Ekman

pumping velocity is the divergence of Me, that is, wek =

�r � Me = (1/ro)k̂ � r � (t/f ), and so is closely related to

the wind stress curl.) One such region is the subtropical gyre

south of 10�S, which resembles conditions in the other

subtropical oceans. Another is the interior of the Arabian

Sea during the summer (Figure 1c), where Ekman transports

converge southeast of the axis of the maximum monsoon

(Findlater) jet.

[9] More importantly for climate, Z20 is shallow in

regions where wek is positive and in coastal regions where

the alongshore winds are upwelling favorable. It is in these

regions where upwelling of cool subsurface water is

possible. Particularly noteworthy for our purposes are the

regions of shallow Z20 in the tropical southwestern IO

(SWIO) from 5 to 10�S throughout the year, where Ekman

drift transports water southwestward from the northern edge

of the trades. During the summer monsoon, pronounced

upwelling also occurs in the western Arabian Sea where the

alongshore winds cause offshore Ekman transports

(Figure 1c) and east and west of the tip of India where

positive wind stress curl causes local isopycnal doming and

open ocean upwelling. Conditions are also favorable for

upwelling off Java and Sumatra during boreal summer, an

important process during IOD events (section 4.2.1).

Typically, however, warm-water pulses are carried eastward

twice annually along the equator by surface jets, called

Wyrtki Jets after their discoverer [Wyrtki, 1973]; they

deepen the thermocline along the eastern IO boundary in the

late phase of the semiannual intermonsoon westerlies and

weaken or eliminate upwelling there (section 2.2.3).

2.1.3. SST and Precipitation
[10] Precipitation over the IO shows a general migration,

northward (southward) during the boreal summer (winter),

following the Sun and regions of warm SST. Wintertime

cooling in the northern Arabian Sea is particularly strong

because of latent heat loss caused by cool, dry air blowing

RG1002 Schott et al.: INDIAN OCEAN CLIMATE VARIABILITY

2 of 46

RG1002



off the Asian continent (Figure 2a). Against these seasonal

tendencies, there is strong summertime cooling in the

western Arabian Sea (Figure 2b), a result of upwelling near,

and offshore advection from, the Somali and Omani coasts

and of latent heat loss caused by the strong southwesterly

winds of the Findlater Jet. Cooling in the 5–10�S band and

off India is not apparent in SST because the upwelling in

these open ocean divergence regions is weaker than the

concentrated coastal upwelling off northwest Africa and

Arabia.

[11] The precipitation patterns are remarkably similar to

those for SST, indicative of the strong coupling between the

Figure 1. Monsoon wind stress fields from the 1990–1998 National Centers for Environmental
Prediction (NCEP) [Kalnay et al., 1996] climatology (vectors) and depths of 20�C isotherm (Z20) from
Simple Ocean Data Assimilation (SODA) (mean for 1992–2001, color shaded) for (a) January, (b) June,
(c) August, and (d) November.

Figure 2. (a) December, January, and February (DJF) and (b) June, July, and August (JJA) climatology
of sea surface temperature (SST) (intervals at 1�C; 28�C or higher in red) and precipitation (color shade
in mm/month) based on advanced very high resolution radiometer [Armstrong and Vazquez-Cuervo,
2001] and Tropical Rain Measuring Mission [Huffman et al., 2007] satellite observations, respectively.
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two fields. During summer, the cooling by upwelling off

Somalia keeps atmospheric convection from the western

Arabian Sea. Elsewhere north of the equator, from the

eastern Arabian Sea to the South China Sea, SST is high

and conducive to atmospheric deep convection. There, the

Asian summer monsoon is organized into several well-

defined convection centers, all anchored by mountain

ranges [Xie et al., 2006].

2.2. Upper Ocean Circulation

[12] Figures 3 and 4 provide schematic diagrams that

summarize the near-surface flow field in the IO during the

summer and winter monsoon periods, respectively. In the

Northern Hemisphere, where the observational knowledge

base was well established by the large experiments of the

mid-1990s, the schematic flow paths have not changed

since the publication of SMC01. In the southern IO,

however, several circulation elements are now quantified

that were only qualitatively known at the time of SMC01,

and pathways have changed. (Compare Figures 8 and 9 of

SMC01 with our revised schematic diagrams.)

2.2.1. Southern Indian Ocean
2.2.1.1. Westward South Equatorial Current and
Southward Western Boundary Currents
[13] The South IO is characterized by the westward

flowing South Equatorial Current (SEC), to a large part

supplied by the ITF (Figure 3). It splits at the east coast of

Madagascar near 17�S into northward and southward

branches, the Northeast and Southeast Madagascar Currents

(NEMC and SEMC). The NEMC transports about 30 Sv

(SMC01), supplying water for the Mozambique Channel

flow and the East African Coastal Current (EACC; Figure 3).

The southward branch transports about 20 Sv to the southern

tip of Madagascar, where it is suggested to dissolve into a

sequence of eddies and dipoles that migrate to the African

coast [de Ruijter et al., 2004; Quartly et al., 2006]. Part of

Figure 3. Schematic representation of identified current branches during the summer (southwest)
monsoon. Current branches indicated (see also Figure 4) are the South Equatorial Current (SEC), South
Equatorial Countercurrent (SECC), Northeast and Southeast Madagascar Current (NEMC and SEMC),
East African Coastal Current (EACC), Somali Current (SC), Southern Gyre (SG) and Great Whirl (GW)
and associated upwelling wedges (green shades), Southwest and Northeast Monsoon Currents (SMC and
NMC), South Java Current (SJC), East Gyral Current (EGC), and Leeuwin Current (LC). The subsurface
return flow of the supergyre is shown in magenta. Depth contours shown are for 1000 m and 3000 m
(grey). Updated representations are from SMC01; red vectors (Me) show directions of meridional Ekman
transports. ITF indicates Indonesian Throughflow.
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the SEMC may also retroflect to supply the northeastward

flow east of Madagascar (see below).

[14] Since the publication of SMC01, the transport

through the Mozambique Channel has emerged as a major

thoroughfare of tropical/subtropical exchange. Its mean

transport has been estimated at 17 Sv from a multiyear

moored array [de Ruijter et al., 2002], and a similar value

was obtained in hydrographic section analysis [Donohue

and Toole, 2003], in agreement with earlier inverse model

results of 15 ± 5 Sv [Ganachaud et al., 2000]. The transport

is not carried by a quasi-laminar boundary current, however,

but rather by migrating anticyclonic eddies (Figure 3). It has

been suggested that after propagating farther southward

along the South African coast, they trigger eddies of the

Agulhas retroflection and thus affect the transfer of IO

waters into the Atlantic [de Ruijter et al., 2002; Penven et

al., 2006].

2.2.1.2. Northeastward and Eastward Flows
[15] Figure 5a presents the mean geostrophic near-

surface circulation of the subtropical IO, based on the

absolute surface topography derived from drifter velocities

and altimetry [Niiler et al., 2003; Maximenko and Niiler,

2005]. Streamlines of the surface geostrophic flow follow

the map contours, indicating that eastward outflow from the

Agulhas retroflection reenters the IO as a broad north-

eastward flow, much of which extends to the west coast of

Australia. Recent studies of ship sections and altimetry,

however, support the existence of a narrow zonal counter-

current across the subtropics from 22 to 26�S, the South

Indian Countercurrent (SICC [Siedler et al., 2006; Palas-

tanga et al., 2007]), which is somewhat at odds with the

zonally slanted absolute surface topography of Figure 5a.

Figure 5b presents a map of near-surface currents from the

SODA–Parallel Ocean Program (POP) 2.0.3 reanalysis

[Carton and Giese, 2008] that seems to reconcile both

concepts. The plotted currents are taken from a depth of

46 m so as to illustrate the geostrophic flow just below the

Ekman layer. On the one hand, it supports the existence of

an intensified zonal eastward flow near 25�S; on the other, it
shows that the band of eastward flow expands latitudinally

to the east, allowing a connection from south of Madagascar

to northwest Australia. The SODA-POP reanalysis also

suggests that the eastward upper layer flow and SICC are

supplied partly by a retroflection of the SEMC and partly

from a source farther to the west. Part of the eastward flow

also recirculates northwestward into the SEC.

[16] Persistent eastward geostrophic flow, the East Gyral

Current (EGC; Figures 3 and 4), was observed near and

north of 20�S in the Perth-Indonesia expendable bathyther-

mograph (XBT) ship sections (World Ocean Circulation

Figure 4. As in Figure 3 but for the winter (northeast) monsoon.
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