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ABSTRACT

Coupled ocean—-atmosphere variability in the tropical Indian Ocean is explored with a multicentury
integration of the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Mark 3 climate
model, which runs without flux adjustment. Despite the presence of some common deficiencies in this type
of coupled model, zonal dipolelike variability is produced. During July through November, the dominant
mode of variability of sea surface temperature resembles the observed zonal dipole and has out-of-phase
rainfall variations across the Indian Ocean basin, which are as large as those associated with the model El
Nifio-Southern Oscillation (ENSO). In the positive dipole phase, cold SST anomaly and suppressed rainfall
south of the equator on the Sumatra—Java coast drives an anticyclonic circulation anomaly that is consistent
with the steady response (Gill model) to a heat sink displaced south of the equator. The northwest—
southeast tilting Sumatra—Java coast results in cold sea surface temperature (SST) centered south of the
equator, which forces anticylonic winds that are southeasterly along the coast, which thus produces local
upwelling, cool SSTs, and promotes more anticylonic winds; on the equator, the easterlies raise the
thermocline to the east via upwelling Kelvin waves and deepen the off-equatorial thermocline to the west
via off-equatorial downwelling Rossby waves. The model dipole mode exhibits little contemporaneous
relationship with the model ENSO; however, this does not imply that it is independent of ENSO. The model
dipole often (but not always) develops in the year following El Nifo. It is triggered by an unrealistic
transmission of the model’s ENSO discharge phase through the Indonesian passages. In the model, the
ENSO discharge Rossby waves arrive at the Sumatra—Java coast some 6 to 9 months after an El Nifio peaks,
causing the majority of model dipole events to peak in the year after an ENSO warm event. In the observed
ENSO discharge, Rossby waves arrive at the Australian northwest coast. Thus the model Indian Ocean
dipolelike variability is triggered by an unrealistic mechanism. The result highlights the importance of
properly representing the transmission of Pacific Rossby waves and Indonesian throughflow in the complex
topography of the Indonesian region in coupled climate models.

1. Introduction

The Indian Ocean dipole (IOD) refers to the epi-
sodic occurrence of an anomalous zonal gradient in sea
surface temperature (SST) across the equatorial Indian
Ocean and related changes in the topography of the
thermocline (e.g., Saji et al. 1999; Webster et al. 1999;
Yu and Rienecker 1999; Murtugudde and Busalacchi
1999; Murtugudde et al. 2000; Udea and Matsumoto
2000; Xie et al. 2002; Rao et al. 2002; Feng et al. 2001;
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Feng and Meyers 2003). An IOD episode usually be-
gins with anomalous cooling in the tropical eastern In-
dian Ocean during May—June, when enhanced surface
easterlies generate an anomalously shallow ther-
mocline, enhanced latent heat flux, and upwelling off
the Sumatra—-Java coast. The cold anomaly usually
peaks in September—October, by which time the west-
ern Indian Ocean has warmed as a result of increased
insolation, reduced evaporation, and deepened ther-
mocline. The cold anomaly in the east typically disap-
pears rapidly with the monsoon transition by Decem-
ber-January, often yielding a basinscale warm anomaly
by the following boreal spring. This seasonality in the
evolution of the IOD is often referred to as the seasonal
phase-locking feature.
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Development of the IOD (with cold anomalies off
the Sumatra—Java coast) typically, but not always, ac-
companies development of El Niflo conditions in the
Pacific, when atmospheric convection shifts eastward
along the equator toward the date line. This induces
suppressed rainfall and easterly anomalies in the equa-
torial eastern Indian Ocean (e.g., Lau and Nath 2004;
Shinoda et al. 2004a). Because the climatological mean
winds are easterly south of the equator during June—
August, the induced easterlies act to increase the wind
speed and the latent and sensible heat fluxes. Shoaling
of the thermocline and upwelling of colder subsurface
water are also promoted off the Sumatra—Java coast.
Increased upwelling and increased latent and sensible
heat flux overcome the increased shortwave radiation
associated with reduced rainfall, and the southeastern
Indian Ocean initially cools. In the western portion of
the basin, a warm anomaly develops as the equatorial
thermocline deepens in response to easterly anomalies.
An off-equatorial depression of the thermocline forced
by Ekman pumping develops and translates westward
as an oceanic forced Rossby wave. These processes en-
hance the warming in the west (Chambers et al. 1999;
Webster et al. 1999; Xie et al. 2002; Feng and Meyers
2003). In the east-west direction, as an anomalous
zonal temperature gradient sets up, the easterly anoma-
lies strengthen. The thermocline responds with further
shoaling in the east and deepening in the west. The
process resembles the Bjerknes (1969) feedback for the
equatorial Pacific Ocean, in the sense that it grows as a
consequence of a feedback linking anomalies of SST,
rainfall, wind, and depth of the thermocline, although it
develops in the southern tropical Indian Ocean and in-
volves extraequatorial processes. The demise of the
IOD often occurs soon after the Australian summer
monsoon commences in December, when the mean
winds become westerly in the equatorial eastern Indian
Ocean. The induced easterly anomalies then act to re-
duce the wind speed. Reduced latent heat flux along
with increased surface shortwave radiation act to warm
the eastern Indian Ocean, yielding a basinscale warm
anomaly. The basinscale anomaly has been tradition-
ally described as the response of the Indian Ocean to
ENSO (e.g., Klein et al. 1999).

The cold anomaly off the Sumatra—Java coast and the
anomalous easterlies in the equatorial southeastern
tropical Indian Ocean do not always develop in unison
with an El Nifio event (e.g., Reverdin et al. 1986). Con-
sequently, there are IOD events that develop without
clear ENSO forcing. This suggests that the ocean—
atmosphere coupled process in the Indian Ocean sector
has the capability to generate its own variability in re-
sponse to a variety of triggering mechanisms, challeng-
ing the view that the Indian Ocean is merely a slave of
the Pacific Ocean (e.g., Latif and Barnett 1995). There
is also evidence (Saji et al. 1999; Feng and Meyers 2003)
that a delayed feedback process operates in the tropical
Indian Ocean during some periods similar to that sug-
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gested for the Pacific Ocean (Battisti and Hirst 1989)
and that the delay is responsible for the biennial signal
of the IOD. Similarly, not all biennial events have a
corresponding signal in the Pacific (Meehl and Ar-
blaster 2002), again providing support for the capability
of the Indian Ocean to develop modes of coupled vari-
ability of its own. However, over the last several de-
cades many IOD events have occurred in conjunction
with development of El Nifio. Consequently, El Nifio is
recognized as the dominant, but not the only, triggering
mechanism.

The occurrence and dynamics of the IOD are of in-
terest because significant rainfall anomalies both
around the Indian Ocean basin and globally are asso-
ciated with development of the dipole (e.g., Saji et al.
1999; Birkett, et al. 1999; Hendon 2003; Saji and Yama-
gata 2003; Yamagata et al. 2004). Because the 10D
often coevolves with ENSO, it is difficult to attribute
the cause of the rainfall anomalies to SSTs in one par-
ticular region. Thus, in order to understand the role of
IOD events for global climate variability, we must first
develop model systems that are capable of simulating
IOD events with realistic structure and evolution.
Much progress has been made in simulating the rel-
evant ocean dynamics and thermodynamics (Murtu-
gudde and Busalacchi 1999; Murtugudde et al. 2000;
Behera et al. 2000) and the ENSO-induced atmospheric
anomalies across the Indian Ocean (Lau and Nath
2003; Shinoda et al. 2004a) using stand-alone ocean or
atmosphere models. Recently, fully coupled models
have been successful in reproducing IOD-like events
(e.g., lizuka et al. 2000; Gualdi et al. 2003; Lau and Nath
2004), which allow complete two-way interaction of the
atmosphere and ocean in all basins. In the present
study, we explore tropical Indian Ocean dipole variabil-
ity and its relationship to ENSO in the latest version
(Mark 3) of the Commonwealth Scientific and Indus-
trial Research Organisation (CSIRO) coupled ocean—
atmosphere climate model. We identify both realistic
and unrealistic features of the Mark 3 dipolelike vari-
ability and identify the topography of the Indonesian
region as a critical feature that should be considered
carefully in model development and intercomparison
studies.

The remainder of this paper is arranged as follows. In
section 2, we briefly describe the CSIRO Mark 3
coupled model. In section 3, we apply empirical or-
thogonal function (EOF) analysis to seasonal SST
anomalies and show that the dipole mode is dominant,
similar to observations, in the June-July—August (JJA)
and (September—October-November) SON seasons.
Counter to the observed dipole, we show that it peaks
two—three seasons after the peak of El Nifio in the pre-
ceding DJF (December-January-February) season.
We then examine in section 4 the evolution and the
dynamics of the model IOD and assess its interaction
with model ENSO. Section 5 provides discussion, and
conclusions are presented in section 6.
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2. Model and model run

The CSIRO coupled model used in this study is de-
noted as the Mark 3 version. It is based on the Mark 2
coupled model as described in Gordon and O’Farrell
(1997). The Mark 3 model has been significantly im-
proved relative to the Mark 2 model (Gordon et al.
2002); some brief details are provided below. The Mark
3 model is run without the use of flux adjustments and
has only a moderate amount of (initial) climate drift.
The horizontal resolution of the atmospheric model is
spectral T63 (approximately 1.875° latitude X 1.875°
longitude) with 18 vertical levels (hybrid sigma-
pressure vertical coordinate). The atmospheric model
has been upgraded to include a comprehensive cloud
microphysical parameterization (Rotstayn et al. 2000),
and the convection parameterization is based on that
used in the Hadley Centre model (Gregory and Rown-
tree 1990). This convection parameterization is linked
to the cloud microphysics scheme via the detrainment
of liquid and frozen water at the cloud top. Atmo-
spheric moisture advection (vapor, liquid, and frozen)
is carried out by the semi-Lagrangian method (McGre-
gor 1993). A simple treatment of the direct radiative
effect of sulfate, which entails a perturbation of the
surface albedo (Mitchell et al. 1995), is included. The
land surface scheme (six layers of moisture and tem-
perature) with a vegetation canopy (Kowalczyk et al.
1991, 1994) includes a three-layer snow model. Multiple
soil types and vegetation types are included. A dynam-
ic—-thermodynamic polar ice model is incorporated,
which includes a variable fraction of leads (O’Farrell
1998).

The Mark 3 ocean model is based upon the Modular
Ocean Model (MOM2.2) version of the Geophysical
Fluid Dynamics Laboratoy (GFDL) model. The oce-
anic component has horizontal resolution matching that
of the atmospheric model’s grid in the east-west direc-
tion and twice that in the north—south direction. Thus
the grid spacing is 0.9375° latitude X 1.875° longitude
(approximately; latitude is on a Gaussian grid). Be-
cause there are two ocean grid points per atmospheric
grid point in the meridional direction, the atmosphere
model and ocean model subcomponents have identical
land-sea masks. There are 31 levels in the vertical, with
the spacing of the levels gradually increasing with
depth, from 10 m at the surface to 400 m in the deep
ocean. A parameterization of mixing of tracers based
on the formation of Griffies et al. (1998) and Griffies
(1998) is included.

We analyze the output of a 260-yr integration. The
first 20 yr is discarded as a slight drift was detected.
Throughout this study, monthly (seasonal) anomaly
fields are formed by subtracting the monthly (seasonal)
mean climatology.

The model produces strong ENSO variability (e.g.,
Cai et al. 2003). The standard deviation of Nifio-3.4
(SST anomaly averaged over 5°S-5°N and 120°-170°W)
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is greater than that of the observed over the last 130 yr
(0.94 versus 0.78). The model also produces a stronger
biennial spectral peak than observed (Cai et al. 2003).
Nonetheless, the model still suffers from a common
“cold tongue bias” in the Pacific, with the equatorial
cold tongue extending too far west. As a result, the
eastern Indian Ocean is also too cold, possibly affecting
the variability and interbasin interactions.

On the other hand, the basic features of climatologi-
cal SST and surface winds in the Indian Ocean are rea-
sonable, given that the model is run without flux ad-
justment. Southeasterly trade winds blow throughout
the year in the southern tropical Indian Ocean, while
the northern Indian Ocean is dominated by monsoonal
winds. It is emphasized that aspects of the climatology
that are relevant to the dipole dynamics are reasonably
simulated: southeasterlies along the Java—Sumatra
coast are strongest in JJA and SON, and the flow re-
verses in DJF associated with onset of the Australian
monsoon. The model produces Wyrkti jets in boreal
spring and fall with a stronger jet in boreal spring. The
model thermocline in the equatorial Indian Ocean
slopes slightly upward toward the west, as in the obser-
vations. The annual mean depth of 20°C isotherm
(D20) exhibits a pronounced zonal ridge along 10°S,
although it is generally too deep, extends too far to the
east, and is shallowest around 80°E instead of the ob-
served 60°E (Feng and Meyers 2003). This ridge geo-
strophically balances the South Equatorial Current,
which flows westward, and the South Equatorial Coun-
tercurrent, which flows eastward, parallel to the ridge.

3. Modes of surface and subsurface variability

a. EOF patterns of SST anomalies

The dominant modes of interannual variability in the
model’s Indian Ocean are identified using EOF analysis
on seasonally stratified anomalous SST and D20 data.
As in the observations, the leading mode of SST vari-
ability varies strongly with seasons; hence EOF analysis
on seasonally stratified data helps prevent modal mix-
ing. The leading EOF of SST in the Indian Ocean
(hereafter 101; Fig. 1) accounts for 31.4%, 39.4%,
51.3%, and 41.5% of variance in DJF, March-April-
May (MAM), JJA, and SON, respectively. Figure 1
shows that there is a dipole structure in JJA and SON
that resembles the observed in that both the modeled
and the observed have strong loadings along the Java—
Sumatra coast and oppositely signed loadings in the
off-equatorial western Indian Ocean. As in observa-
tions, the cold anomaly develops first off the southern
coast of Java in the far eastern Indian Ocean and
strengthens as it moves equatorward (Susanto et al.
2001) in the following seasons.

From JJA to SON, the cold anomaly grows and ex-
pands westward. We have constructed time series of
east—west SST gradient from averages over an eastern
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Fi1G. 1. Pattern of the first EOF of Indian Ocean SST anomalies
(°C) for the (a) DJF, (b) MAM, (c) JJA, and (d) SON seasons.
The EOFs have been scaled by a one-standard-deviation anomaly
of the principal component.

(0°-10°S, 100°-110°E) and western (0°-10°S, 50°~70°E)
box. The standard deviations of the SST gradient for
the SON, JJA, MAM, and DJF seasons are 1.13°, 0.78°,
0.37°, and 0.45°C, respectively. The most pronounced
zonal gradient occurs in SON as in the observations
(e.g., Baquero-Bernal et al. 2002), when the cold SST
anomalies off the Java—-Sumatra coast peak. During
DIJF and MAM, 101 is more zonally uniform, with larg-
est loadings south of the equator. As in observations,
there is little evidence of a dipole structure in these
seasons.

b. Relationship with model ENSO

There has been a vigorous debate as to the relation-
ship between IOD and ENSO (Saji et al. 1999; Allan et
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al. 2001; Udea and Matsumoto 2000; Annamalai et al.
2003; Loschnigg et al. 2003; Clark et al. 2003; Lau and
Nath 2003; Krishnamurthy and Kirtman 2003). We ex-
plore this by computing correlations between 101 time
series and the model Nifio-3.4 index. For DJF and
MAM, the correlation coefficient is strong (r = 0.60 for
DJF and r = 0.54 for MAM). The correlation is largely
due to an atmospheric teleconnection from the Pacific
to Indian Ocean SST. But for JJA and SON, when the
dipole is growing and most prominent, the correlation
is small (r = 0.20 for both JJA and SON). This would
appear to suggest that the model is generating a dipole
mode that has an internal dynamics not forced by
ENSO. However, ENSO often does initiate the dipole
mode in this model but with a significant delay, which is
explained later.

Close inspection of the time series of IO1 and Nifo-
3.4 for SON (Fig. 2a) reveals that most dipole events
peak in the year following an El Nifio. Over the 240 yr
of model integration (discarding the first 20 yr of the
260-yr integration), there are 74 El Nifio events, but
there are only 34 IOD events. The majority of model
IOD events, 23 out of 34, peak 1 yr after an El Nifio
event peaks. Occasionally, a dipole event coincides with
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FIG. 2. (a) Time series of the IO1 (thick) and Nifio-3.4 (thin) for

SON, normalized by their respective standard deviations. (b)
Same as in (a), but the 101 is shifted backward by 1 yr.
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