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ABSTRACT

Sea surface temperature observations in the eastern equatorial Indian Ocean (EEIO) during the period
1950–2003 indicate that Indian Ocean dipole/zonal mode (IODZM) events are strong in two decades,
namely, the 1960s and 1990s. Atmospheric reanalysis products in conjunction with output from an ocean
model are examined to investigate the possible reason for the occurrence of strong IODZM events in these
two decades. Specifically, the hypothesis that the mean thermocline in the EEIO is raised or lowered
depending on the phase of Pacific decadal variability (PDV), preconditioning the EEIO to favor stronger
or weaker IODZM activity, is examined. Diagnostics reveal that the EEIO is preconditioned by the
traditional PDV signal (SVD1 of SST), deepening or shoaling the thermocline off south Java through its
influence on the Indonesian Throughflow (ITF; oceanic teleconnection), and by residual decadal variability
in the western and central Pacific (SVD2 of SST) that changes the equatorial winds over the Indian Ocean
(atmospheric teleconnection). Both effects produce a background state that is either favorable or unfavor-
able for the thermocline–mixed layer interactions, and hence for the excitation of strong IODZM events.
Collectively, SVD1 and SVD2 are referred to as PDV here.

This hypothesis is tested with a suite of ocean model experiments. First, two runs are carried out, forced
by climatological winds to which idealized easterly or westerly winds are added only over the equatorial
Indian Ocean. As might be expected, in the easterly (westerly) run a shallower (deeper) thermocline is
obtained over the EEIO. Then, observed winds from individual years are used to force the model. In these
runs, anomalously cool SST in the EEIO develops only during decades when the thermocline is anoma-
lously shallow, allowing entrainment of colder waters into the mixed layer.

Since 1999 the PDV phase has changed, and consistent with this hypothesis the depth of the mean
thermocline in the EEIO has been increasing. As a consequence, no IODZM developed during the El Niño
of 2002, and only a weak cooling event occurred during the summer of 2003. This hypothesis likely also
explains why some strong IODZM events occur in the absence of ENSO forcing, provided that PDV has
preconditioned the EEIO thermocline to be anomalously shallow.

1. Introduction

a. Background

Recent studies point toward the existence of a natu-
ral mode of climate variability in the Indian Ocean,

known either as the Indian Ocean dipole/zonal mode
(IODZM; Reverdin et al. 1986; Murtugudde et al.
1998b; Saji et al. 1999; Webster et al. 1999; Behera et
al. 1999; Murtugudde and Busalacchi 1999; Yu and
Rienecker 1999, 2000). As part of this mode, sea sur-
face temperature (SST) in the eastern equatorial Indian
Ocean (EEIO; in the neighborhood of 10°S–0°, 90°–
110°E) becomes anomalously cool during boreal sum-
mer and fall, weakening the overlying precipitation; this
change in atmospheric heating forces an anticyclone in
the lower atmosphere over the southeastern Indian
Ocean as a Rossby wave response (e.g., Annamalai et
al. 2003). The resulting winds increase upwelling off
Sumatra and substantially alter the near-equatorial oce-
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anic thermal structure and circulation (e.g., Reppin et
al. 1999; Vinaychandran et al. 1999; Murtugudde et al.
2000). As a result, there is significant correlation be-
tween SST and thermocline variation off Java and
Sumatra during boreal summer and fall (e.g., Murtu-
gudde et al. 1998b). All these changes are indicative of
positive feedback between the atmosphere and the
ocean in the equatorial Indian Ocean, in a manner simi-
lar to that proposed for the equatorial Pacific by
Bjerknes (1969).

As a measure of the IODZM, Fig. 1a plots the inter-
annual SST anomalies during June–November aver-
aged over the region 10°S–0°, 90°–110°E, as determined
from Reynolds and Smith (1994; Fig. 1a), Smith and
Reynolds (200; Fig. 1b), and the Hadley Centre inter-
polated SST (HadISST) dataset of Rayner et al. (2003;

Fig. 1c; details of the data are given in section 2). The
three SST indices show that during the last four–five
decades, almost all of the strong IODZM events with
amplitudes close to or greater than one standard devia-
tion occurred during the 1960s and 1990s, the sole ex-
ception being the 1982 event. (For convenience,
throughout the paper we refer to the period 1960–69 as
the 1960s, 1970–77 as the 1970s, 1980–89 as the 1980s,
and 1990–97 as the 1990s). Typically, strong events are
prominent in the decades of the 1960s and 1990s, and
they are weak or quiescent at other times.

b. Influence of PDV

An obvious question that emerges from Fig. 1 is what
causes the preference of strong IODZM events in cer-
tain decades? A possibility explored in this paper is that

FIG. 1. Interannual SST anomalies (in std dev) over the EEIO (10°S–0°, 90°–110°E) aver-
aged during Jun–Nov from three different SST products: (a) Reynolds and Smith (1994), (b)
Smith and Reynolds (2004), and (c) HadISST of Rayner et al. (2003). The dotted horizontal
lines correspond to 1.0 std dev.
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such occurrences result from forcing by Pacific decadal
variability (PDV), through its influence on the depth of
the EEIO thermocline. PDV has a time scale of about
20–30 yr, and the transitions between its opposite
phases have been interpreted as regime shifts in the
mean state of the climate system (e.g., Nitta and Ya-
mada 1989; Latif and Barnett 1994; Nakamura et al.
1997; Solomon et al. 2003). Over the period 1950–2003,
notable regime shifts in the North Pacific occurred dur-
ing 1957–58, 1976–77, 1989–90 (Hare and Mantua
2000), and 1998–99 (McPhaden and Zhang 2004), with
the 1976–77 climate shift receiving the most attention
due to its impact on the North Pacific climate and eco-
system (Nakamura and Yamagata 1999; Hare and Man-
tua 2000; Schneider et al. 2002).

Many recent studies suggest a strong linkage between
the Tropics and North Pacific at decadal time scales.
Zhang et al. (1997) note that the decadal wind anoma-
lies in the equatorial western-central Pacific resemble
those of the interannual ENSO mode, and referred to it
as “ENSO-like” decadal variability. From an extensive
analysis of SST, rainfall, cloudiness, and sea level data
for the period (1900–97), Deser et al. (2004) conclude
that interdecadal variability of all these variables in the
tropical Indo-Pacific region exhibits high coherency
with sea level pressure over the North Pacific.

c. Present study

So far, nearly all studies that address the link be-
tween IODZM events and Pacific variability have fo-
cused on the relationship, or lack thereof, between
IODZM and ENSO (e.g., Alan et al. 2001; Xie et al.
2002; Hastenrath 2002; Krishnamurthy and Kirtman
2003; Yamagata et al. 2003). By contrast in the present
study, we investigate the importance of decadal vari-
ability in the North Pacific and in the western Pacific
warm pool on the preference of strong IODZM events
in certain decades. For this purpose, we utilize analyses
of atmospheric reanalysis products and solutions to an
ocean model. To elucidate the origin of the decadal
wind anomalies over the equatorial Indian Ocean, we
seek solutions from a simple atmospheric model.

Our main conclusions are that, depending on its
phase, the traditional PDV signal derived from singular
value decomposition (SVD1) of SST shoals (deepens)
the thermocline off south Java through its influence on
the Indonesian Throughflow (ITF; oceanic teleconnec-
tion) and that residual decadal variability captured by
SVD2 of SST in the western and central Pacific pre-
conditions the EEIO thermocline through changes in
the equatorial winds over the Indian Ocean (atmo-
spheric teleconnection). Both effects provide a back-
ground state that is either favorable or unfavorable for

upwelling of cooler subsurface water, and hence the
excitation of strong IODZM events. Of the two pro-
cesses, however, the contribution from the atmospheric
teleconnection is much stronger, and it is therefore
given more emphasis in the present study. Since 1999
the phase of PDV has changed, and, consistent with our
hypothesis, the EEIO mean thermocline has been
deepening; as a consequence, no IODZM developed
during the El Niño of 2002 and only a weak cooling
event occurred during the summer of 2003.

The paper is organized as follows. Section 2 describes
the data and the models used. Section 3 defines our
measure of PDV and determines its influence on EEIO
preconditioning. Section 4 examines the effects of
EEIO preconditioning under a range of interannual
forcings and discusses the validity of our hypothesis in
the context of the tropical Indo-Pacific status during
2002 and 2003. Section 5 summarizes our conclusions.

2. Data and model

a. Data

Most of the data used in our study are taken from
the National Centers for Environmental Prediction–
National Center for Atmospheric Research (NCEP–
NCAR) renalyses products for the period 1950–2003
(Kalnay et al. 1996). The SST for the analysis period is
taken from Reynolds and Smith (1994). To assess the
robustness, we also used the new extended reconstruc-
tion SST of Smith and Reynolds (2004) and the Had-
ISST of Rayner et al. (2003). The data from Smith and
Reynolds (2004) uses the most recently available Com-
prehensive Ocean–Atmosphere Data Set (COADS)
SST data and improved statistical methods that allow
stable reconstruction using sparse data. The HadISST is
reconstructed using a two-stage reduced space optimal
interpolation procedure, followed by superposition of
quality-improved gridded observations onto the recon-
structions to restore local detail.

Various diagnostic studies have assessed the quality
of atmospheric reanalyses in the Tropics, showing that
the divergent part of the wind is strongly influenced by
model heating (e.g., Annamalai et al. 1999). Recently,
Kinter et al. (2004) attributed interdecadal changes in
the divergent wind field in the NCEP–NCAR reanaly-
sis to changes in the observing system and assimilation
procedures. Since our focus is on decadal time scales,
we compare the results from the NCEP–NCAR re-
analysis with those from the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) 40-yr Re-
Analysis (ERA-40), which is the most recent compre-
hensive analysis and the first to provide an alternative
to NCEP–NCAR reanalysis prior to 1979 (Simmons et
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al. 2004). ERA-40 is available from September 1957 to
August 2002 and more details can be found in Simmons
et al. (2004).

Additionally, we use the thermocline depth informa-
tion from the new ocean reanalysis product, the Simple
Ocean Data Assimilation (SODA) Parallel Ocean Pro-
gram (POP). The major change that distinguishes this
reanalysis from previous SODA efforts is that the
ocean model has changed, and is now at a much higher
resolution. Briefly, the ocean model used is an inter-
mediate resolution version of the POP code developed
at the Los Alamos National Laboratories. The model’s
spatial domain is global in extent, with a grid that has a
resolution of 0.4° of longitude and 0.28° of latitude. The
model has 40 vertical levels, which vary in depth from
10 m at the surface to 250 m in the deep ocean. The
model is forced with daily averaged winds from ERA-
40 reanalysis spanning the period from January 1958 to
2001. Surface freshwater flux for the period 1979–2001
is provided by a combination of Global Precipitation
Climatology Project monthly merged product com-
bined with evaporation obtained from bulk formula.
Bulk formulas are also used for the surface heat flux.
SST is assimilated from observations (not a relaxation).
Details of the reanalysis are provided in an upcoming
article by J. A. Carton and B. S. Giese (2005, personal
communication).

b. Models

1) OCEAN MODEL

The model ocean is a reduced-gravity, primitive equa-
tion, sigma-coordinate model coupled to an advective at-
mospheric mixed-layer model (Chen et al. 1994). The
model domain extends over the Indo-Pacific region:
55°S–45°N, 30°E–70°W. The horizontal resolution is 0.3°
within 10°S–10°N increasing up to 0.75° at 50°S and 45°N.
The longitudinal resolution is uniform at 0.5° while the
vertical resolution is of the order of 2 m below the mixed
layer increasing up to 10 at 100 m. There are 25 sigma
layers in the vertical with five layers in the top 10 m. The
bottom of the active layers typically extends to about
1500 m in the Tropics. Surface heat fluxes are computed
from the atmospheric mixed layer using model SST,
with specified Earth Radiation Budget Experiment
(ERBE) solar radiation, International Satellite Cloud
Climatology Project (ISCCP) cloudiness, and Xie and
Arkin (1996) precipitation; due to the lack of reliable long
time series, we specify climatological monthly-mean val-
ues for these variables. Open boundaries in the north and
south are relaxed to Levitus and Boyer (1994) climato-
logical temperature and salinity profiles over a 5° sponge
layer. We note that the model has already been success-

fully used in a number of applications similar to ours.
For example, it simulates well the seasonal-to-
interannual variability of the ITF (Murtugudde et al.
1998a) and SST in the tropical Indian and Pacific
Oceans (Murtugudde et al. 2000; Hackert et al. 2001).

A key model diagnostic is thermocline depth, h(x, y,
t), which we measure by the position of the 24°C iso-
therm, a typical value for the upper thermocline in the
EEIO. As indicated by vertical modes of variability for
propagating waves in the region, this isotherm is more
representative of upper-ocean variations than midther-
mocline ones (Potemra et al. 2003). Moreover, its ver-
tical motions measure the upwelling of cold water into
the mixed layer more accurately than the 20°C iso-
therm, which is typically used to measure thermocline-
depth variations in other regions.

Table 1 lists the experiments that we report and their
respective wind forcings. The model was initially “spun
up” for 45 yr with climatological, daily wind stress from
the NCEP–NCAR reanalysis (control or CTL run).
The “interannual” run (INT) was initialized by the spun
up run and forced with interannually varying, daily
mean, NCEP reanalysis winds. Thus, the interannual
variability in INT is driven by interannual wind stresses,
which in turn affect the latent and sensible heat fluxes
through their influence on wind speed, and these forc-
ings generate realistic SST anomalies in both oceans.
The other test runs are extensions forced by climato-
logical winds plus specified anomalies described below.
Since the model is spun up for 40 yr with climatological
winds it has no spinup or cold-start problems to im-
posed anomalies.

2) SIMPLE LINEAR ATMOSPHERIC MODEL

The model used here, which we refer to as the linear
baroclinic model (LBM), is described in detail in Wa-

TABLE 1. A list of the ocean model experiments discussed in
the text.

Expts Forcing
Time
(yr)

INT NCEP winds 52
CTL Climate NCEP winds 45
EAST CTL � Indian Ocean easterlies 5
WEST CTL � Indian Ocean westerlies 5
EAST97 EAST, then 1997 winds 1
WEST97 WEST, then 1997 winds 1
CTL97 CTL, then 1997 winds 1
EAST61 EAST, then 1961 winds 1
WEST61 WEST, then 1961 winds 1
EAST96 EAST, then 1996 winds 1
WEST96 WEST, then 1996 winds 1
EAST57 EAST, then 57 winds 1
WEST57 WEST, then 57 winds 1
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tanabe and Kimoto (2000) and Watanabe and Jin
(2003). It is a global, time-dependent, primitive equa-
tion model, linearized about the observed climatology
derived from NCEP–NCAR reanalysis. Its horizontal
resolution has triangular truncation 42 and there are 20
vertical levels in sigma coordinates. The model employs
diffusion, Rayleigh friction, and Newtonian damping
with a time scale of (1 day)�1 for � � 0.9 and � � 0.03,
while (30 day)�1 is used elsewhere. The surface heat
fluxes due to imposed SST anomalies and cumulus con-
vection (Betts and Miller 1986) are parameterized, and
a linearized moisture equation for the perturbation spe-
cific humidity is incorporated into the model. More de-
tails can be found in Watanabe and Jin (2003). In the
LBM, the steady-state response may depend on the
mean state about which linearization is sought (e.g.,
Gill 1980). Due to the decadal time scale nature of the
signals, linearization about the annual-mean climatol-
ogy is considered. The LBM is integrated for 30 days,
and, with the dissipation terms adopted, the tropical
response approaches a steady state after day 10. The
response at day 20 is analyzed.

c. Data processing

In the data and ocean model analyses reported here,
monthly-mean climatologies are first calculated for the
study period and anomalies are departures from them.
Unless specified otherwise, decadal variability (periods
�8 yr) is separated from interannual variability (16
months to 8 yr) through harmonic analysis, in order to
investigate possible links between the two time scales.
It should be stressed here that since we have filtered
out interannual variability, the decadal component is
not contaminated by interannual IODZM events and
therefore accounts for the slow variation in the climate
system. Similar interpretations of this “linear” indepen-
dency between interannual and decadal ENSO-like
variability have been done in past studies (e.g., Pierce
et al. 2000).

3. Preconditioning of the EEIO thermocline

In this section, we report several analyses that relate
PDV to decadal variability in the Indo-Pacific Tropics.
First, we perform a SVD analysis on decadal SST, sur-
face winds, and h from solution INT (section 3a) which
identifies the importance of decadal signals from the
Pacific in preconditioning the EEIO thermocline. Next,
we construct a measure of EEIO preconditioning, I,
based on h (section 3b). Then, we force the LBM with
SST patterns obtained from the SVD analysis to con-
firm the role of Pacific SST in forcing equatorial wind

anomalies over the Indian Ocean (section 3c). Finally,
we force the ocean model with idealized wind stress
anomaly patterns over the equatorial Indian Ocean to
create the EEIO preconditioning (section 3d).

a. SVD analysis

SVD is a fundamental matrix operation, a general-
ization of the diagonalization method that is performed
in principal component (PC) analysis to matrices that
are not square or symmetric. A unique benefit is that
SVD of a cross-covariance matrix identifies, say from
two data fields, pairs of spatial patterns that explain as
much as possible of the mean-squared temporal covari-
ance between the two fields. More details of the
method are in Bretherton et al. (1992). In the present
study, we have used three variables and the cross-
covariance terms among them are given as input to
the SVD analysis. To verify the results shown below,
we carried out separate SVD analysis where cross-
covariance terms between pairs of variables (viz., SST
and surface winds, SST and h, and surface winds and h)
are given as input, and the results (not shown) remain
consistent with the ones discussed below.

1) SVD RESULTS FROM PACIFIC SSTA

Figures 2–4 show the spatial structures and PCs of
the first two SVDs determined from low-pass-filtered
(periods �8 yr) SST data over the region (20°S–60°N,
120°E–80°W), surface winds over the Indo-Pacific
Tropics (30°S–30°N, 40°E–80°W), and h over the tropi-
cal Indian Ocean (20°S–20°N, 55°–120°E). The eigen-
values of the first two SVD are well separated from
higher-order patterns.

The SST spatial pattern of SVD1 (Fig. 2a) closely
resembles the PDV in the North Pacific and ENSO-like
decadal variability in the tropical Pacific that has been
identified in many previous studies (e.g., Zhang et al.
1997; Nakamura et al. 1997; Pierce et al. 2000). The
associated surface wind variability (Fig. 2b) in the Pa-
cific depicts weakening of the easterly trade winds with
a fair degree of equatorial symmetry, implying El
Niño–like conditions. Other notable features in Fig. 2b
include low-level divergence over the equatorial west
Pacific and enhanced easterly (westerly) wind anoma-
lies to the south of Sumatran coast (equatorial western
Indian Ocean). The covarying signal in h (Fig. 2c) in-
dicates a shallowing of the thermocline off south Java
(8°–14°S, 105°–120°E), and deepening in the entire
equatorial Indian Ocean, with a maximum in the west.
The associated time dependence, PC1 (Fig. 4a), under-
goes a prominent switch from negative-to-positive val-
ues during the 1976–77 climate shift. Apart from this
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