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Abstract:

Basin-wide wintertime surface warming is observed in the Indian Ocean during El Nifio years. The basin-wide warming
is found to be stronger when El Nifio and Indian Ocean Dipole (IOD) co-occur. The mechanisms responsible for the
basin-wide warming are different for the years with El Nifio only (El Nifio without IOD) and for the co-occurrence (both
El Nifio and IOD) years. Strong westward propagation of downwelling Rossby waves is observed in the southern Indian
Ocean during the I0OD years. Such strong propagation is not seen in the case of the El Nifio-only years. This indicates
that the ocean dynamics play an important role in winter warming of the western Indian Ocean during the IOD years. The
weak easterly wind anomalies in the El Nifio-only years show no measurable impact on the Wyrtki Jets, but weakening or
reversal of these jets is seen in the IOD years. This strongly suggests that the variability related to surface circulation is due
to the local 10D forcing rather than El Nifio induced wind anomaly. For the El Niflo-only composites, surface heat fluxes
(mainly latent heat flux and short wave radiation) play an important role in maintaining the basin-wide surface warming
in the Indian Ocean. In the IOD-only composites (when there is no El Nifio in the Pacific), such basin-wide warming is
not seen because of the absence of ENSO (EI Nifio and Southern Oscillation) induced subsidence over the eastern Indian
Ocean. For the years in which both El Nifio in the Pacific and dipole in the Indian Ocean co-occur, warming in the western
Indian Ocean is due to the ocean dynamics and that in the eastern Indian Ocean is due to the anomalous latent heat flux

and solar radiation. Copyright © 2007 Royal Meteorological Society
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INTRODUCTION

The interannual Sea Surface Temperature (SST) vari-
ability in the Indian Ocean is mainly influenced by the
tropical ocean—atmospheric interactions such as El Nifio,
which in fact influences the Indian Ocean through the
atmospheric tele-connections associated with the south-
ern oscillation (Bjerknes, 1969). The warming events in
the Indian Ocean appear to be a near mirror image of the
warming events in the Pacific (Chambers et al., 1999).
According to Tourre and White (1997) and Nicholson
(1997), the atmospheric effects that drive the El Nifio
in the Pacific Ocean cause similar interannual warm-
ing anomalies in the tropical Indian Ocean. During the
La Nina years the Indian Ocean experienced basin-wide
cooling during the winter due to the propagation of
upwelling Rossby waves (Chowdary et al., 2006). How-
ever, recently it has been observed that the warming
(cooling) in the western Indian Ocean (eastern Indian
Ocean) takes place during the Indian Ocean Dipole (IOD)
years (Saji et al., 1999; Webster et al., 1999) even in the
absence of El Nifio (La Nina). The IOD events are char-
acterized by the anomalous cooling in the southeastern
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equatorial Indian Ocean and anomalous warm SSTs in the
western Indian Ocean (Saji et al., 1999; Webster et al.,
1999).

On several occasions, both El Nifio in the Pacific
Ocean and IOD in the Indian Ocean co-occurred, but
on many occasions IOD occurred during non El Nifio
years. Rao et al. (2002) found that, of the 127 years they
studied, 65% of the strong IOD events occurred when
there was no El Nifio in the Pacific and the remaining
35% co-occurred with El Nifio and Southern Oscilla-
tion (ENSO). During the IOD years, initially cool SST
anomalies develop along the Sumatra-Java coast in the
eastern equatorial Indian Ocean in May/June. Easterly
wind anomalies over the east equatorial Indian Ocean
(westerly in the normal years) get strengthened during
the mid monsoon months. These strong wind anoma-
lies enhance upwelling in the Sumatra coast and cause
further cooling over that region. By October—November
the peak phase of the dipole mode occurs with strong
east—west gradients in the SST along the equator. The
transport of warm water from eastern equatorial Indian
Ocean to western Indian Ocean changes the climatic con-
ditions around the Indian Oceanic rim. Normal convec-
tive activities over the eastern equatorial Indian Ocean
shift to the zones of warm waters in the western Indian
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Ocean, resulting in drought conditions in Indonesia and
floods in East Africa (Saji et al., 1999; Webster et al.,
1999).

Several studies have been already carried out to
explain the physical processes associated with the eastern
cooling and the western warming during IOD years.
Specifically, there have been debates on the mechanisms
responsible for warming of the western Indian Ocean.
For example, Saji ef al. (1999) and Murtugudde et al.
(2000) suggested that western warming is initiated by
weak summer monsoon winds and its associated internal
dynamics in terms of downwelling Rossby waves. Yu
and Reinecker (1999) suggested that the warming is
due to the changes in the latent heat flux induced by
wind speed. Webster et al. (1999) pointed out the role
of ocean dynamics in warming the ocean and Prasad
and McClean (2004) recently emphasized the importance
of the southern Arabian Sea and the local changes in
the monsoonal winds for warming of the western Indian
Ocean. The eastern cooling is found to have been caused
by coastal upwelling (Saji et al., 1999; Webster et al.,
1999; Murtugudde et al., 2000; Vinayachandran et al.,
2002).

Previous studies were carried out mainly to understand
the anomalous heating (cooling) of the Indian Ocean in
the interannual timescale. However, understanding the
mechanisms responsible for warming in the entire Indian
Ocean following El Nifio in the Pacific is very important
as it has several impacts on the climate over this region.
In the present study, the mechanisms responsible for
the basin-wide warming of the Indian Ocean in the
boreal winter (both at the surface and subsurface) are
examined using different data sets. It is emphasized
that the warming mechanisms during the years when El
Niflo co-occur with IOD are different from the El Nifio-
only (no IOD) years. Though Tokinaga and Tanimoto
(2004) recently addressed some of the questions related
to basin-wide warming focusing on ENSO (El Nifio
Southern Oscillation) induced subsidence over the Indian
Ocean, questions such as whether the same mechanism is
responsible for warming in the El Nifio-only years and co-
occurrence years were not answered. Also, it is important
to examine how subsurface anomalies respond to the
surface warming over the Indian Ocean. It is shown that
during the El Nifio-only years the ocean dynamics play a
negligible role in the surface and subsurface variability,
whereas the internal ocean dynamics play a major role
(than the remote forcing) in the variability during the
10D years. We have also brought out the importance of
local ocean—atmospheric interaction (air—sea coupling)
in influencing the surface circulation over the Indian
Ocean. The following section gives a brief description
about the data sets, and the next section presents the
results and discussion, focusing more on the different
mechanisms responsible for basin-wide warming during
the El Nifio-only years and the co-occurrence years, and
the conclusions are presented in the last section.
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DATA

Hadley center Ice Sea-Surface Temperature (HadISST)
v.1.1 data (Rayner et al., 2003) has been used to exam-
ine the basin-wide surface warming in the Indian Ocean.
The Simple Ocean Data Assimilation (SODA) sub-
surface temperatures, currents and Sea-Surface Height
(SSH) (Carton et al., 2000) are also extensively used
in the study. The heat content of the upper 250 m
is computed on the basis of the SODA temperature
profiles. The assimilation product used for SODA is
based on the Geophysical Fluid Dynamics Laboratory
ocean model, Modular Ocean Model (MOM) 2.2. Sur-
face heat fluxes used in the analysis are from the
National Center for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) reanal-
ysis product (Kalnay et al., 1996) and Comprehensive
Ocean—Atmosphere Data set (COADS) (Woodruff et al.,
1998), and the surface winds are from NCEP-NCAR. The
study period is 52 years (from 1950 to 2001), which cov-
ers most of the recent El Nifio in the Pacific and dipole
mode events in the Indian Ocean. Anomalies of all the
fields are calculated on the basis of the 52-year mean.

RESULTS AND DISCUSSIONS

Throughout the paper, the year in which El Nifio peaks
and the following year are designated, respectively, by
(0) and (1). The Nifio 3.4 index is prepared from the
HadISST anomaly by averaging it over the region 5°N to
5°S and 170°W to 120°W (Trenberth, 1997). This time
series is further smoothed with a 5-month running mean
and removing the linear trend over the 52-year period.
The Nifio3.4 index is used for identifying the El Nifio
years. SST anomalies of greater than 0.4°C persisting
for at least 6 months is the criteria used to identify the El
Nifio years. The IOD index is defined as the difference in
SST anomalies between the western (50 °E to 70°E and
10°S to 10°N) and the southeastern (90 °E to 110°E and
10°S to 0°) equatorial Indian Ocean (Saji et al., 1999).
Figure 1 shows the Nifio3.4 (solid line) and IOD (dashed
line) indices for the 52 years. The positive peaks indicate
the positive IOD years.

Sea-surface temperature and wind anomalies

Interannual variability in the Indian Ocean is influenced
by ENSO-related warming and Indian Ocean Dipole
mode events. It is important to know whether this
interannual variability is remotely forced by any external
phenomena, such as El Nifio, or due to the internal
dynamics of the Indian Ocean. To examine such a
variability, especially the basin-wide warming in boreal
winter and the dipole structure (in boreal autumn) in SST
anomalies, the composite maps of SST (Figure 2) and
wind anomalies (Figure 3) are prepared and a detailed
analysis is made. Figure 2(a—d) shows the composite
maps of SST anomalies over the Indian Ocean when
there is only El Nifio (no IOD) in the Pacific (1951,
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Figure 1. The time series of HadISST anomaly (°C) averaged over the Nifio 3.4 region (5°N to 5°S and 120°W to 170°W) (solid line) and IOD
index (dashed line).

1957, 1965, 1969, 1976, 1987 and 1991 (hereafter ‘El
Nifio only’) for June to September (JJAS(0)), October
to November (ON(0)), December to February (DJF(0/1))
and March to May (MAM(1)), respectively. At the top
of each panel, the fraction of area with SST anomalies
above 0.1°C is indicated. This area computation by
percentage is to quantify the amount of warming that
experiences an SST anomaly higher than 0.1°C over the
Tropical Indian Ocean. During JJAS(0), the positive SST
anomalies appear over most of the Arabian Sea, Bay of
Bengal and south central Indian Ocean, and about 30%
of the area experiences a warming greater than 0.1°C.
By October—November, most of the Indian Ocean region
is covered with the positive SST anomalies (53% area
>0.1°C), except in some small pockets in the southeast
and western Indian Ocean (Figure 2(b)). This anomalous
warming continues into the following winter season as a
basin-wide warming over the entire Indian Ocean (76%
area >0.1°C) but weakens by boreal spring (74% area
>(0.1°C). During the boreal summer, wind anomalies
over the Indian Ocean are very weak (Figure 3(a)).
In the boreal autumn, strong easterly wind anomalies
are observed over the east equatorial Indian Ocean
(Figure 3(b)). However, these easterly wind anomalies
weaken by winter (DJF(0/1)) and disappear in the spring
season (Figure 3(c) and (d)).

Both El Nifio and IOD co-occurred on several occa-
sions (1963, 1972, 1982 and 1997: co-occurrence years).
Composite maps of SST and wind anomaly during
the co-occurrence years are shown in Figures 2(e—h)
and 3(e—h), respectively. About 38% of the area expe-
riences strong warming during JJAS(0), with cooling
in the eastern and warming in the western Indian
Ocean (Figure 2(e)). During this period, easterly wind
anomalies appear (Figure 3(e)) over the eastern equa-
torial Indian Ocean and are enhanced in the boreal
autumn (Figure 3(f)). The strong easterly anomalies
cause anomalous upwelling in the Sumatra coast, as
pointed out in the earlier studies, which leads to the
dipole-like structure in the equatorial Indian Ocean, with
strong negative SST anomalies (cooling) in the eastern
and positive SST anomalies (warming) in the western
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equatorial Indian Ocean. Dipole structure in the SST
anomalies over the equatorial Indian Ocean peaks during
October—November (Figure 2(f)). The eastern cooling is
restricted to a smaller region as compared to western
warming. The warming is not confined to the south of
the equator but extends to its north, including the Bay of
Bengal and the Arabian Sea, and the total area covered
by the strong warm anomalies encompasses about 70%
of the Indian Ocean. By the following winter, the eastern
cooling disappears, and the resultant basin-wide warm-
ing appears over the Indian Ocean (86% area >0.1°C)
and persists through the boreal spring. The easterly wind
anomalies over the east equatorial Indian Ocean migrate
to the south of the equator during DJF(1/0) and then dis-
appear by boreal spring (Figure 3(h)).

10D (positive) occurred on several occasions without
El Nifio in the Pacific (1961, 1967, 1977 and 1994:
hereafter ‘IOD only’) and the corresponding composites
of SST and wind anomalies are shown in Figures 2(i—1)
and 3(i—1), respectively. Strong easterly wind anomalies
appear in the east equatorial Indian Ocean during the
summer monsoon period and these easterly anomalies
strengthen by October—November (Figure 3(i) and (j)),
similar to that of the co-occurrence composites. There
is no easterly component present in the DJF(0/1) and
MAM(1) (Figure 3(k) and (1)). Unlike the other two
cases, in the IOD-only case, none of the four seasons
show any basin-wide warming in the Indian Ocean.
The area covered by the strong warm SST anomalies
during DJF(0/1) is only about 18% of the Indian Ocean
(Figure 2(k)).

It is important to know whether the wintertime basin-
wide surface warming signals are present only in the El
Nifio (or co-occurrence) composites or in any random
composites. Initially, we plotted two random composites
and compared them with the extreme warming of the
co-occurrence events (Figure 4). It is very clear that
some of the random composites have a higher degree
of warming than the co-occurrence composites (right
panel). So it is necessary to know how likely it is that a
random composite will experience basin-wide warming
(measure of significance) greater than (or equal to) the
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Figure 2. Composite maps of HadISST anomalies for El Nifio-only years (a—d), co-occurrence years (e—h) and IOD-only years (i-1) for JJAS(0),

ON(0), DJF(0/1) and for MAM(1). Contour interval is 0.2. The fraction of area with SST anomaly above 0.1°C is indicated at the top of each

panel. (1951, 1957, 1965, 1969, 1976, 1987 and 1991 are used for El Nifio-only composites, 1963, 1972, 1982 and 1997 for co-occurrence
composites and 1961, 1967, 1977 and 1994 for IOD-only composites).

El Nifio-only or co-occurrence composites. To test the
significance of warming signals during boreal winter
in both El Nifio-only and co-occurrence composites,
we carried out statistical significance tests. Using 4500
random composites, the Probability Density Function
(PDF) of the Indian Ocean basin-wide warming area
coverage is computed (Figure 5). Figure 5(a) shows that

Copyright © 2007 Royal Meteorological Society

6% of the random composites experience a warming with
amplitude and coverage equal to or greater than the El
Nifio-only composites. Here, 7 years are used to compute
the random composites from all the years. In Figure 5(b),
random composites are built using 4 years from all the
52 years and it is found that 4% of the random composites
have a warming with amplitude and coverage equal to or
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Figure 3. As in Figure 2, but for surface wind speed anomaly (NCEP/NCAR). Contour interval is 0.3 m/s. Vectors indicate the wind direction
greater than 0.9 m/s.

greater than the co-occurrence composites. This suggests
that the warming patterns are statistically significant
at the 94-96% level. Similar analysis is carried out
by computing 4500 random composites using 7 years
(Figure 5(c)) and 4 years (Figure 5(d)) but excluding all
ENSO and IOD years. It is observed that none of the
random composites have a higher degree of warming
than the El Nifio-only or co-occurrence composites. On

Copyright © 2007 Royal Meteorological Society

the basis of the above analysis, it is clear that there are
statistically significant basin-wide warming patterns in
both El Nifio-only and co-occurrence composites during
DIJF(0/1).

The basin-wide surface (winter) warming occurs dur-
ing El Nifio-only years and co-occurrence years but not in
IOD-only years. This shows that the warming is remotely
forced by the SST activities of the tropical eastern Pacific.
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Figure 4. Composite maps of HadISST anomalies for (a—d) Random years (1974, 1968, 1990 and 2000), (e—h) co-occurrence years and (i-1)
Random years (1959, 1995, 1979 and 1989), for JJAS(0), ON(0), DJF(0/1) and for MAM (1). Contour interval 0.2. At the top of each panel,
the fraction of area with SST anomaly above 0.1 °C is indicated.

However, Klein et al. (1999) showed that the magnitude
of El Nifio influence on the SST anomalies in the remote
oceans (Indian Ocean) is typically 0.2°C to 0.3°C, with
the extreme peak anomalies of 0.5°C. It is important
to note that by October—November the warm anomalies
appear in the northern Indian Ocean (north of the equa-
tor) in both El Nifio-only and co-occurrence compos-
ites apart from the southern warming, and basin-wide

Copyright © 2007 Royal Meteorological Society

warming appears in the entire north Indian Ocean by
the boreal winter. So the basin-wide warming in the El
Nifio-only and co-occurrence composites is part of a sys-
tematic response with distinct patterns. For the IOD-only
composites, warming is restricted only to the western
Indian Ocean. The weak SST anomalies are observed
(over the western Indian Ocean) in boreal autumn and
winter for El Nifio-only composites as compared to strong
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Co-occurrence composites
(b) 9.85% >76 | 4.06% >86 4 years used in composite

Normalized number of samples

(d) 0% >76 0r86 4 years used in composite
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Figure 5. The PDF of random composites (using 4500) of the Indian Ocean basin-wide warming area computed from the HadISST anomalies.

(a) and (c) for El Nifio-only composites (using 7 years random composites), (b) and (d) for co-occurrence composites (using 4 years random

composites). In (a) and (b) the random composites are computed from all the 52 years (1950—-2001) and in (c) and (d) the random composites
are computed from 37 years (which excludes the IOD, El Nifio and co-occurrence years).

anomalies in the co-occurrence composites. In the co-
occurrence years, the ENSO influence over the Indian
Ocean is modulated by 10D (Bracco et al., 2005). This
clearly brings out the fact that the western equatorial
Indian Ocean warming is mainly contributed by Indian
Ocean internal dynamics (IOD related) rather than any
remote forcing. It is important to note here that the
ENSO, on average, is related to SST anomalies in the
remote oceans but is not the sole determining factor for
the SST changes in the far away sites (Lanzante, 1996).
During the peak phase of IOD, strong easterly wind
anomalies appear in the southeastern equatorial Indian
Ocean. These winds directly influence the surface circu-
lation, especially along the equator (this is discussed in
detail in the next section). By the following winter sea-
son, easterly wind anomalies disappear in the IOD-only
composites and weaken in the El Nifio-only composites.
However, these anomalous easterlies in the southeastern
Indian Ocean persist in the following winter in the case
of the co-occurrence composites.

Surface circulation

The dynamical response of the upper ocean is very
similar to the seasonal surface wind forcing, mainly in
the north Indian Ocean. The flow of surface currents in
the southwest monsoon season is quite the reverse of
that in the northeast monsoon season, especially in the
Arabian Sea and Bay of Bengal. During the monsoon
transition periods, strong eastward jets (currents), called

Copyright © 2007 Royal Meteorological Society

Wyrtki Jets (Wyrtki, 1973), appear along the equator on
the surface. The composite maps of total surface currents
over the Indian Ocean for El Nifio-only years in the boreal
autumn are shown in Figure 6(a), which is similar to that
of the climatological circulation (figure not shown). The
strong eastward jets along the equator with the zonal
velocity component (contours) exceeding 60 cm/s are
clearly seen. Presence of weak easterly wind anomalies
(Figure 3(b)) in the east equatorial Indian Ocean does
not affect the surface circulation along the equator. In
the case of the IOD-only and co-occurrence composites,
eastward jets are weakened (Figure 6(b—c)). This shows
that most of the variability related to surface circulation is
due to the local IOD forcing rather than El Nifio forcing.
It is worth mentioning here that during the strong positive
IOD years (IOD index defined by Saji efal. (1999)
greater than 2.0) the equatorial jets reverse its direction.
Hence, El Nifio-related changes in the circulation pattern
are not significant during these years.

Subsurface temperatures and isopycnal depths

It is understood that basin-wide surface warming of
the Indian Ocean in different seasons (mainly in boreal
autumn and the following winter) is remotely forced by
El Nifio-related signals from the eastern Pacific. Previ-
ous studies (Rao et al., 2002; Feng and Meyers, 2003;
and so on) have suggested that significant temperature
anomalies would develop in the subsurface early in the
summer monsoon months and reach their peak during
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Figure 6. Composite maps of SODA surface currents (vectors) and the

zonal component of currents (contours cm/s) during the post-monsoon

period (ON) (contour interval 10 cm/s), (a) for El Niflo-only years,
(b) for co-occurrence years and (c) for IOD-only years.

October—November. So in this context it is important to
know whether the wintertime basin-wide warming per-
sists in the subsurface temperature anomalies. SODA
temperature profiles are used to understand the subsur-
face variability. Shenoi ef al. (2005) showed that the
difference in climatological seasonal cycle of tempera-
ture (upper 50 m) between SODA and Levitus (Levitus
and Boyer, 1994) is within 0.5°C for the north Indian
Ocean.

Copyright © 2007 Royal Meteorological Society
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Figure 7 shows the composite maps of temperature
anomalies at the isopycnal o, = 25.0 for El Nifio-only
(a—d), co-occurrence (e—h) and IOD-only (i-1) years
for all the four seasons. The spatial distributions of
the temperature anomalies at the isopycnal o, = 25.0
are similar to that at 100 m depth (not shown). So
the analysis of temperature anomalies at the isopycnal
(0o = 25.0) reflects the subsurface variability as well
as changes in the temperature at constant density level.
However, the magnitudes of temperature anomalies are
less in the case of the isopycnal (o, = 25.0) than that at
100 m depth. The isopycnal (o, = 25.0) layer encloses
the whole upper Indian Ocean north of 25°S in the
annual mean picture (figure not shown). The depth of
the isopycnal (o, = 25.0) layer is about 120 m in the
eastern Indian Ocean (north of 15°S) and it shoals up to
about 80 m near 7°S, 60 °E, this is similar to the findings
of Zhang and Talley (1998). The annual mean isopycnal
depths for the Indian Ocean vary within the range of
the winter mixed layer (Rao ef al., 1989). The reason
for selecting the isopycnal layer of o, = 25.0 is that the
layers less than o, = 25.0 (depth) do not cover the entire
Indian Ocean. In the El Niflo-only composites, none
of the four seasons experience basin-wide subsurface
warming in the Indian Ocean. In boreal autumn, strong
positive anomalies are present in the eastern (south of the
equator) Indian Ocean (Figure 7(b)). In the case of co-
occurrence composites, strong positive anomalies appear
in the western Indian Ocean and negative anomalies in the
eastern equatorial Indian Ocean (Figure 7 (f)). A similar
structure is seen in the subsurface for the IOD-only
composites (Figure 7(j)). Moreover, there is no basin-
wide warming observed in the subsurface or surface level
in the IOD-only composites. During both co-occurrence
composites and IOD-only composites, the Arabian Sea
shows anomalous warming from boreal autumn to the
following spring.

Figure 8 shows the isopycnal (o, = 25.0) layer depth
anomaly for the boreal autumn and winter seasons for
the three composites. In the El Nifio-only composites
(Figure 8(a) and (b)), weak (positive or negative) isopyc-
nal depth anomalies are noticed in both the seasons over
most of the Indian Ocean, except in the south central
region. In the case of the co-occurrence and I0D-only
composites, isopycnal depths deepen over the western
Indian Ocean (positive anomaly) and shoal over the east-
ern Indian Ocean for the two seasons. The shoaling of
isopycnal depth is due to upwelled subsurface water and
the deepening is due to downwelling. Deepening or shoal-
ing of isopycnal depths is stronger in IOD-only compos-
ites as compared to the other two composites.

Sea-Surface Height (SSH) and heat content anomalies

In this section, SODA SSH anomaly is used to exam-
ine the role of ocean dynamics on western Indian Ocean
warming for the three cases (El Nifio-only, IOD-only and
co-occurrence composites). The Root Mean Square RMS
difference between TOPEX/POSEIDON (satellite data)
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Figure 7. As in Figure 2, but for the SODA temperature anomalies at isopycnal (o, = 25.0) layer. Contour interval is 0.1°C.

and SODA SSH anomalies for the 9-year (1993-2001)
annual climatology is less than 1.2 cm. The spatial
map shows an RMS difference of about 5 cm over the
Somali coast and less than 3 cm over most of the Indian
Ocean. Figure 9 displays the time-longitude plots of SSH
anomaly composites along 10°S over the Indian Ocean.
In the case of El Nifio-only composites, the positive SSH
anomalies found in the central Indian Ocean during the
boreal autumn show very weak westward propagation
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(Figure 9(a)), while in the other two cases, strong west-
ward propagating SSH anomalies are observed, which
reach the western boundary by the following boreal win-
ter (Figure 9(b) and (c)). The analysis of spatial and tem-
poral distribution of heat content (upper 250 m) anoma-
lies for the El Nifio-only composites reveals that the pos-
itive heat content anomalies appear in the eastern Indian
Ocean (east of 70 °E), including the Bay of Bengal, during
boreal summer (figure not shown), which is similar to
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El Nino only composites Co—occurrence composites I0D only composites

Figure 8. Composite maps of isopycnal layer depth anomalies for boreal autumn and winter: (a), (b) for El Nifio-only composites; (c), (d) for
co-occurrence composites; and (e), (f) for IOD-only composites, from SODA temperature and salinity data. Contour interval is 5 m.
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Figure 9. Time—longitude plots of SODA sea-surface height anomaly (cm): (a) El Nifio-only composites, (b) co-occurrence composites and
(c) IOD-only composites. Contour interval is 2 cm and the interval above 4 cm is shaded.

the spatial distribution of SSH anomalies. The magni- of the equator, which extend westward in the following
tudes of the positive heat content anomalies increase winter and spring seasons. The heat content anomalies
in the central Indian Ocean but decrease towards the observed in the winter and spring (positive in the east and
east by October—November. The maximum heat content negative in the west) have a structure similar to the sub-
anomalies (positive) are observed in the region south surface temperature anomalies. Like the surface dipole in
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the SST anomaly, heat content anomalies also showed a
dipole-like structure, with negative anomalies in the east-
ern equatorial Indian Ocean and positive anomalies in the
western equatorial Indian Ocean for co-occurrence and
IOD-only composites, respectively (Figure not shown).
A strong gradient is observed only in the region south
of the equator. Initially, during the summer months, the
existence of strong positive anomalies near 85 °E 10°S is
observed. These maximum positive anomalies gradually
propagate westward and reach the western boundary by
the following boreal winter.

The westward propagation seen in the heat content
anomalies (or SSH anomaly) is associated with the off-
equatorial Rossby waves, which further confirms the role
of ocean dynamics in warming the western Indian Ocean
for the next season. Absence of such a strong propagation
in El Nifio-only composites (either in heat content or
in SSH anomalies) suggests that the El Nifio alone
does not induce an Indian Ocean dynamical signature
(e.g tropical Rossby waves) unless the 10D coupled
mode is also excited. The El Nifio-related signals on
the dynamic response of the Indian Ocean are weaker
than the local phenomena. It is also important to note
that there is no basin-wide subsurface warming in any
of the three cases, as seen in the surface. The strong
propagation of SSH anomalies in IOD-only and co-
occurrence composites and absence of such a propagation
in El Nifo-only composites indicate that basin-wide
(especially western Indian Ocean) surface warming in
El Nifio-only composites is not exactly governed by the
planetary wave propagation. To further strengthen this
hypothesis, it is necessary to examine the air—sea fluxes
and their contribution to surface warming or cooling,
which is discussed in the next section.

Surface fluxes

Latent heat flux anomalies for El Nifio-only compos-
ites for the four seasons are shown in Figure 10(a—d).
During boreal autumn (Figure 10(b)), most of the region
except the southeast Indian Ocean (south of 5 °S) has neg-
ative latent heat flux anomalies (dashed line). This shows
that the ocean in this region loses relatively less heat to
the atmosphere in the El Nifio-only years. The negative
anomalies continued to persist in the following winter
(Figure 10(c)) over almost the entire Indian Ocean and
the positive anomalies weaken in the southeastern parts.
At the same time, basin-wide warming is observed in
the winter season (Figure 2(c)). So the latent heat flux
contributed considerably to the warming in the El Nifio-
only composites. Figure 10(e—h) displays the composite
anomalies of latent heat fluxes for the co-occurrence
years. During the summer monsoon (Figure 10(e)), both
western and eastern parts of the Indian Ocean have pos-
itive anomalies. The core of positive anomalies during
October—November (Figure 10(f)) is seen in the south-
central to eastern Indian Ocean (between the equator
and 10°S). At the same time, the western Indian Ocean,
especially south of the equator, maintained strong nega-
tive latent heat flux anomalies, which resulted in positive
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SST anomalies over that region. In the following winter
(Figure 10(g)), the basin-wide negative latent heat flux
anomalies look different from the El Nifio-only com-
posites, but there is basin-wide warming in the Indian
Ocean (Figure 2(g)). The western warming in the boreal
autumn during the co-occurrence composites is stronger
than the El Nifio-only composites. This warming con-
tinues into the next season, and the ocean dynamics
play an important role in maintaining the winter (follow-
ing winter) warming. The weak positive latent heat flux
anomalies are not sufficient to reduce the SST anoma-
lies in the western Indian Ocean. Klein ef al. (1999)
also reveal that the positive SST anomalies in the south-
western Indian Ocean are the direct response of ocean
dynamics instead of surface heat fluxes. Hence, strong
basin-wide warming persisted in the following winter for
the co-occurrence composites. For the IOD-only com-
posites, a similar type of patterns in the latent heat flux
anomalies appears in the following winter, but no basin-
wide warming is observed over the Indian Ocean, unlike
for the co-occurrence composites. In fact, this is due to
the absence of El Nifio-related (ENSO) subsidence over
the eastern Indian Ocean in the following winter. On the
other hand, in the co-occurrence composites, the posi-
tive short wave flux (incoming solar radiation) anomalies
(Figure 11(g)) due to the clear sky radiation are favorable
for the warming, and this further supports the findings
of Klein et al. (1999). However, for IOD-only compos-
ites, no such warming is observed over the eastern Indian
Ocean owing to the absence of strong positive short wave
flux anomalies in the boreal winter (Figure 11(k)). From
the above discussion it is clear that in El Nifio-only com-
posites, surface heat fluxes (mainly latent heat flux and
short wave radiation) play a major role in maintaining
the basin-wide surface warming in the Indian Ocean,
whereas, in the co-occurrence years, the ocean dynamics
is responsible for warming in the western Indian Ocean,
and the latent heat flux and solar radiation cause the
warming in the eastern Indian Ocean.

Heat budget

We have carried out upper ocean heat budget analysis to
diagnose the role of surface fluxes and ocean dynamics
in maintaining the wintertime basin-wide warming during
the El Nifio-only years and co-occurrence years. In the
present study, SODA temperature, zonal, meridional and
vertical currents and COADS heat fluxes are used to
estimate the heat budget of the upper 50 m in the
southeastern (90 "E—110°E and 10°S to the equator) and
western (50°E—70°E and 10°S—10°N) tropical Indian
Ocean. Recently, Shenoi et al. (2005) computed the heat
budget for the northern Indian Ocean (Arabian Sea and
Bay of Bengal) using SODA products. They found that
the SODA heat budget (for 30 years’ climatology, from
1963-1992) is well comparable with the heat budget
computed using a variety of other data sets of Shenoi
et al. (2002). We also did similar experiments over the
equatorial Indian Ocean using 30 years’ climatology and
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Figure 10. As in Figure 2, but for NCEP/NCAR latent heat flux anomaly. Contour interval is 5 W/m?.

found that the heat budget balances in the region (within
the standard deviation) during the fall, winter and spring
seasons (figure not shown). Figure 12 shows the balance
of heat budget in the control volume over the southeastern
Indian Ocean and western Indian Ocean for all the three
composites (El Nifio-only, co-occurrence and IOD-only
years). The thin and continuous line shows the heat
content tendency, the dashed line represents the sum of

Copyright © 2007 Royal Meteorological Society

the other terms (Qt, horizontal and vertical advection,
heat flux and diffusion) and the thick continuous lines
show the standard deviation of the heat content tendency.
In the southeastern Indian Ocean, both heat content
tendency and Qt are in phase with each other most of
the time. Qt is mostly within the standard deviation of
heat content tendency for all the three composites. Qt
is always within the standard deviation in the western
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Figure 11. As in Figure 2, but for NCEP/NCAR short wave radiation anomaly. Contour interval is 5 W/m?.

Indian Ocean, except in June(0), July(0), April(1) and
May(1), and the pattern is similar to that of heat content
tendency. The uncertainties or errors associated with
the heat budget come from the estimates of the heat
content, surface heat fluxes and vertical advection. Wyrtki
and Ulrich (1982) found that the errors are about 15%
of the mean annual cycle for the estimates of heat
content in the upper 100 m of the north Pacific. Weare
and Strub (1981) found the random errors on net heat

Copyright © 2007 Royal Meteorological Society

fluxes due to sampling biases on monthly means to
be about 10% of the mean. However, for heat budget
calculations, it is assumed that most of the random errors
would get cancelled over averaging and finally only
the systematic error will dominate (Hareesh Kumar and
Mathew, 1997).

Figure 13 shows the composites of (a) Heat Content
Anomaly (HCA) tendency term, (b) meridional advection
anomaly, (c) zonal advection anomaly, (d) vertical
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Figure 12. Heat budget balance (a) to (c) for the southeastern equatorial Indian Ocean and (d) to (e) for the western equatorial Indian Ocean for
all three composites. Units are in W/m?.

advection anomaly, (e) net heat flux anomaly and
(f) diffusion anomaly over the southeastern Indian Ocean.
In the El Nifio-only composites, HCA tendency shows
a slight decrease in JJAS(0) (compared to the previous
season) and an increase in DJF(0/1) over the southeastern
Indian Ocean (Figure 13(a)). As compared to the other
two composites, the rate of change (or tendency) of HCA
is very low in the El Nifio-only composites. During the
El Nifio-only years, both the horizontal (meridional and
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zonal) and vertical advection anomalies are close to zero
in all the four seasons. This shows that the contribution
of horizontal and vertical advection for change in HCA
is less (Figure 13(b—d)). However, variations in the heat
flux anomalies are consistent with the HCA tendency. A
decreasing trend in the HCA tendency is observed from
June to August, and at the same time negative heat flux
anomalies are present up to September over this region
(Figure 13(e)). The HCA tendency shows a positive
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Figure 13. Heat budget analysis (50 m). (a) Heat content anomaly tendency, (b) meriodional advection anomaly, (c) zonal advection anomaly,
(d) vertical advection anomaly, (e) heat flux anomaly and (f) diffusion anomaly for all three composites over the southeastern equatorial Indian
Ocean. Units are in W/m?.

trend up to December, when the heat flux anomalies
start increasing from its minimum. This further supports
(see Section on Surface Fluxes) the fact that the heat
fluxes are mainly responsible for SST anomaly variations
in the El Nifio-only composites. We also computed
the HadISST anomaly tendency for the El Nifio-only
composites over the eastern Indian Ocean, which showed
significant variations from the boreal autumn to winter
(DJF(0/1)) season. This is because heat flux normally
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has more influence on the surface temperature than the
subsurface temperature. Loss of heat from the control
volume due to diffusion is almost close to zero during
most of the time (Figure 13(f)).

In the co-occurrence composites, HCA tendency shows
negative sign during the boreal summer, and from autumn
onwards it changes to positive. The increasing tendency
in HCA is more in the co-occurrence composites
than the IOD-only composites during DJF(0/1) (with
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reference to JJAS). This indicates the existence of
strong positive SST anomalies in the boreal winter
over the southeastern Indian Ocean during the co-
occurrence years. The contributions of zonal and vertical
advections (Figure 13(c—d)) are more in the boreal
summer and autumn seasons, resulting in large cooling
over the eastern Indian Ocean (Figure 13(a)). The
contribution of horizontal advection in controlling the
HCA changes decreases towards the end of November
and remains weak in the next two seasons. Even though
meridional advection anomaly shows some variations,
which is always weaker than zonal advection, there
are notable differences between meridional and zonal
advection anomalies during the winter season in the
co-occurrence composites (Figure (13(b) and (c)). Weak
positive meridional advection anomalies are noticed
in DJF (0/1), while zonal advection showed negative
anomalies. This shows that there is very little contribution
of meridional advection to warming the southeastern
Indian Ocean in DJF (0/1), and the contribution is
much weaker than vertical advection and heat flux.
During the strong positive IOD years (independent of El
Nifio), upwelling starts from early June and strengthens
by October—November. The strong upwelling induced
cold water is advected northwestward along the coast
of Sumatra and westward along the equator. Vertical
advection over the southeastern Indian Ocean does
not show strong upwelling during the boreal summer
and autumn in the co-occurrence and IOD composites
(Figure 13(d)). This is due to the fact that the composites
contain both weak and strong 10D events. During the
weak positive IOD events, the role of vertical advection
is very reduced compared to horizontal advection. In
the co-occurrence composites, upwelling is replaced
by downwelling from winter onwards (Figure 13(d)),
which warms the surface with primary contribution
from the surface heat flux. Strong positive heat flux
anomalies are observed in boreal autumn and winter,
which peak in December and January (Figure 13(e));
this mainly influences the wintertime warming during
the co-occurrence years over the southeastern Indian
Ocean. Towards the end of November, positive net heat
flux is observed owing to cold SST anomalies and
weak winds, resulting in the reduction of latent heat
loss. The heat loss due to diffusion was maximum in
December. From January, there was decrease in the heat
loss over the southeastern Indian Ocean due to diffusion
(Figure 13(f)). During the IOD-only composites, the
changes associated with the upper ocean temperature
(or heat content) anomalies are similar to those of co-
occurrence years. However, the main difference occurred
during DJF (0/1), where the magnitude differs in HCA
tendency. The role of horizontal (both meridional and
zonal) advection is almost the same in both co-occurrence
and IOD-only composites. Also, weak upwelling is
observed during DJF (0/1) in the IOD-only composites
whereas downwelling is observed in the co-occurrence
composites. Nevertheless, there exists some positive heat
flux anomaly during boreal autumn, which is not seen

Copyright © 2007 Royal Meteorological Society

J. S. CHOWDARY AND C. GNANASEELAN

to persist during the DJF (0/1) season. Therefore, the
absence of positive heat flux anomalies and the presence
of weak upwelling have contributed to the increase in
HCA tendency over the eastern Indian Ocean during the
winter season. Diffusion anomaly during the IOD-only
composites showed that heat loss over this region due to
this process is maximum during the peak phase of IOD
(ON (0)), while in the other seasons the heat loss due to
diffusion is reduced.

Over the western Indian Ocean, HCA tendency
(Figure 14(a)) showed a decreasing trend during boreal
autumn in El Nifio years and an increasing trend from
December onwards. This is consistent with the SST
anomaly composite maps in Figure 2. During IOD-only
composites, an exactly opposite trend (compared to El
Nifio-only composites) in HCA tendency is observed,
with increasing trend during ON(0) and decreasing trend
in DJF(0/1). The increasing trend of HCA in western
Indian Ocean during ON(0) for IOD-only composites is a
characteristic feature associated with the IOD formation,
which is due to the anomalous meridional advection, and
the downwelling along with some contribution from net
heat flux during boreal fall. The role of zonal advection
in warming the western Indian Ocean is very limited.
The weak negative SST anomaly or HCA tendency in
the western Indian Ocean during DJF(0/1) is due to
meridional advection, reduced upwelling and heat flux
anomalies, whereas in the El Nifio-only composites the
warming in the western Indian Ocean is mainly due to
the influence of surface heat flux, with some contribution
of vertical advection. Figure 14(e) shows that the surface
net heat flux anomaly (solid line) is always positive from
boreal summer to winter in the El Nifio-only composites.
In the case of co-occurrence composites, the initial
warming in ON(0) is related to the IOD phenomenon,
and warming in the DJF(0/1) is a combined effect of
both meridional advection and heat flux. Figure 14(b)
shows positive meridional advection anomalies during the
DIJF(0/1) season, which are responsible for the increase
in HCA tendency. Though net heat flux also showed
(Figure 14(e)) an increasing trend from November to
February (following year), heat loss from the control
volume due to diffusion is very little in all the three cases
(Figure 14(f)).

CONCLUSIONS

Surface wind anomalies during the El Nifio-only com-
posites show the existence of easterly wind anomalies
over the southeastern Indian Ocean in boreal summer
and autumn. These easterly wind anomalies are weak in
magnitude as compared to the co-occurrence or IOD-only
composites. The weak easterly wind anomalies in the El
Nifio-only composites do not weaken the Wyrtki Jets,
whereas surface Wyrtki Jets are reversed during Octo-
ber—November in the strong IOD years.

The basin-wide warming in the Indian Ocean occurred
in the El Nifio-only and the co-occurrence years. In the
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Figure 14. Same as Figure 13, but for the western equatorial Indian Ocean.

case of subsurface warming, an opposite structure in heat
content anomaly was noticed during winter between the
eastern and western Indian Ocean. During El Nifio-only
years, heat content anomaly is negative in the western
and positive in the eastern Indian Ocean, while it is the
opposite in the IOD-only and co-occurrence years. Strong
westward propagation of heat content (or SSH) anomalies
in the southern Indian Ocean is observed for positive
10D composites. This propagation is associated with the
off-equatorial Rossby waves. Such strong propagation
is not seen in the case of El Nifio-only composites,
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which suggests that the ocean dynamics play an important
role in warming the western Indian Ocean for the IOD
composites.

The examination of surface heat fluxes for the three
cases revealed that, for the El Nifio-only composites,
surface heat fluxes (mainly latent heat flux and short
wave radiation) play an important role in maintaining
the basin-wide wintertime surface warming in the Indian
Ocean. Whereas in the co-occurrence years, western
Indian Ocean warming is mainly due to ocean dynamics
and the eastern warming is due to latent heat flux and
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solar radiation. The suppressed coastal upwelling over
Sumatra is also favorable for the eastern warming. No
such warming is observed in the IOD-only years. This is
due to the absence of El Nifio-related (ENSO) subsidence
and the resultant reduction in solar radiation over the
eastern Indian Ocean in the following winter. The heat
budget analysis reveals that the influence of surface
fluxes on basin-wide winter warming (cooling) over the
western (eastern) Indian Ocean is significant during the El
Nifio-only years while the heat budget analysis over the
southeastern Indian Ocean shows that the downwelling
and surface heat flux play an important role in winter
warming during the co-occurrence years. Finally, this
study finds that there are dynamical differences leading
to a systematic pattern of basin-wide warming following
the El Nifio-only years as compared to the IOD years.
There is a systematic warming of the western Indian
Ocean associated with the propagation of Rossby waves
during the IOD years, and the surface heat fluxes play a
more dominant role in leading the basin-wide warming
following the peak of ENSO.
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