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Observational studies have shown that the Asian-
Australasian monsoon system exhibits variability over
a wide-range of space and time scales. These varia-
tions range from intraseasonal (20-40 days), annual,
biennial (about 2 years), longer term interannual (3-5
years) and interdecadal. Despite this range of variabil-
ity, the South Asian monsoon (at least as described by
Indian precipitation) exhibits a smaller range of vari-
ability during its summer pluvial phase than variabil-
ity exhibited in other climate systems of the tropics.
For example, drought or flood rarely extend to multiple
years, with rainfall oscillating biennially from slightly
above average to slightly below average precipitation.

We argue that variability of the monsoon is regu-
lated by negative feedbacks between the ocean and the
atmosphere. The annual cycle of the heat balance of
the Indian Ocean is such that there is an ocean heat
transport from the summer hemisphere from the sum-
mer hemisphere resulting principally from wind-driven
Ekman transport. Given the configuration of the low-
level monsoon winds, the Ekman transport is in the op-
posite sense to the lower tropospheric divergent wind.
The cross-equatorial ocean heat transport is large with
amplitudes varying between +2 PW (northward) in
winter and -2 PW (southward) in summer compen-
sting, almost exactl;y, an atmospheric heat flux of —
2PW and +2PW, resepctively. Thus, the wind-induced
heat transport works to cool the ocean of the sum-
mer hemisphere upper ocean while warming the winter
hemisphere. Similar regulation occurs on interannual
time scales. For example, during anomalously strong
northern hemisphere monsoon summers (typically a La
Nina), strong winds induce a stronger than average
southward flux of heat. When the monsoon is weak
(typically an El Nino), the wind-driven ocean heat flux
is reduced. In this manner, the monsoon regulates it-
self by reducing summer hemisphere sea-surface tem-
peratures during strong monsoon years and increasing
it during weak years. In this manner, the monsoon is
self regulating.

It is noted, however, that the ocean heat transport
theory of monsoon regulation does not necessarily al-
low heat anomalies to persist from one year to the next.
Furthermore, the theory does not include the Indian
ocean dipole as a dynamic entity. Finally, we develop a
more general theory in which the slow dynamics of the
dipole are integral components of a sequence of pro-
cesses that regulate the monsoon, thus minimizing rad-
ical year to year departures of the monsoon from cli-
matology.
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A unique open-ocean upwelling exists in the trop-
ical South Indian Ocean (SIO), a result of the nega-
tive wind curl between the southeasterly trades and
equatorial westerlies, raising the thermocline in the
west. Analysis of in-situ measurements and a model-
assimilated dataset reveals a strong influence of sub-
surface thermocline variability on sea surface temper-
ature (SST) in this upwelling zone. El Nino/Southern
Oscillation (ENSO) is found to be the dominant forc-
ing for the SIO thermocline variability, with SST vari-
ability off Sumatra also making a significant contribu-
tion. When either an El Nino or Sumatra cooling event
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takes place, anomalous easterlies appear in the equa-
torial Indian Ocean, forcing a westward-propagating
downwelling Rossby wave in the SIO. In phase with
this dynamic Rossby wave, there is a pronounced co-
propagation of SST. Moreover, a positive precipitation
anomaly is found over, or just to the south of, the
Rossby wave-induced positive SST anomaly, resulting
in a cyclonic circulation in the surface wind field that
appears to feedback onto the SST anomaly. Finally,
this downwelling Rossby wave also increases tropical
cyclone activity in the SIO through its SST effect.
This coupled Rossby wave thus offers potential pre-
dictability for SST and tropical cyclones in the west-
ern SIO. Our results suggest that models that allow for
the existence of upwelling and Rossby-wave dynamics
will have better seasonal forecasts than ones that use a
slab ocean mixed layer. Our lagged-correlation analy-
sis shows that SST anomalies off Java tend to precede
those off Sumatra by a season, a time lead that may
further increase the Indian Ocean predictability.

URL: http://iprc.soest.hawaii.edu/ xie
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The interannual variability of the tropical Indian
Ocean sea surface temperature (SST) is studied with
observational data and a hierarchy of coupled general
circulation models (CGCMs). Special attention is given
to the question whether an oscillatory dipole mode ex-
ists in the tropical Indian Ocean region with centers
east and west of 80°E. Our observational analyses in-
dicate that dipole-like variability can be explained as
an oscillatory mode only in the context of ENSO (El
Nifio/Southern Oscillation).

A dipole-like structure in the SST anomalies inde-
pendent of ENSO was found also. Our series of cou-
pled model experiments shows that ocean dynamics is
not important to this type of dipole-like SST variabil-
ity. It is forced by surface heat flux anomalies that are
integrated by the thermal inertia of the oceanic mixed
layer, which reddens the SST spectrum.
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The Indian Ocean Dipole (IOD) and the EI
Nio/Southern Oscillation (ENSO) have complementar-
ily influenced the Indian Summer Monsoon Rainfall
(ISMR) during the last four decades of the twentieth
century. Whenever the ENSO-ISMR correlation is low
(high), the IOD-ISMR correlation is high (low). Our
study shows that the Indian Ocean Dipole caused the
recent decline in the ENSO-ISMR correlation. We con-
clude, from the analysis of the observed data (1958-
1997) and from the AGCM sensitivity studies, that the
ENSO-induced anomalous circulation over the Indian
region is either countered or supported by the IOD-
induced anomalous meridional circulation cell, depend-
ing upon the phase and amplitude of the two major
tropical phenomena in the Indo-Pacific sector.
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The links between Indian Ocean variability and EI
Nifio-Southern Oscillation (ENSO) variability in the
Pacific are studied using a coupled atmosphere-ocean
general circulation model. A 200 year reference run
of the model (SINTEX: ECHAM-ORCA, Gualdi et al.,
2001) exhibits a reasonable ENSO cycle in the Pacific,
and Indian Ocean variability that has features similar
to the ‘dipole mode’ (Saji et al., 1999, Nature). The
development of cold SST anomalies along the coast of
Sumatra in the southeastern tropical Indian Ocean (SE-
TIO) is accompanied by anomalous easterly winds, as-
sociated with warm anomalies to the west, and strongly
tied to the seasonal cycle.

A statistical analysis of the reference run reveals
some modes of variability in the Indian Ocean that are
tightly linked with the model ENSO cycle, and some
that appear to have greater independence. The dom-
inant non-homogeneous mode of variability of Indian
Ocean SST, a zonal equatorial mode with opposing SST
anomalies in the east and west, has strong links with
ENSO. Variability of the cold pole in the SETIO has
greater independence from ENSO variability. The ref-
erence run generally has stronger zonal Walker-type cir-
culations than observed.

In order to study the intrinsic variability of coupled
phenomena in the Indian Ocean, a novel experiment
is undertaken with the coupled model, with tropical
Pacific wind stresses felt by the ocean constrained to
a mean seasonal cycle. The variability of the Indian
Ocean, without the influence of ENSO, is then isolated
in the model, and investigated. This is a first step to-
wards an understanding of how ENSO events affect the
interannual variability of the Indian Ocean, and what
natural variability is intrinsic to the coupled system in-
volving the Indian Ocean.
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A long and consistent atmosphere and ocean assim-
ilated analyses products have been diagnosed to eluci-
date possible physical mechanism through which ENSO
initiates the coupled air-sea interaction over the equa-
torial eastern Indian Ocean (EEIO).

The main conclusion emerges from the present work
is that the Indian Ocean has its own coupled mode
of variability that is weak on its own but grows un-
der the influence of external forcings. There exists a
time window (boreal spring/early summer) in the an-
nual cycle of convection and thermocline depth over
the EEIO and Indonesian Throughflow (ITF), during
which the ocean-atmosphere system is relatively fragile
and susceptible to external forcings. In the majority of
the events examined in the present study, El Nino like
conditions in the western Pacific emerge as a potential
candidate to initiate air-sea interaction in the EEIO,
through both atmospheric and oceanic links.
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The strongest El Nino-Southern Oscillation (ENSO)

event of the last century was accompanied by anoma-
lous conditions in the Indian Ocean which had historic
regional climatic impacts. The debate continues about
whether these zonal modes in the Indian Ocean (I0ZM)
need an external trigger or can be initiated internally
within the Indian Ocean. An ocean GCM coupled to
an advective atmospheric mixed layer model and forced
with NCEP reanalyses winds for the period of 1949-
2001 is employed to analyze each IOZM event to under-
stand their preconditioning, onset, and growth phases
with respect to ENSO events. The composite analyses
of the weak, strong, and aborted IOZM events clearly
demonstrate that the atmospheric circulation changes
associated with the onset of ENSO events in the Pacific
are crucial for triggering the initial anomalous cooling
off Java after which the coupled IOZM events can grow.
The MJO activity and the Indonesian throughflow also
play crucial roles not only in preconditioning the Indian
Ocean but also in the growth phase. The ENSO-IOZM
interactions underwent interdecadal changes centered
around 1976, the well known climate shift. The details
of the intercomparisons of the IOZM events and the
mechanism of the ENSO trigger for each event is pre-
sented including the role of the 1976 shift on IOZM.
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The fundamental physical processes that give rise
to El Nino-Southern Oscillation (ENSO) are believed
to be within the tropical Pacific. However, climate fea-
tures external to the tropical Pacific may be capable of
affecting ENSO behaviors. In this study, we perform
experiments with a coupled atmosphere-ocean GCM
(CGCM) to examine the roles of the Indian Ocean-
Monsoon system in the decadal modulation of ENSO.
In the control simulation, the oceanic component of the
CGCM includes only the tropical Pacific Ocean (i.e.,
the Pacific Run). In the second CGCM simulation,
both the Indian and Pacific Oceans are included in the
ocean model component (i.e., the Indo-Pacific Run).
Our CGCM experiments show that the Indian
Ocean-Monsoon system can modulate the amplitude
and frequency of ENSO and produce interdecadal
ENSO variations. The strong and weak ENSO decades
are very different in their thermocline depths and
‘Walker circulation strengths. In this talk, we will ex-
amine the major differences between the strong and
weak ENSO decades in their atmospheric and oceanic
mean states. Focus will be placed on the relative im-
portance of the Indonesian throughflow and Asian Mon-
soon variation in allowing the Indian Ocean to affect
decadal ENSO variations.
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The influence of anomalous conditions in the trop-
ical Indo-Pacific region on the interannual variabil-
ity in the tropical Indian Ocean is investigated both
in observations and a series of numerical simulations.
The simulations have been carried out with a coupled
atmosphere-ocean model at different resolutions and an
ocean only general circulation model which appear to
reproduce realistic modes of variability of the tropical
oceans. Evidence of significant correlations between
wind anomalies in the Indonesian throughflow region
and sea surface temperature anomalies in the tropical
Indian and Pacific Oceans have been found both in ob-
servations and simulations. Our studies suggest a pos-
sible role of the Indo-Pacific region in the onset of in-
terannual variability in both the tropical Indian and
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Pacific Oceans. The role of air-sea coupled processes
and upper ocean dynamics on the evolution of the In-

dian Ocean interannual varibility is also investigated.
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Coupled model experiments are used to investigate
Indian Ocean SST wvariability associated with ENSO
via an ”atmospheric bridge”. An ensemble of 16 atmo-
spheric general circulation model (AGCM) simulations
are performed in which observed SSTs are specified in
the central and eastern tropical Pacific Ocean over the
period 1950-1999. The remainder of the global oceans
are simulated using a grid of 1-dimensional mixed layer
models

Composites of SST and surface fluxes for warm and
cold ENSO events for the period 1950-1999 are formed.
The coupled model simulates some aspects of the ob-
served Indian Ocean SST anomalies associated with
ENSO including the basin-wide warming and develop-
ment of a zonal dipole structure in Northern autumn.
Surface flux anomalies associated with ENSO in the
eastern tropical Indian Ocean agree with NCEP reanal-
ysis fluxes reasonably well. AGCM and coupled model
experiments suggest that a large portion of surface flux
amomalies in the eastern tropical Indian Ocean associ-
ated with ENSO is remotely forced by the SST varia-
tion in the eastern tropical Pacific. The remotely forced
SST in the eastern tropical Indian Ocean significantly
contributes to the dipole variation.
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The roles of rainfall and high frequency wind
on the interannual variability of the Indian Ocean-
Atmosphere Climate are examined with data (XBT
temperature profiles, TOPEX sea level, AVHRR SST,
FSU or Quickscat wind stress, and GEWEX rainfall)
and a nonlinear reduced-gravity thermodynamic model
forced by observed atmospheric conditions. In the con-
trol run (CR), the ocean is forced with FSU interan-
nual monthly winds over 1980-2000 and climatological
monthly rainfalls. In experiment R, wind remains un-
changed, but rainfall is prescribed to their interannual
monthly values observed over 1980-2000. Results show
that the interannual anomaly in salinity-rainfall has a
major impact on the surface and subsurface tempera-
ture distribution. The simulated SST in experiment R
is in much better agreement with the observed SST.
However, the amplitude of SST anomalies is smaller
than the observed. One possible explanation is that
the monthly averaging of wind and rainfall is inappro-
priate. This possibility is examined over 1999-2000 by
experiments Q and RQ, where the daily wind variability
observed by Quickscat is superimposed on FSU monthly
average of experiments CR and R. Because of the non-
linear nature of the mixing induced by wind and rain-
fall, this study highlights the role of high-frequency
processes in the Indian Ocean climate.
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An anomalous climate event occurred in 1997 in

the Indian Ocean with severe consequences for the sur-
In response to an inten-
sification of the trade winds, a westward gradient of

rounding continental arcas.

SST and an anomalous reversal of the eastward sur-
face currents with peak velocity anomalies exceeding 1
m/s were evident in the boreal autumn. A similar but
weaker event took place in 1994. In this study we exam-
ine the observational record during the 1990s including
surface drifter velocities, SST and altimeter sea level to
confirm these dramatic changes. We examine the key
momentum balance between wind-induced momentum
flux and the pressure gradient force as well as the im-
portant role of horizontal temperature advection in the
mixed layer heat response.

URL: http://www.meto.umd.edu/ senya/HTML /io_
vel/io_vel.html
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Recent observational and modeling studies on the
Pacific low-latitude western boundary currents and
their connection to the Indian Ocean are reviewed. The
topics include the water mass characteristics, the cur-
rent structure and their effects on the global thermo-
haline circulation, determination of the currents using
inverse method and numerical modeling.
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The seasonal and interannual variabilities of the
New Guinea Coastal Current (NGCC) and the New
Guinea Coastal Undercurrent (NGCUC) were exam-
ined based on the 3-5 year-long time series of cur-
rent data from subsurface ADCP moorings and hydro-
graphic data from the ship. The change of the Antarc-
tic Intermediate Water (AAIW) was also discussed. As
seasonal reversal of the surface NGCC was clearly ob-
served. In boreal summer characterized by the south-
easterly monsoon, northwestward current was dominant
in the surface layer. At that time, the warm low-
salinity layer thickened and sloped down toward the
New Guinea coast from the equator. That surface water
accumulation may be caused by onshore Ekman drift
at the New Guinea coast, combined with weak Ekman
upwelling at the equator. In the boreal winter, south-
eastward surface current developed extending down to
100 m depth in response to the northwesterly monsoon.
Coastal upwelling was indicated in that season and the
surface water accumulated at the equator due to Ek-
man convergence. Year-around northwestward NGCUC
whose core speed was about 60 cm/s was observed
around 200 m depth, and apparently intensified in bo-
real summer. The characteristics of the AATW around
sigma-theta = 27.2 in that region also varied seasonally,
as the temperature and salinity of the AAIW in boreal
summer were lower than those in boreal winter. The
water mass change was consistent with the variability
of the NGCUC, as the intensified NGCUC in boreal
summer could advect much volume of the AAIW from
the source region. The seasonal change of the NGCUC
was mainly induced by basin scale wind change. It was
because the time series of volume transport at the west-
ern boundary, which were estimated from Sveldrup flow
based on the basin scale wind field, correlated highly
with the time series of depth averaged NGCUC. The
most significant feature in the ENSO time scale was
that the reversal of surface current disappeared in the
boreal winter from late 1997 to early 1998 in the height
of the strongest El Nino on record, and the southwest-
ward current from surface to the NGCUC core depth
dominated. The NGCUC core depth coincided with
the salinity maximum layer of the south Pacific tropical
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