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ABSTRACT

The evolution of the Indian Ocean during El Nifio-Southern Oscillation is investigated in a 100-yr
integration of an Australian Bureau of Meteorology coupled seasonal forecast model. During El Nifio,
easterly anomalies are induced across the eastern equatorial Indian Ocean. These act to suppress the
equatorial thermocline to the west and elevate it to the east and initially cool (warm) the sea surface
temperature (SST) in the east (west). Subsequently, the entire Indian Ocean basin warms, mainly in
response to the reduced latent heat flux and enhanced shortwave radiation that is associated with sup-
pressed rainfall. This evolution can be partially explained by the excitation of an intrinsic coupled mode that
involves a feedback between anomalous equatorial easterlies and zonal gradients in SST and rainfall. This
positive feedback develops in the boreal summer and autumn seasons when the mean thermocline is shallow
in the eastern equatorial Indian Ocean in response to trade southeasterlies. This positive feedback dimin-
ishes once the climatological surface winds become westerly at the onset of the Australian summer mon-
soon.

ENSO is the leading mechanism that excites this coupled mode, but not all ENSO events are efficient at
exciting it. During the typical El Nifio (La Nifia) event, easterly (westerly) anomalies are not induced until
after boreal autumn, which is too late in the annual cycle to instigate strong dynamical coupling. Only those
ENSO events that develop early (i.e., before boreal summer) instigate a strong coupled response in the
Indian Ocean. The coupled mode can also be initiated in early boreal summer by an equatorward shift of
the subtropical ridge in the southern Indian Ocean, which stems from uncoupled extratropical variability.

1. Introduction

The most prominent interannual variation of sea sur-
face temperature (SST) in the tropical Indian Ocean is
associated with El Nifio-Southern Oscillation (ENSO).
It is traditionally described as a basinwide warming that
lags the warming in the eastern Pacific by a few months
(e.g., Klein et al. 1999). The delayed basinwide warm-
ing, though primarily driven by surface heat flux
anomalies that are remotely forced by SST anomalies in
the equatorial eastern Pacific (Venzke et al. 2000; Lau
and Nath 2003; Shinoda et al. 2004a), does drive rainfall
variability around the Indian Ocean basin (e.g., God-
dard and Graham 1999; Lau and Nath 2003).
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The Indian Ocean does not just simply warm up in
unison during ENSO (e.g., Rasmusson and Carpenter
1982; Nicholls 1984; Kiladis and Diaz 1989; Hastenrath
et al. 1993; Huang and Kinter 2002; Hendon 2003;
Krishnamurthy and Kirtman 2003; Wang et al. 2003).
Rather, at the onset stages of El Nifio (June—August),
the far eastern equatorial Indian Ocean typically is
anomalously cold. The western tropical Indian Ocean
then begins to warm. Subsequently, the cold anomaly in
the eastern Indian Ocean rapidly changes sign as El
Niflo matures in December—January, hence, resulting in
a basin-scale warm anomaly that peaks in boreal spring
as El Nifio decays in the Pacific. This evolution of SST
anomalies helps explain the rainfall anomalies in west-
ern Indonesia and eastern Africa during ENSO (e.g.,
Nicholls 1984; Hackert and Hastenrath 1986; Has-
tenrath et al. 1993; Haylock and McBride 2001; Hendon
2003).

The anomalous zonal SST gradient in the equatorial
Indian Ocean that initially develops during ENSO is
similar to the “Indian Ocean dipole” that has recently
been described by Saji et al. (1999) and Webster et al.
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(1999). They envision this east-west dipole to be an
expression of a coupled mode of variability in much
the same manner as ENSO: near-equatorial easterly
anomalies elevate the thermocline in the eastern Indian
Ocean and drive off-equatorial downwelling that is
communicated westward by Rossby waves (e.g., Mur-
tugudde and Busalacchi 1999; Huang and Kinter 2002;
Rao et al. 2002; Xie et al. 2002). Alongshore anticy-
clonic southerlies further promote upwelling and cool-
ing along the Sumatra—Java coast. The anomalous
zonal SST gradient that develops promotes reduced
rainfall in the east and enhanced rainfall in the western
portion of the basin (e.g., Birkett et al. 1999; Saji et al.
1999), thereby feeding back onto the equatorial east-
erly anomalies. The generation of oceanic Rossby
waves provides some memory to the system (e.g., Xie et
al. 2002). They may play a role, via reflection at the
African coast into downwelling Kelvin waves that
travel eastward onto the Java—Sumatra coast, in the
demise or turnaround of a “dipole” event (Webster et
al. 1999; Feng and Meyers 2003).

A vigorous debate has ensued concerning the exis-
tence, and independence from ENSO, of a coupled di-
pole mode (e.g., Hastenrath 2002; Saji and Yamagata
2003). This debate is of more than just academic inter-
est because it bears on the ability to make long-range
forecasts of climate variability in the Indian Ocean re-
gion. For instance, if interannual variability in the In-
dian Ocean basin is essentially completely dependant
on ENSO, then the skill of the extended-range fore-
casts will depend primarily on the ability to forecast
ENSO and to simulate the regional response. On the
other hand, if local air—sea coupling in the Indian
Ocean generates interannual variability via mecha-
nisms that are independent of ENSO, then an improved
understanding of its dynamics will be required in order
to assess and improve its predictability.

Improved understanding of the role of air-sea cou-
pling in the Indian Ocean and its role in global climate
variability is hindered by the lack of comprehensive
observations in the region and the occurrence of a trend
in recent time series of SST (e.g., Saji and Yamagata
2003). As a step forward, analyses of coupled global
climate models has provided insight into the mecha-
nisms of air—sea coupling in the Indian Ocean with
and without the external triggering by ENSO (e.g.,
Baquero-Bernal et al. 2002; Gualdi et al. 2002; Lau and
Nath 2004; Shinoda et al. 2004a; Cai et al. 2005). The
approach in the current study will be to carefully ex-
amine simulated variability in the Indian Ocean that is
associated with ENSO, with intent to understand
whether, and how, this variability may be attributed to
the excitation of a coupled response. We will further try
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to isolate any intrinsic coupled variability in the Indian
Ocean. The coupled model that is used here realisti-
cally simulates the amplitude and phase locking to the
annual cycle of ENSO, and the mean state and seasonal
cycle of the Indian Ocean. Hence, it is an appropriate
tool to look at the Indian Ocean variability that is as-
sociated with ENSO.

The remainder of the paper is organized as follows:
the coupled model is briefly described in section 2. In
section 3, the capability of the model to simulate the
mean and annual cycle of upper-ocean temperature,
surface wind, and rainfall, which are indicative of the
model’s ability to simulate realistic coupled behavior in
the Tropics, is briefly assessed. Section 4 describes the
simulated interannual variability in the Indian Ocean
that is associated with ENSO. Coupled variability in the
Indian Ocean is described in section 5. Finally, conclu-
sions are provided in section 6.

2. Model details and experimental design

The coupled global model is based on the first ver-
sion of the Predictive Ocean Atmosphere Model for
Australia (POAMA) seasonal forecast model, which is
used for routine seasonal forecasting by the Australian
Bureau of Meteorology. The performance of the model
in seasonal forecast mode is described by Alves et al.
(2003) and Zhong et al. (2004). The key focus in the
development of this model was the simulation of inter-
annual variability in the tropical oceans and atmo-
sphere.

a. Atmosphere model

The atmospheric component is a recent version of
the Bureau of Meteorology Research Centre (BMRC)
Atmospheric Model (BAM,; version 3.1), and employs
spectral horizontal truncation at T47 with 17 vertical
levels. BAM is a unified climate-numerical weather
prediction model and is used routinely for weather
forecasting by the Bureau of Meteorology. Model de-
tails are given in Zhong et al. (2001).

b. Ocean model

The ocean component is the Australian Community
Ocean Model version 2 (ACOM2) that was developed
by the Commonwealth Scientific and Industrial Re-
search Organisation (CSIRO) Marine Research
(Schiller et al. 2002). It is based on the Geophysical
Fluid Dynamics Laboratory (GFDL) Modular Ocean
Model 2 (MOM?2) code (Pacanowski 1995). Meridional
spacing is 0.5° within 8° of the equator, increasing
gradually to 1.5° near the poles. The zonal grid spacing
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is uniformly 2°. It has 25 vertical levels, with 12 of these
in the top 185 m. Vertical mixing is based on Chen et al.
(1994).

Schiller et al. (1998) put some effort into improving
the simulation in the Indonesian Throughflow region.
They modified the model’s topography and mixing in
that area, allowing for a transport of water masses
through the Lombok Strait and the Timor Sea. Because
water flows from the Pacific to the Indian Ocean, tidally
induced vertical mixing in the Indonesian archipelago is
able to change the water mass structure of the Indian
Ocean significantly. To simulate this observed feature,
Schiller et al. gradually increased the vertical mixing
coefficients (diffusion and viscosity) in the Indonesian
region to a maximum of 2 X 10~* m? s~! in the Banda
Sea. The additional mixing is independent of time. That
is, no attempt is made to resolve the time scales that are
associated with its physical origin. This is legitimate as
long as one is only concerned with its larger-time-scale
effects on SST.

c. Sea ice and coupling

The sea ice model component is a version of the
“zero layer” thermodynamic model of Semtner (1976).
The atmospheric component (BAM3), the oceanic
component (ACOM?2), and the sea ice submodel are
coupled through the Ocean Atmosphere Sea Ice Soil
(OASIS) coupler (Valcke et al. 2000). Coupling occurs
once daily.

d. Long coupled integration

The primary purpose of the extended integration was
to investigate the inherent interannual variability in the
tropical Pacific and Indian Oceans. The coupled model
was run freely, with no flux correction, for 110 yr, start-
ing with initial conditions that are representative of the
state of the ocean—atmosphere system in early 1982.
The atmospheric initial conditions were taken from an
Atmospheric Model Intercomparision Project (AMIP)-
style integration of the atmosphere model. The ocean
initial conditions were taken from the POAMA ocean
data assimilation scheme (Alves et al. 2003). Because
the model is initialized with realistic initial conditions,
it will drift. Most of the drift in the Tropics occurs in
the first 3—4 yr. For this reason we exclude the first
10 yr and remove the weak remaining trend [e.g., ~1 K
(100 yr)~! subsurface warming] prior to our analyses.

3. Simulation of mean and annual cycle

Simulating realistic mean atmospheric and oceanic
states, as well as their annual cycle, in a nonflux-
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F1G. 1. Annual mean ocean temperature in the upper 400 m
along the equator from (a) observations (Levitus 1982) and (b)
the coupled simulation. Contour interval is 1°C.

adjusted coupled model is a challenging task (e.g.,
Mechoso et al. 1995). Before analyzing the details of
the interannual variability that are associated with
ENSO, we first discuss briefly the main features of the
mean state of the tropical atmosphere and oceans that
bear on the model’s ability to realistically simulate
ENSO and associated coupled variability in the Indian
Ocean. These include the thermocline structure in the
equatorial Indian and Pacific Oceans, the annual cycle
of SST in the eastern portions of these basins, and the
Australian—Asian monsoon.

Typical of many coupled models (e.g., Mechoso et al.
1995; Meehl et al. 2001), the simulated equatorial Pa-
cific cold tongue is too narrow and extends too far west
(not shown). In addition, a warm SST bias off of the
coast of Peru results from a lack of upwelling and stra-
tus cloud, which leads to an overestimation of down-
ward solar radiation reaching the ocean surface. On the
other hand, the zonal gradient of SST and stratification
in the equatorial Pacific, which are important for the
simulation of ENSO (e.g., Wilson 2000; Meehl et al.
2001), are reasonably simulated (Fig. 1). Comparison is
made with observations from Levitus (1982). In re-
sponse to weak mean westerly winds in the equatorial
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FIG. 2. Simulated mean precipitation (contours) and surface wind (vectors) in the tropical Indian Ocean for (a)
DIJF, (b) MAM, (c) JJA, and (d) SON. The vector scale is shown at the middle top. The contour interval is 2

mm day

Indian Ocean, the model properly simulates a ther-
mocline that slopes slightly upward to the west. The
slope is slightly less and the thermocline is more diffuse
than observed, which may result from weaker-than-
observed westerlies during the Australian summer
monsoon (see below).

The major features of the Australian-Asian mon-
soon are reasonably simulated (Fig. 2). Especially rel-
evant to coupled behavior in the Indian Ocean are the
strong southeastelies along the Java-Sumatra coast
during June-July-August (JJA) and September—
October-November (SON), which act to promote
coastal upwelling during these seasons, and the
aforementioned weak equatorial westerlies that drive
an eastward Wyrtki jet and shut off upwelling along
the Java—-Sumatra coast during December—January—
February (DJF). The strong southwesterly Somali jet
during JJA also induces oceanic upwelling off of the
African and Arabian coasts, producing cold SSTs and
suppressed rainfall. A model deficiency is the lack of
westerlies north of the equator in the transition seasons
[March-April-May (MAM) and SON; e.g., Hastenrath
and Lamb 1979]. This deficiency, which is reflected in
the weaker-than-observed slope of the equatorial ther-
mocline, presumably stems from the lack of oceanic
rainfall to the north of the equator in the eastern Indian
Ocean at these times.

Figures 3a,b show the annual cycle of SST averaged

, with zero contours suppressed. Shading denotes rainfall exceeding 8 mm day .

1

about 5°S in the Indian Ocean, which is the latitude
where the strongest SST anomalies in the east are
observed to occur (e.g., Saji et al. 1999), and where
strong ocean—-atmosphere coupling is likely to occur.
The model is compared to observations that are de-
rived from the Hadley Center-developed Global Sea
Ice Coverage and Sea Surface Temperature dataset
(HadISST; Rayner et al. 2003) for the 50-yr period of
1949-98. The amplitude (order 1 K) and phasing of the
annual cycle are well simulated. The coldest part of the
year (June-October) coincides with maximum south-
easterly trade winds, and the warmest part of the year
(January—April) coincides with monsoonal westerly
surface winds.

The annual cycle of SST in the equatorial Pacific,
which is often of the wrong phase and is too weak in
non-flux-corrected coupled climate models (e.g.,
AchutaRao and Sperber 2002), is reasonably simulated
(Figs. 3c,d). In particular, the dominance of the annual
harmonic, and its amplitude (order 2 K), phasing (cold-
est SST in the eastern Pacific in September), and west-
ward phase progression are well captured. However,
the annual cycle is too late in the east, which may delay
the initial development of El Nifio, because El Nifio can
be viewed as an amplification of the annual cycle (e.g.,
Rasmusson and Carpenter 1982). And, the annual cycle
is too strong in the western Pacific, which is related to
the westward extension of the cold tongue. Overall,







































