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Roles of Zonally Asymmetric Wind Forcing and Monsoonal Flow on
the Indian Ocean Dipole (IOD) Evolution
R. Krishnan and P. Swapna
Indian Institute of Tropical Meteorology, Pune, India.
Abstract
Numerical experiments using a regional Indian Ocean model and supplementary
data diagnostics are performed to understand the relative roles of the boreal summer
monsoon flow and the zonally asymmetric near-equatorial winds in affecting the ocean
response during IOD events. This study is motivated by the observation that several IOD
events have been accompanied by stronger-than-normal summer monsoon circulation
and enhanced precipitation over the Indian landmass. The present findings indicate that
an intensified summer monsoon circulation, with easterlies to the south of the equator,
can produce moderate upwelling in the south-eastern equatorial Indian Ocean and a
sub-surface cooling as much as -1.5oC. However the model simulations, when forced
solitarily by the monsoonal wind anomalies, fail to capture the anomalous thermocline
deepening and sub-surface warming in the western Indian Ocean thereby resulting in a
weak zonally asymmetric response.

Furthermore, the results lend credence which point to the importance of the
strong near-equatorial easterly wind forcing in sustaining the zonally asymmetric pattern
of oceanic anomalies in the course of the IOD evolution. Calculations based on a
Gill-type model reveal that the strengthening of near-equatorial easterly winds arises
from a superposition of free Kelvin and Rossby waves generated by the dipole-like
atmospheric heating. It is shown that this strong near-equatorial easterly wind forcing is
essential for effectively maintaining the zonally asymmetric oceanic response through
(a) westward propagation of heat-content anomalies (b) generation of anomalous
eastward equatorial undercurrents, by zonal pressure-gradients, which deliver cold
sub-surface water to the equatorial eastern Indian Ocean.

1. Introduction
Observational and modeling studies in the last decade have significantly
advanced our understanding of air-sea interactions in the tropical Indian Ocean
environment (Yamagata et al., 2004; Annamalai and Murtugudde, 2004). In particular,
the insights gained from the Indian Ocean Dipole (IOD) phenomenon have established
that the dynamics of the Indian Ocean circulation is vital in determining the regional
climate variability (Saji et al., 1999; Webster et al., 1999; Behera et al., 1999;
Vinayachandran et al., 1999; Murtugudde et al., 2000; Iizuka et al., 2000; Feng et al.
2001; Rao et al., 2002; Xie et al., 2002; Annamalai and Murtugudde, 2004, Yamagata et
al., 2004, Kripalani et al., 2005). An IOD episode is characterized by cold sea surface
temperature (SST) anomalies in the southeastern part of the tropical Indian Ocean off the
Coast of Sumatra; and warm SST anomalies in the western and central tropical Indian
Ocean. The SST cooling in the east is associated with enhanced surface easterlies which
generate an anomalously shallow thermocline, enhanced latent heat flux and upwelling
off the Sumatra-Java Coast; while the warm anomalies in the western Indian Ocean are
largely a result of deepened thermocline and reduced evaporation (Behera et al., 1999;
Annamalai et al., 2003; Feng and Meyers, 2003; Cai et al., 2005).
Thus the easterly wind anomalies maintain a negative east-west gradient of SST
anomalies along the equatorial Indian Ocean through a wind-thermocline feedback
(Bjerknes, 1969). In turn, the anomalous SST gradient reinforces the easterly wind
anomalies at the surface. This ocean-atmosphere coupling leads to sustenance of a
pattern of below-normal rainfall over the eastern part and above-normal rainfall over the
western part of the tropical Indian Ocean (Behera et al., 1999, Saji et al., 1999 and
Webster et al., 1999). The development of IOD events is strongly phase locked to the
seasonal cycle and the oceanic anomalies evolve through the boreal summer and attain
maximum amplitude during the autumn months. There have been three major IOD
events in the past 50 years - during 1961/62, 1993/94 and 1997/98 (Scott and McCreary,
2001).1 The spatial distribution of SST and wind anomalies based on the composite of
the 3 major IOD events (Fig.1a) shows a zonally asymmetric pattern of cold anomalies in
the south-eastern tropical Indian Ocean and warm anomalies in the central and western
tropical Indian Ocean. Anomalous easterly winds can be seen extending across the
Indian Ocean basin between 12oS – 5oN with strong southeasterly anomalies off the
Sumatra-Java Coast (Fig.1a).
Since the boreal summer climatological winds are southeasterly to the south of
the equator, the wind anomalies over the south-eastern tropical Indian Ocean in Fig.1a
basically indicate an intensification of the mean flow. Additionally, the strong
southwesterly wind anomalies to the north of 10oN over the Bay of Bengal and Arabian
Sea in Fig.1a indicate strengthening of the monsoon low-level flow. The composite of
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The emergence of an IOD event during 2006 has been recently reported (Luo, et al., 2006).
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rainfall anomaly for the June-September months (Fig.1b) shows enhancement of
monsoon precipitation over the Indian landmass, with maxima over the west coast and
head Bay of Bengal, and also over the western equatorial Indian Ocean. In fact, observed
rainfall records over India (http://www.tropmet.res.in) provide corroborative evidence
for anomalously wet summer monsoons during 1961 and 1994; while the monsoon
precipitation over India was near-normal in 1997 despite the incidence of a very strong
El Nino during that period. Behera et al., (1999) showed that enhancement of moisture
divergence from the southeastern tropical Indian Ocean, during IOD events, acts as a
moisture source which feeds the monsoon convection over the head Bay of Bengal and
the Indo-Gangetic plains. Slingo and Annamalai (2000) pointed out that the strong
suppression of convection over the equatorial eastern Indian Ocean (EEIO) and the
Maritime Continent by the intense El Nino of 1997 in fact altered the local monsoon
Hadley circulation in a manner as to favor above-normal precipitation over the Indian
landmass. Model simulation experiments indicate that the strengthening of the
monsoonal winds during an IOD episode can counteract and compensate the impact of
an ongoing El Nino on the Indian monsoon (Ashok et al., 2004).
While the intensified monsoonal flow during IOD events is known to induce
precipitation enhancement over the subcontinent (Behera et al., 1999; Ashok et al.,
2004), it is not clear if the monsoonal wind anomalies can actually influence the ocean
dynamics and shape the evolution of IOD events. In a recent study, Kulkarni et al.,
(2007) have noted that strong (weak) monsoons can favor the development of negative
(positive) dipole event in the autumn season. The role of the southwest monsoonal winds
in influencing the IOD has been examined using coupled model simulations by
Loschnigg et al., (2003). Their results suggested that strong monsoonal winds not only
increased upwelling along Somalia coast and Arabian Sea, but also reduced upwelling
along the coast of Sumatra, thereby resulting in west-to-east anomalous SST gradient.
They further hypothesized that such an SST gradient would lead to a negative IOD
through a positive feedback between the atmosphere and the ocean. While this
hypothesis is plausible, it must be mentioned that the above relationship between
monsoon and IOD has weakened after 1960’s (Kulkarni et al., 2007). In fact, the positive
dipole events of 1961, 1994 and 1997 have occurred when the South Asian summer
monsoon was quite strong (Behera et al., 1999; Ashok et al., 2004); while the northeast
monsoon rainfall over peninsular India generally tends to be above normal during
positive IOD events (Kripalani and Pankaj Kumar, 2004).
Furthermore, the results of Loschnigg et al., (2003) were based on model
simulations. State-of-art GCMs are known to have major problems in simulating the
mean monsoon rainfall over the Indian region and its variability (Gadgil and Sajani,
1998; Krishnamurti et al., 2002; Palmer et al., 2004). Systematic errors in the mean
monsoon rainfall and wind simulations are also evident in the coupled model
simulations of Loschnigg et al., (2003). The mean summer monsoon rainfall in their
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simulation (their Fig.1c) shows very little rain over the Indian landmass; while heavy
precipitation occurs over the equatorial Indian Ocean. The rainfall bias in their
simulations is consistently reflected in the low-level winds which show strong westerlies
over the near-equatorial Indian Ocean (see their Fig.2c). Such model biases introduce
unrealistic variability particularly in coupled model simulations (Krishnamurti et al.,
2002; Palmer et al., 2004), and thereby warrants the need for exercising great caution in
interpreting the coupled model simulations of the Indian Ocean variability.
In fact, Susanto et al., (2001) pointed out that upwelling variations off Java and
Sumatra are crucially determined by the regional alongshore winds. They showed that
during La Nina events, the wind anomalies off Java and Sumatra favor warm SST
anomalies and downwelling in the region; and the vice-versa for El Nino events. Given
the fact that many good monsoons have occurred in conjunction with La Nina events, it
is indeed very complex to isolate the roles of the monsoon and ENSO in affecting the
IOD events. Therefore, in the present study we have primarily focused on the 3 major
IOD events (1961, 1994, 1997) when La Nina conditions were absent in the Pacific. The
question we are seeking to address in this study is whether anomalies in the monsoonal
flow can affect the ocean currents and subsurface temperature anomalies so as to
maintain the zonal asymmetries during IOD events? The rationale for this investigation
stems from the premise that the surface wind anomalies during IOD events are
characterized not only by zonal asymmetries in the near-equatorial region; but also
prominent latitudinal (north-south) variations of the monsoonal flow (Fig.1a). The
discussions in the following section provide detailed justification for undertaking the
present study which involves a series of numerical simulation experiments conducted
using a regional general circulation model of the Indian Ocean.
2. Asymmetries of the surface wind field during the boreal summer
As a first order approximation, the north-south anti-symmetry of the low-level
monsoon flow can be quantified by defining a simple index based on the difference of
the surface zonal wind between box A (50°E-95°E; 5°N-20°N) and box B (45°E-105°E;
10°S-Equator) for the June-September months (Fig.2a). Similarly, the zonally
asymmetric component of the wind-forcing can be defined as the difference of the
surface zonal wind between box C (30°E-55°E; 10°S-5°N) and box D (70°E-95°E;
10°S-5oN) shown in Fig.2b. The interannual variations of the two indices (UA – UB) and
(UC – UD) for the period 1958-2002 are shown in Figs. 2 (c, d) respectively. The peaks
corresponding to the IOD events during (1961, 1994 and 1997) can be seen in both the
time-series. The standard-deviations of the time-series of (UA – UB) and (UC – UD) are
found to be 0.7 ms-1 and 0.88 ms-1 respectively. Although the indices (UA – UB) and
(UC – UD) show a high correlation of about 0.81, it will become evident from the
following discussion that the two indices show interesting differences in their
relationship with the Indian Ocean SST anomalies.
3

The anomaly patterns obtained by regressing the SST anomalies during
(1958-2002) upon the two indices (UA – UB) and (UC – UD) are shown in Figs. 3 (a, b)
respectively. It can be seen that the regression pattern in Fig.3a shows negative
anomalies all across the tropical Indian Ocean basin, implying that stronger meridional
gradients of the monsoonal winds are associated with anomalous SST cooling and
vice-versa. The amplitude of cooling in Fig.3a is largest in the equatorial and
south-eastern tropical Indian Ocean; and also off the Coast of Somalia where the
southwest monsoonal winds are known to produce SST cooling due to strong upwelling,
evaporation and horizontal advective effects (eg., Duing and Leetmaa, 1980, Schott,
1983, Shetye, 1986, Rao et al., 1989, McCreary et al., 1993, Weller et al., 2002). As
opposed to the above basin-wide cooling, the anomaly pattern in Fig.3b exhibits a
zonally asymmetric pattern with negative anomalies in the EEIO and positive anomalies
in the west-central tropical Indian Ocean. Positive anomalies are also seen off the Coast
of Arabia and the south-eastern Arabian Sea in Fig.3b. Although the negative anomalies
in the EEIO are seen both in Fig.3a and Fig.3b, the dipole-like structure basically
emerges in Fig.3b suggestive of the association between the zonally asymmetric
variations of SST and winds in the tropical Indian Ocean. The above discussion basically
emphasizes the need to explore and clarify the relative roles of the monsoonal flow and
the zonally asymmetric near-equatorial winds in contributing to the ocean dynamical
changes during the evolution of IOD events.
3. Datasets and ocean model
a. Datasets
The atmospheric parameters employed in the data diagnostics include surface
winds and precipitation from National Center for Environmental Prediction (NCEP)
reanalysis for the period 1958-2002 (Kistler et al., 2001) and SST from the GISST2.3b
dataset (http://badc.nerc.ac.uk/data/gisst/). In addition, the following surface parameters
(net shortwave and longwave radiation, latent heat flux, sensible heat flux, precipitation
and evaporation) from NCEP reanalysis are used for computing the forcing required for
the ocean model experiments.
b. Details of OGCM
The regional ocean general circulation model (OGCM) used in the present study
is based on the model developed at the Institute of Numerical Mathematics, Russia
(Alekseev and Zalesny, 1993). The governing equations are the primitive equations of
motion in spherical sigma co-ordinates, with hydrostatic, Boussinesq and rigid-lid
approximations. The model domain covers the tropical Indian Ocean between 22° E and
142° E and 36° S to 29.5° N. The model has a moderate resolution of 1°x 0.5° in
longitude and latitude directions; and uses realistic bottom topography and coastline.
4

There are 33 unequal sigma levels in the vertical of which 9 are in the upper 150 m.
A Laplacian form of horizontal viscosity and horizontal diffusion of heat and salinity
mixing is used in the model. The horizontal diffusion coefficient for heat and salt is
taken to be 1.5 x 10 7 cm2 s-1 and the horizontal viscosity coefficient is taken to be
2.0 x 107 cm2 s-1. The vertical mixing is based on the Richardson number dependent
scheme (Pacanowski and Philander, 1981). The model uses spatial approximations on a
staggered B-grid (Mesinger and Arakawa, 1976); and a splitting time-integration
technique which allows efficient implementation of implicit schemes for diffusion and
transport processes. The details of the OGCM formulation are described in Diansky et
al., (2002).
4. OGCM simulation experiments
To begin with, the OGCM was spun up to obtain a quasi-equilibrium
state. For this purpose, the model was initialized with the climatological mean
temperature and salinity fields from the World Ocean Atlas (WOA2001) dataset
(http://www.nodc.noaa.gov/OC5/WOD01) and the model was integrated for 10-years.
The climatological forcing (wind stress, heat and fresh water fluxes) provided for the
spin-up integration of the OGCM were derived using NCEP reanalysis. Following the
model spin-up, three sets of simulation experiments (EXP1, EXP2 and EXP3) were
performed which are summarized in Table.1. Basically the three sets of experiments,
which are described below, differ in terms of specifying the wind-stress forcing. The
three sets of experiments have been conducted by integrating the model separately for
each of the three IOD (1961, 1994 and 1997) events (please see Table.1). Also we have
carried out additional experiments using idealized wind forcing, which mimic the
Gill-type anti-symmetric summer monsoon flow (Gill, 1980) and an idealized dipoletype forcing which resembles the IOD wind anomaly. The idealized simulation
experiments are discussed in Section 7c. The section below describes the specification
of wind-forcing in the three simulation experiments (EXP1, EXP2 and EXP3) and the
decomposition of the anomalous wind-forcing into zonally symmetric and asymmetric
components required by these experiments.
a. Decomposition of the zonally symmetric and asymmetric surface wind forcing
The surface wind field over the Indian Ocean basin can be decomposed into zonally
symmetric and zonally asymmetric components. For example, we shall denote the
zonally symmetric component of the zonal wind stress by [τx]; and the zonally
asymmetric component by <τx>. The zonally symmetric component of the wind
stress forcing is computed by zonally averaging the wind stress over the model domain
(22oE – 142oE) which covers the Indian Ocean and part of the west Pacific. The zonally
asymmetric component is obtained by subtracting the zonally symmetric component
from the total wind stress. Thus, the zonally asymmetric component has both
5

longitudinal and latitudinal variations; while the zonally symmetric component has only
latitudinal variation. This decomposition is applied to both the zonal and meridional
wind stress fields.
τx = [τx] + <τx>
(1)
τy = [τy] + <τy>

(2)

The dashed lines in Fig .4 (a, b, c) show the latitudinal variation of the
climatological [τx] during the boreal spring, summer and autumn seasons respectively.
The solid lines correspond to [τx] composited from the 3 major IOD events (1961, 1994,
1997). It can be clearly seen that the latitudinal variation of [τx], with easterly wind stress
to the south and westerly wind stress to the north of the equator, is very prominent during
the summer monsoon season. The latitudinally varying zonally symmetric wind-field
during the northern summer is a first-order representation of the monsoonal flow
associated with the so-called monsoon Hadley cell (Krishnamurti and Bhalme, 1976). It
is important to notice from Fig.4b that this latitudinally asymmetric monsoon flow is
even more pronounced in the IOD composite as compared to the climatology.
The zonally asymmetric anomalies of the wind stress vector (<τx>, <τy>)
composited from the three IOD events are shown for the spring, summer and autumn
seasons in Fig.4 (d, e, f). Clearly, it can be noticed that much of the zonal asymmetry in
the wind forcing occurs during the summer and autumn seasons. The anomalous
easterlies in the equatorial region and south-easterlies off the Sumatra-Java Coast are
prominently seen in Fig. 4 (e, f). In addition, a pair of anomalous anticyclones can be
noticed over either sides of the equator – one over the Bay of Bengal and the other
around 10oS over the tropical southeastern Indian Ocean.
b. Design of the three sets of IOD experiments
In the first set (EXP1) of simulation experiments, three separate runs of the
OGCM were made by specifying the wind-stress forcing from NCEP reanalysis for each
of the three IOD (1961, 1994 and 1997) events. The ocean response to the anomalous
wind forcing during IOD events is examined by comparing the EXP1 simulations with
the model climatology. In the second set (EXP2) of experiments, the intention was to
understand the influence of the zonally asymmetric wind forcing on the tropical Indian
Ocean response. In this case, the zonally symmetric component of the wind stress was
fixed to climatology; while the zonally asymmetric component was allowed to vary in
accordance with the 3 major IOD episodes of (1961, 1994 and 1997). The third set
(EXP3) of experiments was designed to understand if a zonally symmetric monsoon flow
can influence the IOD evolution through modifications of the equatorial thermocline.
Here, the zonally asymmetric component of the wind stress was fixed to climatology;
while the zonally symmetric component was allowed to vary in accordance with the 3
major IOD episodes.
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Since the oceanic variations evolve much slower than those of the atmosphere, it
is desirable to examine the evolution of oceanic anomalies with sufficient lead-lag times
relative to an IOD event. For this purpose, the model integrations were initiated one year
prior to an IOD episode and the integrations were continued till the end of the following
year for each of the 3 major IOD episodes (1961, 1994 and 1997). Thus, the model was
integrated over the periods (January 1960 – December 1962), (January 1993 – December
1995) and (January 1996 – December 1998) respectively. This was repeated for all the
3 simulation experiments (EXP1, EXP2 and EXP3) as summarized in Table.1. Besides
the above experiments, additional simulations have been performed by forcing the model
with idealized Gill-type monsoonal wind-forcing and an idealized dipole-type
wind-forcing which are described in Section 7b.
5. Climatological seasonal cycle of the tropical Indian Ocean circulation
a. Mean features in the SODA reanalysis
An important feature of the Indian Ocean circulation is the presence of
semi-annual eastward currents in the equatorial Indian Ocean during the spring and
autumn seasons (i.e., the monsoon transition periods) and these currents are known as
Wyrtki Jets or Equatorial Jets (Wyrtki, 1973; Schott and McCreary, 2001). The Wyrtki
Jets transport warm waters to the Equatorial Eastern Indian Ocean (EEIO) and deepen
the thermocline. The observed climatological thermocline depth, taken as the depth of
the 20oC isotherm (Murtugudde et al., 2000), for the spring (i.e., March-April-May),
summer (June-July-August) and autumn (September-October-November) seasons is
shown in Figs.5 (a-c) respectively. It can be noticed that the d20 values during spring and
autumn seasons show a deep thermocline (>120 m) in the EEIO and are accompanied by
strong eastward currents in the equatorial region. The current vectors have been
averaged for the mixed layer depth (please see figure caption). The deep thermocline in
the EEIO during MAM and SON seasons is also evident from the longitude-depth
section of temperature (Figs. 5d-5f).
During the northern summer (JJA), the d20 values in the EEIO show a relatively
shallower thermocline and weaker eastward currents in the equatorial region as
compared to the spring and autumn seasons. Shoaling of the thermocline is also seen off
the coasts of Somalia and Arabia due to strong upwelling by the southwest monsoonal
winds (eg., Schott, 1983, McCreary et al., 1993, Weller et al., 2002). On the other hand,
the d20 values in the south-central Arabian Sea (50oE-65oE; 4oN-12oN), show a seasonal
deepening (d20>150m) which is consistent with earlier studies (e.g., Ramesh and
Krishnan, 2005). In the southern tropical Indian Ocean (4oS-12oS), the d20 values are
relatively shallower in the western side (~ 50oE-75oE) and are associated with Ekman
divergence caused by a cyclonic gyre (Molinari et al., 1990).
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b. Mean features in the model simulation
The climatology of d20 and currents simulated by the model for the MAM, JJA and
SON seasons are shown in Figs.6 (a-c). The presence of eastward equatorial currents
during the spring and autumn months and the associated thermocline deepening in the
EEIO can be noticed in the model simulations. Also the d20 simulation for the summer
season shows a shallow thermocline off the coasts of Somalia and Arabia; and a deeper
thermocline in the south-central Arabian Sea. While noting the above aspects of the
simulated time-mean circulation, it must also be mentioned that the simulations exhibit
certain biases. For example, it can be seen that the d20 values exceeding 120 m extend
considerably westward in the model simulation as compared to the SODA reanalysis. In
other words, the east-west slope of the near-equatorial d20 field is significantly weaker
in the model simulation. The weak east-west slope of the simulated thermocline is also
reflected in the longitude-depth section of temperatures shown in Figs.6 (d-f). Notice
that the temperature variation of the upper 40 m between the western and eastern Indian
Ocean shows a weaker east-west gradient in the model simulation as compared to the
SODA reanalysis. Accordingly, the simulated near-equatorial surface zonal currents
show weaker currents (~ 30 cm s-1) as compared to the SODA reanalysis (~ 40 cm s-1)
during MAM and SON season. A similar bias in the simulation of the equatorial surface
currents can also be seen for JJA (Fig. 6b). It is realized that these biases in the
simulation are related partly to deficiencies in the model (e.g., treatment of physical
processes, horizontal and vertical resolution, etc) and may be partly due to biases in the
NCEP reanalysis forcing used for driving the OGCM. Nevertheless, the above mentioned
model biases of the time-mean circulation will be taken into consideration while
interpreting the simulation of the IOD anomalies.
6. Observed and model simulated IOD anomalies
a. Observed anomalies of d20, currents and sub-surface temperature
Composite maps of d20 anomalies, from SODA reanalysis, based on the three
major IOD events (1961, 1994 and 1997) for the MAM, JJA and SON seasons are shown
in Figs. 7(a-c). The anomalies of the current vectors are superposed on the
d20 anomalies. It can be seen that the d20 and current anomalies in the equatorial Indian
Ocean are not as prominent during MAM as compared to the JJA and SON seasons. The
negative d20 anomalies in the EEIO are associated with anomalous upwelling off
Sumatra and an elevated thermocline; while the near-equatorial westward current
anomalies are consistent with the easterly wind forcing over the region. The d20
anomalies in the west-central Indian Ocean show a slight deepening during the JJA
season. However, much of the zonal asymmetry in the d20 and current anomalies
prominently manifests during the SON months. The negative d20 anomalies in the EEIO
in Fig.7c are as much as -30 m; and an anomalous thermocline deepening of similar
magnitude can be noticed in the west-central Indian Ocean to the south of the equator.
8

Longitude-depth sections of the SODA temperature anomalies for MAM, JJA
and SON seasons, based on the composite of the three IOD events, are shown in
Figs. 7(d-f). The temperature anomalies have been averaged between equator and 10oS.
Rao et al (2002) pointed out that the subsurface dipole pattern is the leading mode of the
interannual variability in the tropical Indian Ocean. While the appearance of anomalous
subsurface cooling in the EEIO can be seen as early as the MAM season (Fig.7d); the
pattern of anomalous subsurface warming in west-central Indian Ocean and cooling in
the EEIO basically develops in the JJA months and later attains maximum zonal
asymmetry during the SON season. The anomaly composite for the SON months
shows a maximum cooling of about -5oC at a depth of about 80-100 m in the EEIO
and a maximum warming of about 3.5oC at a depth of about 80 m in the west-central
Indian Ocean.
b. Model simulated anomalous response during IOD events
The model simulated d20 and current vector anomalies in the EXP1, EXP2 and
EXP3 experiments, composited based on the 3 major IOD events, are shown in Fig.8.
The thermocline shoaling in the EEIO, particularly during the JJA and SON seasons, as
evidenced from the negative d20 anomalies can be seen in all the three experiments. The
magnitude of the negative d20 anomalies (~ - 40 m) in the EXP1 simulation (Figs.8b-c)
compares well the SODA anomalies (Fig.7c); while the simulated positive
d20 anomalies in the west-central Indian Ocean exhibit a relative south-eastward shift in
EXP1 (Fig.8c) as compared to the SODA dataset (Fig.7c). Although the cause for this
model bias is unclear, it is conceivable that the above differences (between EXP1 and
SODA) in the d20 anomalies could be related to differences in the mean zonal
gradients of temperature between the model simulation (Figs.6d-f) and the SODA
reanalysis (Figs.5d-f).
The zonal current anomalies in the EXP1 simulation show anomalous westward
currents in the equatorial region extending from about 100°E in the EEIO to about 50°E
in the western equatorial Indian Ocean during the JJA and SON seasons. The westward
current anomalies are known to be forced by the anomalous easterly winds as
demonstrated by previous studies (eg., Murtugudde et al., 2000, Vinayachandran et al.,
2002, Feng et al., 2001, Rao et al., 2002). Observations from current-meter moorings
deployed in the equatorial Indian Ocean during 1993-1994 revealed that the surface
currents during September 1993 to January 1994 exceeded 150 cm s-1; whereas the
eastward flow was much weaker (~ 50 cm s-1) during March until May/June 1994
(Reppin et al., 1999). The magnitude of the current anomalies in the EXP1 simulation
averaged over the equatorial region (70oE-100oE; 3oS-3oN) for the JJA and SON months
is typically about -40 cm s-1 and is comparable with other simulation studies (eg., Reppin
et al., 1999; Vinayachandran et al., 1999).
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A comparison of the anomalous d20 response in the three experiments reveals
that the thermocline shoaling in the EEIO has a maximum amplitude of about -40 m in
EXP1 (Fig.8c); an anomaly of lower magnitude (~ -25 m) in EXP2 (Fig.8f); and a much
weaker anomaly (~ -10 m) in EXP3 (Fig.8i). Also, it can be noticed that the westward
current anomalies are significantly weaker in EXP3 as compared to the EXP1 and EXP2
simulations. More importantly, the anomalous thermocline deepening in the west-central
Indian Ocean, which appears in the EXP1 (Fig.8c) and EXP2 runs (Fig. 8f), is almost
absent in the EXP3 simulation (Fig.8i). In other words, the zonally asymmetric oceanic
response is basically found to emerge in the EXP1 and EXP2 simulations; but not in the
case of the EXP3 run. This indicates that although the thermocline shoaling in the EEIO
can be produced by a zonally symmetric wind forcing as in EXP3; the east-west contrast
in the oceanic response during IOD events is essentially driven by the zonally
asymmetric wind forcing.
c. Subsurface temperature response
Longitude-depth sections of subsurface temperature anomalies, averaged between the
equator and 10°S, from the three OGCM simulation experiments are shown in Fig.9.
Anomalous subsurface cooling associated with enhanced upwelling in the EEIO during
the JJA and SON seasons can be seen in all the three experiments. The maximum
cooling in the EXP1 simulation during the SON season exceeds -4oC at a depth of about
70 m. In the EXP2 and EXP3 simulations, the subsurface temperature anomalies in the
EEIO show cooling of about -3.0°C and -2°C respectively (Figs.9f and 9i). The cold
anomalies in the EEIO simulated in the three experiments are not as deep as the SODA
anomalies which show maximum cooling at a depth of about 80-100 m (see Fig.7).
Anomalous subsurface warming (> 1oC) can be seen in the west-central Indian Ocean
only in the EXP1 and EXP2 runs. The warm subsurface anomalies in these two
experiments exhibit a relative eastward shift during the SON season (Figs.9c, 9f) as
compared to those of the JJA season (Figs.9b, 9e). Although the EXP3 run shows a
moderate cooling (~ -1.5oC) in the EEIO region, the anomalous subsurface warming in
the western Indian Ocean is nearly absent in this case (Figs.9g-i). This result again
corroborates the point that the zonally asymmetric component of the near-equatorial
wind forcing is primarily responsible for maintaining the zonal contrast in the subsurface
temperature anomalies in the EXP1 and EXP2 simulations.
d. Westward propagating heat-content anomalies
Studies have shown that the anomalous warming in the western and central portion of
the basin, associated with the IOD evolution, appears with a lag of about 2-3 months due
to deepening of the equatorial thermocline in response to easterly wind anomalies; as
well as an off-equatorial depression of the thermocline that develops in association with
westward propagating forced oceanic Rossby waves (Chambers et al., 1999; Yu and
10

Rienecker, 1999; Webster et al., 1999; Xie et al., 2002; Rao et al., 2002; Feng and
Meyers, 2003). The longitude-time (“Havmoller”) sections of the upper-ocean
heat-content anomalies averaged between 6oS-2oN for the EXP1, EXP2 and EXP3
simulations are shown in Figs.10 (a-c) respectively. The latitude belt is so chosen as to
include both the equatorial and off-equatorial Rossby waves (south of equator)
associated with the propagation of heat-content anomalies. Westward propagation of
positive heat content anomalies can be seen in the EXP1 and EXP2 simulations; but not
in the case of EXP3. The heat-content anomalies in the EXP1 and EXP2 simulations
show a zonally asymmetric pattern of negative anomalies to the east of 70oE and positive
anomalies on the western side. On the other hand, the positive heat-content anomalies in
the western Indian Ocean are almost negligible in the EXP3 simulation, although weak
negative anomalies can be seen to the east of 70oE (Fig.10c). This suggests that the
zonally asymmetric pattern of the oceanic response in the EXP1 and EXP2 simulations is
an outcome of the westward propagation of heat-content anomalies in response to the
zonally asymmetric near-equatorial easterly wind forcing in these two experiments.
e. Anomalous equatorial under-currents
Current-meter moorings in the equatorial Indian Ocean provided vital evidence for
eastward Equatorial Under Currents (EUC) at depths of about 150 m, with speeds more
than 40 cm s-1, during the summer of 1994 (Reppin et al., 1999). While the EUC in the
Indian Ocean is basically regarded as a transient phenomenon driven by the eastward
pressure-gradient force caused by prevailing easterlies (Schott and McCreary, 2001); it
has been pointed out by earlier studies that the EUC can develop during IOD events
(Reppin et al., 1999; Vinayachandran et al., 1999). These studies suggest that the EUC
plays an important role in supplying the subsurface cool water to the upwelling region in
the EEIO during IOD events.
Figures 11(a-d) shows the longitude-depth sections of zonal current anomalies
from the SODA reanalysis, EXP1, EXP2 and EXP3 simulations composited from the
3 major IOD events. The current anomalies have been averaged between 2oS-2oN and are
shown for the SON season. The current anomalies in the EXP1 and EXP2 simulation are
consistent with the SODA reanalysis in showing anomalous westward currents in the
near-surface layers; and anomalous eastward under-currents at a depth of ~100 m and
below. The maximum value of the eastward EUC anomaly in SODA is ~25 cm s-1 and
located at a depth of about 100 m; the corresponding value in the EXP1 simulation is
~ 20 cm s-1 and located at a depth of about 90 m. The east-west slope in Figs. 11(a-c) is
associated with anomalous westward currents at the surface which are deeper on the
western side; and anomalous eastward undercurrents which slope upward towards the
eastern side. This feature is consistent with the anomalous deepening of the thermocline
in the western side and shoaling in the EEIO. In contrast to the EXP1 and EXP2 runs, the
EXP3 simulation shows weak westward current anomalies in the near-surface layers;
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while the eastward EUC anomalies are almost negligible in EXP3. Once again, the above
results confirm that the zonally asymmetric near-equatorial wind forcing is essential for
maintaining the zonally asymmetric oceanic response through the eastward EUC
anomalies and the enhanced upwelling in the EEIO during IOD events.
7. Dynamics of Indian Ocean response to the monsoonal and IOD wind forcing
The zonally symmetric wind field described earlier in section 4a was only a
first-order representation of the low-level monsoonal flow. In fact, zonal variations in the
summer monsoon low-level are to be considered as part of the zonally asymmetric
wind field over the Indian Ocean. In order to provide a more representative picture of
the dynamical influence of a zonally varying monsoonal wind forcing, we have
performed additional experiments of the OGCM forced by idealized winds, which are
described below.
a. Gill-type monsoon wind forcing
In the first experiment, an idealized Gill-type monsoonal wind anomaly is used to
force the OGCM. In a pioneering work, Gill (1980) demonstrated that the large-scale
zonally asymmetric structure of the northern summer monsoon circulation can be
described as an atmospheric response to an anti-symmetric forcing with respect to (w.r.t)
the equator. He showed that the summer monsoon flow can be regarded as a n=2
planetary (Rossby) wave forced by an anti-symmetric forcing (ie., heating to the north
and cooling to the south of equator) which is given below.
Q ( x, y ) = F ( x) y exp (−

1 2
y )
4

cos(kx) | x |< L
F ( x) = 
| x |> L
0

where k =

(3)

π
2L

(4)

The pressure perturbation, the zonal wind and the meridional wind response
associated with the Gill-type monsoonal flow are given by equations (5-7). Figure.12a
shows the Gill-type monsoonal wind vector anomalies and the associated zonal wind
anomalies (shading).
p =

1
1
q3 ( x) y 3 exp(− y 2 )
2
4

(5)

u =

1
1
q3 ( x)( y 3 − 6 y ) exp(− y 2 )
2
4

(6)
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v = (6εq3 ( x )( y 2 − 1) + F ( x ) y 2 ) exp(−

1 2
y )
4

(7)

where,

{25ε
{25ε
{25ε

}
}q
}q

2

+ k 2 q 3 = −k [1 + exp{− 10εL}]exp{5ε ( x + L )}

2

+ k2

2

+ k2

for x < − L

3

= −5ε cos kx + k [sin kx − exp{5ε ( x − L )}]

3

=0

for

x

>L

for

| x |< L

(8a )
(8b)
(8c)

The Gill-type monsoon wind anomaly shows easterlies to the south and
westerlies to the north of the equator. Also the anomalous wind field in Fig.12a exhibits
zonal variation with stronger wind speeds to the east of 65oE. The wind anomalies were
computed using equations (6-8) by taking the damping term (ε) in Gill’s model to be
ε = 0.1. The anti-symmetric forcing is prescribed such that the anomalous flow (Fig.12a)
mimics an intensified monsoonal circulation over the Indian Ocean domain. We have
examined the response of the OGCM to such an anomalous Gill-type monsoonal wind
forcing. Since the southwest monsoon circulation is a seasonal phenomenon (which
starts in May, develops in June, peaks during July-August, withdraws in September and
later decays in October), we have prescribed a seasonal variation for the anomalous wind
forcing by providing weights, so that the maximum amplitude occurs in July and
August. Accordingly, the weights are set to be zero during the (January-April) and
(November-December) months; whereas the weights for (May, June, July, August,
September, October) are set to be (0.5, 0.75, 1.0, 1.0, 0.75, 0.25) respectively. These
weights are multiplied to the Gill-type wind anomalies shown in Fig.12a. The amplitude
weighted wind anomalies are then superposed on the climatological surface winds to
obtain the total wind-field required for driving the OGCM.
b. Idealized (Monsoon + IOD) wind forcing

In the second experiment, we have examined the combined influence of an
idealized IOD wind anomaly and a Gill-type monsoon wind anomaly on the Indian
Ocean response. The idealized IOD wind anomalies were constructed for a dipole-like
atmospheric forcing – which consists of a heat-source in the western equatorial Indian
Ocean and a heat-sink in the eastern equatorial Indian Ocean. For simplicity, we have
assumed that the heat-source and heat-sink to be symmetric w.r.t the equator.
Q ( x, y ) = F ( x) exp(−

1 2
y ), where
4

(9)
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0
if x ≤ A

 H ( x − A)( B − x)
if A ≤ x ≤ B


F ( x) = 
0
if B ≤ x ≤ C

if C ≤ x ≤ D
− H ( x − C )( D − x)

0
if x ≥ D


(10)

It can be noticed from (10) that the dipole-like forcing has a heat-source in the
region between A and B; and a heat-sink in the region between C and D. The points
A and B are chosen to roughly correspond to 54oE and 68oE, so that the maximum
heating in the equatorial western Indian Ocean occurs around 61oE. The points C and D
are chosen to roughly correspond to 100oE and 120oE, so that the maximum cooling in
the equatorial eastern Indian Ocean occurs around 110oE. The constant H in (10) is the
non-dimensional heating amplitude which is taken to be unity. Gill (1980) showed that
the Kelvin (n=0) and Rossby (n=1) wave responses to a symmetric forcing w.r.t the
equator are given by

dq0
+ εq 0 = − F ( x)
dx

(11)

dq 2
− 3εq 2 = F ( x)
dx

(12)

In (11) and (12), the variable q = u + p is the sum of the zonal wind and pressure
perturbations. The solution to the above equations is obtained by following the treatment
for first-order linear inhomogeneous equations (see, Bender and Orzag, 1978).

q 0 ( x ) = α exp(−εx ) − exp(−εx ) ∫ F ( x ) exp(εx )dx

(13)

q 2 ( x ) = β exp(3εx ) + exp(3εx ) ∫ F ( x ) exp(−3εx )dx

(14)

The response within the forcing region consists of the free and the forced
components. Outside the forcing region, the response consists of the free component
alone. The integration constants (α and β) in (13) and (14) can be determined by
matching the solution in different regions of the domain and by using cyclic boundary
conditions (Krishnan, 1993). The detailed computation of the solutions of (13) and (14)
is shown in the appendix. It can be seen from that the anomalous response in the region
between the dipole (61oE–110oE) consists of both the free Kelvin waves originating from
the heat-source and the free Rossby waves originating from the heat-sink. The combined
effect of the free Kelvin and Rossby waves gives rise to strong easterly wind anomalies
at the surface over the tropical Indian Ocean (Fig.12b). Notice that the easterly wind
anomalies converge with anomalous westerly winds around 61oE. The weak westerly
anomalies to the west of 61oE are due to Rossby (n=1) waves from the heat-source.
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The combination of the idealized IOD wind anomaly (Fig.12b) and the Gill-type
monsoon wind anomaly (Fig.12a) is shown in Fig.12c. The striking feature in Fig.12c is
the belt of strong easterly anomalies over the near-equatorial region between
60oE-110oE. Also, the zonal asymmetry of the near-equatorial wind forcing is evident
from the drastic weakening of the easterly wind anomalies to the west of 60oE. The
southward extent of the easterly anomalies is about 20oS; while the northern limit is
slightly north of the equator. It can be noticed that the wind anomalies to the south of the
equator are relatively stronger than those to the north of the equator. This is because the
monsoon westerly wind anomalies (Fig.12a) over the region (75oE-100oE; 0-10oN) are
opposite to the easterly anomalies of the IOD (Fig.12b). Nonetheless, it is clear that the
monsoonal wind anomalies are quite prominent in Fig.12c; with strong southerly
anomalies over the Bay of Bengal and the Indian region. The wind forcing for the second
idealized experiment is obtained by superposing the combined (Gill-type monsoon
+ IOD) wind anomaly (Fig.12c) on the climatological wind-field. It must be mentioned
that the Gill-type monsoon wind anomaly in Fig.12c has a seasonal variation as
discussed previously.
c. Model simulated response to idealized forcing

The results of the model simulated response in the two idealized forcing
experiments are described here. The anomalous response in the Gill-type monsoon
experiment for the JJA and SON seasons are shown in Fig.13. The negative d20
anomalies in the Bay of Bengal and Arabian Sea in Figs.13 (a, d) indicate shoaling due
to enhanced upwelling produced by the intensified monsoonal wind forcing.
Furthermore, the d20 anomalies in this experiment show shoaling in the southeastern
tropical Indian Ocean and slight deepening in the central and western Indian Ocean to the
south of 10oS. The longitude-depth section of temperature anomalies (Figs. 13b, 13e)
show anomalous cooling of about -1.5oC in the eastern Indian Ocean, while the warm
sub-surface anomalies in the western Indian Ocean are rather weak. The zonal wind
anomalies during JJA and SON (Figs. 13c, 13f) predominantly show anomalous
westward currents extending below 100 m; while the eastward EUC anomalies are nearly
absent in the simulated response.
We now examine the anomalous response in the combined (Gill-type monsoon
+ IOD) forcing experiment for the JJA and SON seasons which are shown in Fig.14. The
d20 anomalies in this experiment clearly show anomalous shoaling of the thermocline in
the southeastern tropical Indian Ocean and deepening in the west-central Indian Ocean.
The zonally asymmetric structure of the response is strikingly brought out in the
sub-surface temperature anomalies which show anomalous cooling as much as -5oC in
the eastern Indian Ocean and warm anomalies of about 1oC in the west for both the JJA
and SON seasons (Figs. 14b, 14e). Furthermore, it is interesting to note that the zonal
current anomalies in this experiment reveal eastward EUC anomalies with maximum
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amplitude of about 10-15 cms-1 at a depth of ~ 100 m (Figs. 14c, 14f). In the top 50 m,
the zonal current anomalies predominantly show westward current anomalies. While the
near-surface current anomalies exhibit a westward shift from the JJA to SON months; the
evolution of the sub-surface EUC anomalies shows a corresponding eastward shift.
Notice that the EUC anomalies are located around 60oE during the JJA season; but are
shifted eastward to about 85oE during SON.
Studies have shown that the eastward undercurrents in the equatorial region are
primarily driven by east-west pressure gradients (Philander and Pacanowski, 1980;
McCreary, 1985; Schott and McCreary, 2001). Figure.15a shows the zonal variation of
pressure anomaly at 100 m depth, along the equator, based on the composite of the
3 major IOD events. The three line graphs in Fig.15a correspond to the three simulation
experiments EXP1, EXP2 and EXP3 respectively. Likewise Fig.15b shows the
longitudinal variation of the pressure anomaly at 100 m depth along the equator for the
two idealized forcing experiments. One can notice that the pressure anomaly at the
sub-surface shows a significant pressure drop in the EEIO in the EXP1 and EXP2
simulations. A maximum pressure drop of about 900 Nm-2 and 600 Nm-2 can be seen
around 95oE in the EXP1 and EXP2 simulations respectively. Furthermore, an
anomalous pressure rise of about 200 Nm-2 can be seen near 65oE on the western side in
the EXP1 and EXP2 simulations. Thus, the anomalous east-west pressure gradient in the
sub-surface, resulting from the out-of-phase pressure anomalies in the eastern and
western Indian Ocean, explains the eastward EUC anomalies in the EXP1 and
EXP2 simulations. However in the EXP3 simulation, the zonal gradient of the
pressure anomaly is insignificant and thereby explains the absence of EUC anomalies in
this case.
Similarly for the case of the idealized forcing experiments (Fig.15b), it can be
noticed that the (Gill-type Monsoon + IOD) wind forcing experiment shows a pressure
drop of about 700 Nm-2 around 90oE and a rise of about 100 Nm-2 around 60oE in the
west (solid line in Fig.15b). However, the drop in the sub-surface pressure in the EEIO is
almost negligible when the model simulation is forced by the Gill-type monsoonal winds
alone (dashed line in Fig.15b). In this case, a positive pressure anomaly about 250 Nm-2
is seen at the 100 m depth around 85oE in the equatorial region. Despite this positive
pressure anomaly, the zonal pressure gradient between the eastern and western equatorial
Indian Ocean is considerably weaker in the latter (Gill-type Monsoonal forcing) as
compared to the former (Gill-type Monsoonal + IOD forcing). From the above
discussions, it is apparent that the zonally asymmetric wind-forcing in the
near-equatorial region is essential for producing the east-west equatorial pressure
gradients at the sub-surface in order to drive the EUC anomalies. The EUC anomalies
deliver cold sub-surface water in the EEIO thereby leading to maintenance of the zonal
contrast in the temperature anomalies.
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8. Summary and conclusions

Instances of IOD events in the past are known to have been associated with
stronger-than-normal summer monsoon circulation and intensified precipitation over the
Indian landmass (Ashok et al., 2004). Since IOD events evolve through the boreal
summer season and attain peak amplitude during the autumn months, a question arises as
to whether the intensification of the summer monsoon flow can in turn influence the
development of IOD. In this study, a series of numerical simulation experiments were
conducted using a OGCM to understand the relative roles of the monsoonal flow and the
zonally asymmetric IOD wind forcing in affecting the Indian Ocean response. The model
experiments were performed w.r.t the three major IOD events in the past 50 years
viz., (1961, 1994, 1997). The results of the model simulations were validated with
observed datasets. Furthermore, additional model experiments were conducted using
idealized wind forcing in order to substantiate the findings and strengthen the
interpretation of the model simulations.
The present results indicate that the zonal contrast in the oceanic anomalies is
largely maintained by the zonally asymmetric easterly wind forcing in the
near-equatorial region associated with the IOD. The strong easterly wind anomalies are
basically driven by the negative zonal pressure gradient anomalies (Yamagata et al.,
2004) associated with the anomalous precipitation pattern in the equatorial region (i.e.,
positive anomaly over the west and negative anomaly over the eastern Indian Ocean).
Our calculations of the atmospheric surface wind response to an idealized dipole-like
atmospheric forcing (ie., a heat-source in the west and heat-sink in the east) reveal that
the reinforcement of the near-equatorial easterly wind anomalies involves superposition
of free Kelvin waves emanating from the anomalous heat-source and free Rossby waves
from the anomalous heat-sink.
The findings from the OGCM simulations convincingly demonstrate that these
strong near-equatorial easterly wind anomalies are effective in sustaining the zonally
asymmetric ocean response through two important dynamical mechanisms. The first is
related to the westward propagation of heat-content anomalies in the form of equatorial
and off-equatorial Rossby waves; and explains the anomalous thermocline deepening and
sub-surface warming in the western-central Indian Ocean. The second point is the
generation of anomalous eastward equatorial undercurrents (EUC) which supply cold
sub-surface water in the eastern Indian Ocean. The model simulations suggest that the
zonally asymmetric wind forcing in the near-equatorial region is essential for both these
mechanisms to effectively operate. When forced with the zonally asymmetric
near-equatorial wind anomalies, the model simulations capture not only the anomalous
westward propagation of heat-content; but also the EUC anomalies in the sub-surface. It
is found that the simulated EUC anomalies at a depth of about 100 m are driven by strong
eastward pressure-gradients resulting from a typical pressure drop of about 800 Nm-2 in
the EEIO; and a pressure rise of about 200 Nm-2 in the western Indian Ocean.
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On the other hand, the influence of the summer monsoon wind forcing on the
simulated oceanic response is mostly seen in the eastern Indian Ocean; while the
anomalies in the west-central Indian Ocean are rather weak. The model simulations were
conducted by using a zonally symmetric summer monsoon wind forcing; as well as a
Gill-type monsoonal wind forcing. In both the cases, the oceanic response revealed a
moderate shoaling of the thermocline in the eastern tropical Indian Ocean and the
associated cooling due to upwelling in the EEIO was about -1.5oC. However, the
thermocline deepening and anomalous sub-surface warming in the west-central Indian
Ocean were found to be weak in both the monsoon forcing experiments. The resulting
weak zonally asymmetric response in the monsoonal wind forcing simulations is
attributed to the absence of key features like the westward propagating heat-content
anomalies, the equatorial undercurrent (EUC) anomalies and the associated zonal
pressure-gradients in the sub-surface. In short, the zonally asymmetric structure of the
oceanic response could not be captured when the model was forced solitarily by the
monsoon wind anomalies.
From the above results, it is concluded that the strengthening of the
near-equatorial easterly wind anomalies is the key forcing that sustains the zonally
asymmetric pattern of the oceanic anomalies during the course of the IOD evolution.
Although the model simulations show that an intensified monsoon flow can generate
anomalous cooling in the EEIO through enhanced upwelling, the monsoon wind
anomalies by themselves cannot sustain the zonally asymmetric oceanic response
observed during IOD events. This result is consistent with the observation that
stronger-than-normal monsoons (eg., 1988, 1975) are not always be accompanied by
IOD episodes. Given that IOD events exert influence on the summer monsoon
precipitation over the Indian region (Behera et al., 1999; Ashok et al., 2004), it is not yet
fully clear as to how the equatorial east-west divergent circulation dynamically interacts
with the monsoon Hadley cell (eg., Krishnamurti and Bhalme, 1976; Slingo and
Annamalai, 2000; Krishnan et al., 2006) and the regional precipitation anomalies over
the Indian subcontinent, the eastern and western tropical Indian Ocean. Advancing our
present understanding of the coupling mechanisms between the monsoon and IOD has
implications for monsoon seasonal prediction. Further studies using coupled models will
be needed to unravel and better quantify the detailed dynamics of these interactions.
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10. Appendix

Following Gill (1980), the Kelvin wave (n=0) and Rossby wave (n=1) responses
can be determined by computing qo(x) and q2(x) respectively. The pressure and velocity
components of the flow associated with the Kelvin wave response are given by
u= p=

 − y2
1
q 0 ( x ) exp
2
 4





v=0

(A1)

(A2)



α1 exp(−εx)


H
 α 2 exp(−εx) − 3 ( B − x)(x − A)ε 2 + ε (2x − A − B) − 2 
ε


q ( x) = 
α 3 exp(−εx)

0


H
2
 α 4 exp(−εx) + 3 ( D − x)(x − C)ε + ε (2x − C − D) − 2 
ε


α 5 exp(−εx)



[

]

[

]

if

x≤ A

if A ≤ x ≤ B
if B ≤ x ≤ C

(A3)

if C ≤ x ≤ D
if

x≥D

Likewise the pressure and velocity components of the Rossby (n=1) wave response are
given by
p=

1
 1 
q 2 ( x)(1 + y 2 ) exp − y 2 
2
 4 

(A4)

u=

1
 1 
q 2 ( x)( y 2 − 3) exp − y 2 
2
 4 

(A5)

 1 
v = {F ( x) + 4εq 2 ( x)}y exp − y 2 
 4 

(A6)

 if x ≤ A

β1 exp(3εx)
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2
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(
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−
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)(
x
−
A
)
9
+
3
(
A
+
B
−
2
x
)
−
2
 β 2 exp(3εx) −
27ε 3
 if B ≤ x ≤ C

β 3 exp(3εx)
q (x) = 
(A7)

2

 if C ≤ x ≤ D
H
2
(D − x)(x − C)9ε + 3ε (C + D − 2x) − 2 
 β 4 exp(3εx) +
27ε 3

 if x ≥ D
β 5 exp(3εx)



[

]

[

]

The expressions for q0(x) and q2(x) in A3 and A7 are for the idealized dipole-like
forcing (9-10), which is symmetric w.r.t the equator. The constants (α1, α2, α3, α4, α5)
and (β1, β2, β3, β4, β5) are determined by matching the solutions at the boundaries
(Krishnan, 1993).
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Fig. 1: Anomaly composites based on the three major IODZM events (1961, 1994
and 1997) (a) SST (°C) and surface winds (m s-1) (b) Rainfall (mm day -1) for the
June –September (JJAS) monsoon season.
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Fig. 2 : Computation of (UA-UB) and (UC-UD) from the surface zonal winds (a) Domain
for box A (50°E-95°E; 5°N-20°N) and box B (45°E-105°E; 10°S-Equator)
(b) Domain for box C (30°E-55°E; 10°S-5°N) and box D (70°E-95°E;
10°S-5°N) (c) Time-series of (UA-UB) in ms-1. Time-series of (UC-UD) in ms-1.
The two time-series for the period 1958-2002 are based on the averages for JJAS
season.
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Fig. 3 : Anomaly patterns generated by regressing SST (°C) upon (a) (UA-UB)
(b) (UC-UD) and the units are in °Cm-1s. The data is for the period 1958-2002.
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Fig. 4 : Latitudinal variation of the zonal wind stress (N m-2) averaged longitudinally
over 22°E-142°E (a) March-April-May (MAM) (b) June-July-August (JJA) and
(c) September-October-November (SON). The dashed line corresponds to
climatology and the solid line is the composite of the three IODZM years (1961,
1994 and 1997). Composite of the zonally asymmetric wind-stress anomaly
(N m-2) are based on the three IODZM years (d) MAM (e) JJA and (f) SON.
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Fig. 5 : Climatological seasonal cycle of D20 (m) and vertically averaged ocean currents
(cm s-1) within the mixed-layer depth (a) MAM (b) JJA (c) SON. The MLD is
defined as the isothermal layer depth at which the temperature is 0.8°C below
the SST (Kara et al., 2003). Longitude-depth sections of temperature (°C)
averaged between equator and 10°S (d) MAM (e) JJA and (f) SON. The data are
from SODA reanalysis.
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Fig. 6 : Same as Fig. 5 except that the data is from simulation .
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Fig. 7 : Anomaly composites of D20 (m) and currents (cm s-1) based on the 3 major
IODZM events (a) MAM (b) JJA (C) SON. Longitude-depth section of
temperature anomalies (c) averaged between 10°S and equator (d) MAM (e) JJA
and (f) SON. The data from the SODA reanalysis.
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Fig. 8 : Anomaly composites of D20 (m) and currents (cm s-1) based on the 3 major
IODZM events as simulated by the model experiments (a-c) EXP1 (d-f) EXP2
and (g-i) EXP3. For each of the three model experiments, the anomalies are
shown separately for the MAM, JJA and SON seasons. The anomalies are with
respect to the model climatology.
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Fig. 9 : Same as Fig. 8 except for longitude-depth section of temperature anomalies (°C)
averaged between 10°S and the equator.
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Fig. 10 : Longitude-time section of the model simulated heat-content anomalies
(x 109 Jm-2) in the upper 300m (a) EXP1 (b) EXP2 and (c) EXP3. The
anomalies are based on the composite of the three major IODZM and have
been latitudinally averaged between 6°S and 2°N.
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Fig. 11 : Longitude-depth section of the zonal velocity anomalies (cm s-1) based on the
composite of the three major IODZM events (a) SODA (b) EXP1 (c) EXP2
(d) EXP3. The anomalies are shown for the SON season.
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Fig. 12 : Idealized wind vector anomalies (m s-1) and zonal wind anomalies (shading)
used to force the ROGCM (a) Gill-type monsoonal wind forcing (b) Dipolelike idealized wind forcing (c) Gill-type monsoonal + dipole-like wind
forcing.
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Fig. 13 : The model simulated anomalous response to the Gill-type monsoonal; wind
forcing. The top row (a-c) shows the D20 anomalies (m); the longitude-depth
section of temperature anomalies (°C); and zonal velocity anomalies (cm s-1)
respectively for the JJA season. The bottom row (d-f) is for the SON season.
The temperature anomalies are averaged between equator and 10°S. The zonal
velocity anomalies are averaged in the equatorial region 2°S-2°N.
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Fig. 14 : Same as Fig. 13 except for the (Gill-type monsoon + Dipole-like) wind forcing
simulation.
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Fig. 15 : Longitudinal variation of the model simulated pressure anomaly (N m-2)
averaged between 2°S-2°N at 100m depth for the JJA season. The top panel
(a) shows pressure anomalies based on the composite of the three major
IODZM events as simulated by EXP1 (solid), EXP2 (dashed) and EXP3
(dotted). The bottom panel (b) shows the pressure-anomalies for the idealized
experiments. The solid line is for the combined (Gill-type monsoonal +
dipole-like) forcing experiment and the dashed line is for the (Gill-type
monsoonal) forcing experiment.
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