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compensated to a large extent by warming due to reduction 
in mixed layer depth, thereby keeping the surface tempera-
ture trends in the west to weak positive values. The OGCM 
experiments showed that the wind induced circulation 
changes redistribute the excess heat received in the west-
ern TIO to central and east thereby enhancing warming in 
the central equatorial IO. The increased surface warming 
in central TIO increases the latent heat loss, and keeps the 
net heat flux trends negative. Model sensitivity experiments 
reveal that the subsurface cooling at thermocline level in 
TIO is contributed by variability in Pacific via Indonesian 
Through Flow whereas the surface warming trend is mainly 
induced by the changes in the local forcing. The long term 
changes in IO Rossby waves are not induced by local 
atmospheric forcing but are forced by Pacific. The ther-
mocline shoaling in the west is therefore amplified by the 
remote influence of Pacific via wave transmission through 
Indonesian archipelago.

Keywords  Indian Ocean warming · Subsurface cooling · 
Local forcing · Remote forcing · Model sensitivity 
experiments

1  Introduction

The increasing trends in the global mean ocean heat con-
tent is mainly attributed to the global warming induced by 
anthropogenic activities (e.g. Barnett et  al. 2005; Levitus 
2005; Lyman et  al. 2010). On a regional scale, the ocean 
warming is not uniform, and is influenced by the local cli-
mate and inherent coupled ocean-atmospheric modes of 
variability linked to the region (Xie et  al. 2010). Under-
standing the processes responsible for the regional changes 
associated with the background warming is essential for 

Abstract  The increased rate of Tropical Indian Ocean 
(TIO) surface warming has gained a lot of attention in the 
recent years mainly due to its regional climatic impacts. 
The processes associated with this increased surface warm-
ing is highly complex and none of the mechanisms in the 
past studies could comprehend the important features asso-
ciated with this warming such as the negative trends in sur-
face net heat fluxes and the decreasing temperature trends 
at thermocline level. In this work we studied a previously 
unexplored aspect, the changes in large scale surface cir-
culation pattern modulating the surface warming pattern 
over TIO. We use ocean reanalysis datasets and a suit of 
Ocean General Circulation Model (OGCM) experiments 
to address this problem. Both reanalysis and OGCM reveal 
strengthening large scale surface circulation pattern in the 
recent years. The most striking feature is the intensification 
of cyclonic gyre circulation around the thermocline ridge 
in the southwestern TIO. The surface circulation change 
in TIO is mainly associated with the surface wind changes 
and the geostrophic response to sea surface height decrease 
in the western/southwestern TIO. The surface wind trends 
closely correspond to SST warming pattern. The strength-
ening mean westerlies over the equatorial region are con-
ducive to convergence in the central and divergence in 
the western equatorial Indian Ocean (IO) resulting central 
warming and western cooling. The resulting east west SST 
gradient further enhances the equatorial westerlies. This 
positive feedback mechanism supports strengthening of the 
observed SST trends in the equatorial Indian Ocean. The 
cooling induced by the enhanced upwelling in the west is 
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understanding the observed climate change and for generat-
ing future projections.

Of all the tropical oceans, Tropical Indian Ocean (TIO) 
exhibits the strongest and robust warming with a basin wide 
warming signal (Alory et al. 2007; Du and Xie 2008; Deser 
et al. 2010). This surface warming has considerable influ-
ence on the climate of both local and remote regions (e.g. 
Giannini et al. 2003; Hoerling and Kumar 2003; Hoerling 
et al. 2004; Chung and Ramanathan 2006; Rao et al. 2010b; 
Williams and Funk 2011; Luo et al. 2012; Tokinaga et al. 
2012). Besides its importance in modulating the climate of 
surrounding land mass, TIO warming has gained the atten-
tion of research community because of the complexity of 
the processes associated with the increased warming rate.

The heat content trends in World Ocean Database (WOD) 
indicate enhanced heat storage in southern Indian Ocean (IO) 
compared to north (Fig. S9 in Levitus et al. 2009). The vertical 
structure of IO temperature trends in Quality controlled Ocean 
thermal Archives (QuOTA) data also indicates that the warm-
ing is confined to the surface layers in TIO, but penetrates to 
deeper ocean in southern latitudes (south of 20°S) (Alory et al. 
2007). A subsurface cooling trend is observed in central IO, 
around 100–200 m depths in QuOTA, which is also evident in 
WOD (Fig. 1 in Han et al. 2006). The signature of this subsur-
face cooling is visible in Sea Surface Height (SSH) trends, as 
decreasing SSH in southwestern TIO is evident in in situ and 
satellite observations (Han et  al. 2010). Significant sea level 
increase is observed in tide gauge records over rest of the IO 
coast (Unnikrishnan and Shankar 2007; Han et al. 2010) con-
sistent with the basin-wide warming. Ocean reanalysis data-
sets like SODA captures this thermocline signature very well 
[e.g. Vargas-Hernandez et al. (2015a)].

The basin-wide IO warming is well simulated by climate 
models (e.g. Barnett et al. 2005; Alory et al. 2007; Dong and 
Zhou 2014), but processes responsible for the warming are 
highly model dependent. Du and Xie (2008) showed that in 
Coupled Model Intercomparison Project Phase-three (CMIP3) 
models, IO warming is induced by the increase in downward 
longwave radiation due to Green House Gases (GHG), and is 
amplified by the water vapor and atmospheric feedbacks. The 
role of forcing by GHG and anthropogenic aerosols in IO tem-
perature trends in models are pointed out by Cai et al. (2007, 
2008) and recently by Dong and Zhou (2014). According to 
Alory et al. (2007) the deep reaching subtropical warming and 
equatorial subsurface cooling in CMIP3 models are related 
to a 0.5° southward shift in the subtropical IO gyre, driven 
by strengthening southern hemisphere westerly winds. Mod-
els also suggest that the remote influence from Pacific being 
transmitted to IO via Indonesian Through Flow (ITF) region 
(Alory et  al. 2007; Schwarzkopf and Böning 2011; Trenary 
and Han 2013). Studies using forced ocean models suggest 
that the subsurface cooling in equatorial IO is mainly caused 
by surface wind changes, which resulted in enhanced Ekman 

pumping velocity and thereby thermocline shoaling in the 
southwestern equatorial IO (Han et  al. 2006, 2010; Trenary 
and Han 2008; Timmermann et al. 2010). A recent review of 
Indian Ocean decadal variability by Han et al. (2014) further 
substantiates the role of wind induced oceanic response in 
decadal SSH/thermocline variability. Vargas-Hernandez et al. 
(2015b) showed that westward propagating salinity anomalies 
also can modulate the SSH variability in decadal and longer 
time scales over southern TIO. Many coupled climate models 
which successfully simulated the surface warming, could not 
reproduce this thermocline response (e.g. Alory and Meyers 
2009; Dong et al. 2013).

Many studies have proposed possible mechanisms for the 
increased warming rate of TIO. Most of them concentrated 
on summertime warming, which is apparently the season in 
which warming is more prominent. Li et al. (2012) attributed 
the warming of TIO during summer time to asymmetry in 
ENSO variability. They showed that the decaying phase of 
El Nino, which induces warming in western TIO, has been 
delayed from spring to early summer in recent decades, 
while the seasonal timing of La Nina decay phase remains in 
spring season. Roxy et al. (2014) showed that the long term 
warming trend over the western Indian Ocean during sum-
mer is a result of asymmetry in El Nino–La Nina telecon-
nection (in the initial phase of ENSO). They pointed out that 
the increasing frequency of ENSO events in recent years 
also contributes to the warming. Swapna et al. (2013) sug-
gested that the weakening summer monsoon circulation can 
enhance the equatorial SST trends in summer months. How-
ever the mechanisms responsible for the SST trends in the 
annual picture need careful scrutiny.

Though SST trends show most significant increase over 
TIO, the net heat flux into the ocean shows a decreas-
ing trend over the entire TIO basin (Schott et  al. 2009). 
Rahul and Gnanaseelan (2013) analyzed different heat 
flux products and showed that all the heat flux products 
show decreasing net heat flux over central TIO, and is 
mainly caused by increased latent heat loss as a response 
to increased SST and wind strength. Previous studies which 
addressed the issue of TIO warming, could not explain 
these two major dilemmas, the subsurface cooling at ther-
mocline level and the negative trend in net heat flux. In 
this study we explore the role of surface ocean circulation 
changes in TIO warming and establish a possible mecha-
nism which can explain these uncertainties.

2 � Data and methods

2.1 � Datasets

Ocean reanalysis datasets are used to understand the long 
term changes in the basin scale circulation pattern. We use 
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datasets from two different sources, European Centre for 
Medium-range Weather Forecasts (ECMWF) Ocean Rea-
nalysis System 4 (ORAS4) and Simple Ocean Data Assimi-
lation (SODA). Though uncertainties are relatively more 
prior to 1970s due to sparse observations, persistent chang-
ing trends throughout the study period (especially during 
the recent decades) can be considered as a robust signal. A 
brief description of both the products is provided for ready 
reference.

The ORAS4 dataset is available from 1958 to near pre-
sent (ftp://ftp.icdc.zmaw.de/EASYInit/ORA-S4/). Detailed 
description and evaluation of ORAS4 assimilation system 
is provided in Balmaseda et  al. (2013). Surface heat and 
momentum fluxes from ERA-40 reanalysis (from 1958 to 
December 1988) and from ERA-Interim reanalysis (from 
January 1989 to December 2009) are used to force OGCM. 
The heat flux variability is relatively unimportant in sur-
face heat gain, as a strong relaxation to the observed SST is 
applied as a flux correction. Temperature and salinity pro-
files from quality controlled EN3v2a dataset (Ingleby et al. 
2007) and along track altimeter-derived sea-level anoma-
lies from AVISO (Archiving, Validation and Interpretation 
of Satellite Oceanographic data, http://www.aviso.ocean-
obs.com/) are assimilated to model derived ocean state. As 
Boussinesq approximation is made in the OGCM, the cor-
rection for global steric sea level rise is provided as spa-
tially uniform fresh water flux.

SODA (Carton and Giese 2008) version 2.1.6 used in 
this study is available for the period from 1958 to 2008. 
The OGCM used in this version is the Parallel Ocean Pro-
gram (POP 2.1), an eddy permitting model with an average 
0.25° ×  0.4° horizontal resolution and 40 vertical levels. 
Surface winds are from ERA40 reanalysis up to 2002 and 
Quikscat scatterometer winds from 2002 to 2008. The tem-
perature and salinity profiles from World Ocean database 
(WOD09) (http://www.nodc.noaa.gov/OC5/WOD/pr_wod.
html) are assimilated to model derived ocean state. Ungrid-
ded nighttime NOAA/NASA Advanced Very High Resolu-
tion Radiometer (AVHRR) SST data is used to update sur-
face temperature. Use of nighttime retrievals reduces the 
problem of correcting for skin temperature effects due to 
daytime heating.

The surface wind forcing of corresponding datasets are 
used for analysis. The historical SST reconstructions pro-
vided by met office Hadley centre [HadISST, (Rayner et al. 
2003)] and NOAA extended reconstructed SST [ERSST 
v3b, (Smith et al. 2008)] are also used.

2.2 � Methodology

The annual mean values (averaged from March to the fol-
lowing February) of different parameters are used in the 
analysis. Anomalies represent deviation of annual mean 

from long term mean. Helmholtz decomposition of ocean 
currents is performed to derive the stream function and 
velocity potential for understanding large scale circulation 
pattern. The methodology proposed by Watterson (2001) 
is used to deal with irregular coastal boundary conditions 
while decomposing ocean currents to rotational and diver-
gent components.

2.3 � OGCM and experiment details

2.3.1 � OGCM

The Geophysical Fluid Dynamics Laboratory (GFDL), 
Modular Ocean Model version 4 (MOM4p1) (Griffies et al. 
2004) is used for this study. The model is a fully complex 
ocean-ice model designed primarily as a tool for studying 
the ocean climate system (Griffies et  al. 2005). Model is 
hydrostatic and non Boussinesq, with pressure based ver-
tical coordinates. Model is configured for the Indo-Pacific 
basin (30°E–70°W, 60°S–30°N), with 0.25° uniform hori-
zontal resolution. On the northern and southern boundaries, 
sponge layer of 2.5° thickness is used, where temperature 
and salinity is relaxed to climatological values of World 
Ocean Atlas 2009. There are 50 vertical levels with 10 m 
resolution in first 250 m. Realistic bottom topography from 
Sindhu et  al. (2007) bathymetry data (based on NOAA-
ETOPO5, but improved shelf bathymetry for the Indian 
Ocean region) is provided. Topography is filtered to remove 
small scale grid noises, without disturbing the original 
geometry. The very fine channels in Indonesian ITF region 
either became shallower or got closed when topography is 
interpolated to models native grid. So we artificially modi-
fied the width and depth of the narrow channels in ITF 
region as well as in the openings of Red sea and Persian 
Gulf, to allow reasonable flow into IO basin.

The K-profile vertical mixing parameterization (Large 
et al. 1994) is used for surface mixing. The horizontal vis-
cosity is parameterized using Biharmonic Smagorinsky 
scheme (Griffies and Hallberg 2000). Fox-Kemper et  al. 
(2008) submesoscale parameterization and Simmons et al. 
(2004) parameterization for tidal mixing are also employed. 
Manizza et  al. (2005) scheme for shortwave penetration 
is applied, using the Seasonal climatology of chlorophyll 
based on NASA SeaWIFS satellite measurements.

2.3.2 � Experiments

The Coordinated Ocean-ice Reference Experiments 
(CORE) surface forcing datasets for global ocean-ice mod-
eling (Large and Yeager 2008), is used to force the OGCM 
for this study. Technical details of version 2 of CORE 
dataset is available at  ftp://go-essp.gfdl.noaa.gov/1p/nnz/
COREv2/doc/release_notesV2_10Feb2011.pdf. In the 

ftp://ftp.icdc.zmaw.de/EASYInit/ORA-S4/
http://www.aviso.oceanobs.com/
http://www.aviso.oceanobs.com/
http://www.nodc.noaa.gov/OC5/WOD/pr_wod.html
http://www.nodc.noaa.gov/OC5/WOD/pr_wod.html
ftp://go-essp.gfdl.noaa.gov/1p/nnz/COREv2/doc/release_notesV2_10Feb2011.pdf
ftp://go-essp.gfdl.noaa.gov/1p/nnz/COREv2/doc/release_notesV2_10Feb2011.pdf
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model, turbulent heat fluxes are derived from the bulk for-
mula using the model SST and the 10 m atmospheric fields 
in CORE forcing. Radiative heating is provided by short-
wave and incoming long wave fluxes.

The model is spun up with CORE Normal Year Forc-
ing (NYF) for 100 years. From there model is forced with 
CORE Inter Annual Forcing (IAF) from 1958 to 2008. This 
experiment is here after referred as CONTROL. To isolate 
the role of surface wind and heat fluxes in IO warming 
trends, two experiments are designed. One with climatolog-
ical winds i.e. winds in NYF applied repeatedly each year, 
and interannual heat fluxes (named as CLIM-WIND). The 
other one is with climatological heat flux and interannual 
winds (named as CLIM-FLUX). The surface heat and salt 
fluxes are modulated every time the wind speed is changed 
in the model, as the evaporation and corresponding latent 
heat flux depend upon wind magnitude. So, the daily net 
heat and salt fluxes of the CONTROL are used to force the 
model in CLIM-WIND experiment, so that irrespective of 
wind changes model gets same heat and fresh water forcing 
as in CONTROL. A daily climatology of CONTROL net 
heat flux is used in CLIM-FLUX, which prevents the net 
heat flux to vary inter-annually with the wind magnitude. 
One more experiment is done where the model is started 
from same state as in CONTROL, but forced with normal 
year forcing for the same time span of CONTROL (named 
as CLIM). The effect of interannualy varying forcing is 
isolated by subtracting CLIM from other experiments to 
remove drifts in the model’s mean state.

To study the role of remote forcing from Pacific via 
Indonesian archipelago, we modulated the forcing fields 
over Pacific and Indian Ocean in separate experiments. 
In CLIM-PO experiment, the Pacific Ocean is forced 
with NYF, while IO is forced with IAF. Another experi-
ment is carried out with NYF over IO and IAF in Pacific 
(CLIM-IO).

3 � Pattern of SST trends and surface wind 
response

The SST trends in two historical SST reconstructions 
as well as in the ocean reanalysis data sets for the period 
1958–2008 is shown in Fig.  1. SST trends show weaker 
warming pattern in the western equatorial region compared 
to central and eastern parts in all the data sets for this time 
period. The difference in SST averaged over central and 
western region (Fig.  1e) indicates an increasing west to 
east SST gradient along the equatorial region from 1958 to 
2008. The argument that the western equatorial IO is warm-
ing faster than the central and eastern parts made by Roxy 
et al. (2014) is the case when the trend is computed from 
1900 onwards, as the period of 1900–1950 shows increased 

surface warming in the west (figure not shown). The west 
to east gradient also shows decreasing tendency from 1900 
to 1958. The trend pattern of reanalysis data sets agree well 
with that of SST data sets. Particularly, SODA shows the 
weakest trend in the western equatorial region.

The response of this SST trend pattern can be identified 
in surface wind trends. The trend vectors of annual mean 
wind stress field (used as the forcing for respective reanaly-
sis data sets) is shown in Fig. 1c, d. Swapna et al. (2013) 
reported that radiosonde observations at Bombay (a station 
in the west coast of India) indicates weakening of surface 
zonal winds. Mishra et  al. (2012) showed that southward 
deflection of moist, westerly monsoon flow from the Ara-
bian Sea resulted in a reduced flux of moisture towards 
Indian subcontinent. Such response is clearly evident in the 
trend pattern shown in Fig.  1c, d. The trend vectors con-
verged where the SST trends are maximum, i.e. over the 
central equatorial IO and central Arabian Sea.

Since the annual mean winds north of 5°S is an average 
of seasonally reversing winds, we computed the wind stress 
trends and SST trends for the four seasons separately to see 
whether the convergence of winds towards equatorial region 
is a seasonal response (figure not shown). In all seasons the 
surface warming trend is maximum over central IO. The 
strengthening of easterly trade winds south of equator and 
westerly wind along central and eastern equatorial IO are 
apparent in all the seasons except in winter. In all the sea-
sons, the trend vectors point away from the Indian subconti-
nent towards the oceanic region, which indicates weakening 
the moisture transport towards land. The strengthening cross 
equatorial winds along the western boundary during JJAS 
is apparent, but is similar to the trends in annual mean flow, 
with reduced inland flow. Weakening of meridional SST 
gradient along 60°E–100°E latitude band over the northern 
IO in summer monsoon months was reported by Chung and 
Ramanathan (2006). The relatively low rate of warming in 
the western equatorial IO (west of 60°E) as well as north-
ern Arabian Sea (north of 20°N), compared to the central 
Arabian Sea explains the trend pattern of winds in summer 
season. The trend vectors south of 15°N over Arabian Sea 
indicate strengthening south-westerlies, while trend vectors 
north of 15°N indicate reduced flow towards land. Thus the 
reduction in meridional SST gradient and strengthening of 
zonal SST gradient assists the winds over central Arabian 
Sea to turn towards warmer equatorial region. This in turn 
enhances the equatorial westerlies.

4 � Surface ocean circulation response to changing 
wind pattern

To visualize the mean surface circulation response to 
changing wind pattern over TIO, the stream functions 
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derived from the annual mean surface currents (first 50 m) 
in the reanalysis datasets are averaged for the earlier (1958–
1967) and recent (1999–2008) decades (Fig. 2). The mean 
surface circulation features of TIO in different seasons are 
intensively discussed in several studies (Shenoi et al. 1999; 
Schott and McCreary 2001; Schott et al. 2009). The annual 
mean circulation pattern is featured by a clockwise gyre in 
the thermocline ridge region of southwestern equatorial IO 
[here after referred as Thermocline Ridge Gyre (TRG)]. 

The strengthening of TRG circulation in recent decade is 
clearly visible in both datasets. Weak north–south flow 
along the equator in the first decade has been replaced by 
strong eastward flow in recent years which is extending 
southwards (up to about 5° from equator). The clockwise 
circulation around the thermocline ridge has further inten-
sified and extended eastwards. The SSH trends in both data 
sets (see Fig.  3a, b) clearly show the decrease of SSH in 
the western and central equatorial IO. The intensification 

Fig. 1   Shaded are SST trend (oC/decade) in a HadISST, b ERSST, 
c SODA and d ORAS4 from 1958 to 2008. Trends in corresponding 
wind stress forcing (Wm−2/decade) of SODA and ORAS4 are over-

laid as vectors in c and d. The difference between SST averaged over 
central and western boxes are shown in e (central minus western box. 
Boxes are marked in top panels)
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and eastward extension of zone of SSH minima indicate 
that increased gyre strength is a geostrophic response of 
decreased SSH/thermocline depth in the western equatorial 
IO. The mean velocity potential for first and last decades 
of the study period is shown in Fig. 4. Both data sets show 
divergence in the western equatorial region and conver-
gence in the southeast, which is consistent with the known 
overturning circulation pattern in TIO (subduction in the 
southeast and upwelling in the western equatorial region). 
Over the recent decade the divergence in the western equa-
torial region as well as the convergence along central and 
eastern equatorial IO has increased considerably.

To identify the pattern of long term variability in TIO cir-
culation we did Empirical Orthogonal Function (EOF) anal-
ysis of the stream function and velocity potential. A seven 
year running mean is applied to the anomalies before com-
puting EOF to isolate long term variability. The first EOF 
mode and the corresponding Principal Component (PC) of 
stream function derived from both SODA and ORAS4 are 
shown in Fig.  5. The rotational currents derived from the 
EOF pattern are overlaid as vectors. First mode explains 

89 % (78 %) of the total variability in SODA (ORAS4). The 
EOF pattern shows asymmetric circulation anomalies across 
the equator, with a clockwise circulation to the south and 
anticlockwise to the north. The PC time series shows a posi-
tive trend indicating strengthening of this circulation pattern 
over last half century. The circulation anomalies south of the 
equator in EOF clearly demonstrate the strengthening of the 
TRG circulation. The EOF pattern indicates convergence 
and eastward movement of water along the equator. The 
clockwise (anticlockwise) circulation anomalies in south 
(north) of equator are associated with upwelling and low 
SSH at the circulation centers (see Fig. 3a, b). The increas-
ing trend in circulation suggests strengthening of upwelling 
at the center of the gyre structures. The increasing conver-
gence towards equatorial region is well evident in similar 
EOF analysis of the velocity potential (Fig. 6). The domi-
nant mode of variability of velocity potential represents 
divergence in the western and convergence in the central 
and eastern equatorial region. Here too the positive trend in 
PC indicates increasing convergence in the eastern and cen-
tral equatorial IO and increasing divergence in the west.

Fig. 2   Mean stream function (Sv, shaded) and corresponding rotational component (in 104  m2/s, vectors) of upper 50  m volume fluxes in 
SODA: a from 1958 to 1967, b from 1999 to 2008, c, d are same as a and b but for ORAS4
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The changing wind and ocean circulation pattern near 
the equator can influence the SST warming pattern, as 
the near equatorial westerly anomalies can induce con-
vergence of warm water along the equator and increase 
sea level there which can then be propagated eastward as 
equatorial Kelvin waves. These waves after reaching the 
eastern boundary propagate northward as coastal Kelvin 
waves (Rao et al. 2010a; Sreenivas et al. 2012). Nidheesh 
et al. (2013) reported connection between equatorial Indian 
Ocean and Bay of Bengal (BOB) SSH anomalies through 
such mechanism at decadal time scales. At the same time, 
the sea surface low due to wind stress curl on both sides of 
equator can propagate westward as off equatorial upwelling 
Rossby waves, enhancing the upwelling and surface cool-
ing over the west. Note that the SSH do display a decreas-
ing trend over off equatorial central IO (Fig.  3). The first 
EOF pattern of stream function also indicates strengthen-
ing of cyclonic circulation in off equatorial region. The 
intensifying easterly trade winds south of equator as well 
as westerlies along the equator do favor intensification 
of divergence, Ekman pumping and cooling in the west-
ern and south-western equatorial IO. At the same time 

strengthening of equatorial westerlies favor convergence of 
warm water in the eastern and central equatorial IO. This 
can increase the east–west SST gradient, which can further 
enhance the equatorial westerlies.

From the above analysis, it is clear that both surface 
winds and ocean circulation changes favor cooling of 
western equatorial IO. But SST observations indicate a 
weak positive trend over western equatorial IO. The west-
ern equatorial IO is the region where maximum heat input 
takes place over TIO (figure not shown). The upwelling 
zones in ocean are the regions were ocean intakes maxi-
mum heat, as relatively cooler surface temperature means 
more insolation (cloud free conditions) and lesser evapo-
rative heat loss. The advection of heat by prevailing cur-
rents and the upwelling of colder water from the deeper 
oceans maintain the heat balance in such regions. The tur-
bulent mixing in the ocean distributes the heat received in 
the surface up to Mixed Layer Depth (MLD). The MLD is 
a key factor in SST distribution as it determines the depth 
up to which the surface heat is mixed. We computed the 
MLD from the two reanalysis datasets to find out its long 
term trends.

Fig. 3   SSH trends (metre/decade) in a SODA, b ORAS4. MLD trends (metre/decade) in c SODA, d ORAS4
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MLD is defined as the depth at which the density 
change corresponds to 0.8  °C change in surface temper-
ature, for the given surface salinity (Kara et  al. 2000). 
The trend in the annual mean MLD is shown in Fig. 3c, 
d, which clearly shows decreasing trend in most of TIO 
region, except for central and eastern equatorial regions 
and over coastal Bay of Bengal and Arabian sea. The 
decrease in MLD gives a possible explanation for the 
warming of western and southwestern equatorial IO 
where the ocean dynamics favors cooling. The decreas-
ing subsurface (below MLD) temperature, due to dynami-
cally induced enhanced upwelling resulted in an increased 
surface stratification and reduced MLD, particularly in 
the west where surface receives maximum heat. The heat 
received in the upper ocean is retained within a relatively 
shallower layer keeping the surface temperature trends 
more or less constant. The increase in surface winds along 
the west should enhance turbulent mixing, but the MLD 
trends indicate that the enhanced winds could not over-
come the stratification generated by the shoaling of ther-
mocline in the western equatorial IO.

5 � OGCM simulations

The above discussions clearly support the role of ocean 
dynamics in modulating TIO surface warming pattern. A 
key limitation of reanalysis products is their inability to 
quantify the role of circulation in temperature changes, 
as data assimilation results in heat sources or sinks in the 
system. The OGCM simulations, where heat and momen-
tum budgets are strictly closed, are instead used to isolate 
the role of dynamic versus thermodynamic forcing on IO 
warming.

5.1 � CONTROL experiment

The SST, SSH and MLD trend in CONTROL experiment 
is shown in Fig. 7. The SST in the control experiment dis-
plays basin wide increasing trend with maximum warm-
ing in central and eastern TIO and very weak values in the 
western TIO near the Somali coast. The SSH is increasing 
over the central and eastern equatorial region and along 
the Indian coast. This pattern is consistent with reanalysis 

Fig. 4   Similar to Fig. 2 but for velocity potential and corresponding divergent component (in 104 m2/s)
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datasets and observations (e.g. Han et al. 2010) where they 
show evidence of SSH increase along the Indian coast 
and eastern equatorial IO from tide gauge observations. 
The model MLD shows decreasing trend in the western 
equatorial region, southern Arabian Sea (AS) and central 
BOB while deepening MLD is visible in central equato-
rial region. The similarity between SSH and MLD trends 
in model suggests that surface warming and dynamically 
induced subsurface cooling can increase surface stratifica-
tion, which results in shoaling of mixed layer in the west-
ern and off equatorial IO.

The mean stream function for the first and last decades 
in the CONTROL experiment is shown in Fig. 8. The inten-
sification of TRG is captured by the OGCM. In the OGCM, 
the first decade (1958–1967) itself displays eastward cur-
rents along the equator and strong southward return flow 
along the eastern equatorial regions. Both these features 
have strengthened in recent decade, without any notice-
able change in the spatial circulation pattern. The OGCM 
is forced with CORE winds, based on National Center for 
Environmental Prediction/National Center for Atmospheric 
Research (NCEP–NCAR) while reanalysis datasets were 
forced with ERA winds. Like surface forcing of reanaly-
sis datasets, the CORE wind forcing also indicates reduced 

winds towards Indian peninsula and convergence towards 
equator (figure not shown). But strengthening of cross 
equatorial southwesterly winds along western boundary is 
not so evident in CORE winds. Instead trend vectors are 
mostly eastward along the equator.

5.2 � Sensitivity experiments

5.2.1 � Dynamic v/s thermodynamic forcing

Sensitivity experiments are carried out by controlling the 
surface forcing parameters to isolate the role of ocean 
dynamics in surface warming of TIO in OGCM. The role 
of ocean dynamics is fully isolated in NHF-CLIM experi-
ment (Fig.  9), where surface is forced with interannual 
wind forcing and daily climatology of net heat flux from 
CONTROL experiment. The NHF-CLIM trends indicate 
that the changes in surface wind forcing alone results in 
cooling of the TIO surface. The cooling trend is strongest 
in the western TIO north of equator. This supports the argu-
ment that the wind induced circulation changes can reduce 
the warming trend in western equatorial IO.

The SST trends in WIND-CLIM (Fig. 10, climatological 
winds and interannual heat fluxes) show surface warming 

Fig. 5   The first EOF pattern of stream function in a SODA, b 
ORAS4, after applying a 7 year running mean. The currents derived 
from the corresponding eigenvectors (in 10−3 m2/s) are overlaid. The 

corresponding PC of SODA (black) and ORAS4 (red) are plotted at 
bottom. The dashed lines represent least square fit of the respective 
time series
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in the western and central TIO, with maximum warming 
in the western equatorial IO. As pointed out earlier, the 
western equatorial IO is a region where IO gains maxi-
mum heat. The WIND-CLIM experiment proves that in the 
absence of wind induced circulation changes, heat is build-
ing up in western and central IO. In CONTROL experi-
ment, the strengthened surface circulation redistributes 
this excess heat to the central and eastern TIO. The nega-
tive SST trends in NHF-CLIM experiment prove that in the 
absence of this heat flux changes, the strengthening ocean 
circulation tends to cool the surface.

The SSH trend in the NHF-CLIM shows shoaling SSH 
in the western equatorial IO similar to the CONTROL. 
The WIND-CLIM experiment does not display such trends 
indicating that the SSH trends in the west are mainly forced 
by wind changes. In NHF-CLIM, the deepening of SSH in 
the central IO (which is visible in CONTROL) is not well 
evident as in CONTROL, though relatively weaker SSH 
trends are visible. At the same time the MLD trend in the 
NHF-CLIM shows deepening MLD in central IO. The 
increase in MLD results in cooler SST, as available heat is 
distributed to deeper water column. But in the CONTROL 
experiment, the surface water converging may be warmer 
because of increased heat gain at the west, which contrib-
utes to the positive SST trend in the central and eastern 
IO. The decrease of MLD in western equatorial region is 

evident in both NHF-CLIM and the WIND-CLIM experi-
ments, confirming that that the surface heat flux forcing and 
wind induced ocean response, both act together to increase 
stratification and shoal MLD in the western equatorial IO. 
The sensitivity experiments clearly indicate that the surface 
wind forcing changes and the associated coupled interac-
tions play a major role in the distribution of the excess heat 
received in the TIO. The observed pattern of SST trend is 
highly influenced by the oceanic response to the surface 
wind forcing.

5.2.2 � Remote forcing from Pacific via Indonesian 
Archipelago

The influence of remote forcing from Pacific via ITF region 
is isolated using the two sensitivity experiments, CLIM-PO 
(inter annual forcing only over Indian Ocean) and CLIM-
IO (inter annual forcing only over Pacific). The CONTROL 
and CLIM-PO experiment show almost similar SST trend 
pattern (figure not shown), suggesting that the surface 
warming of TIO is mainly induced by local forcing. It is 
important to note here that the local atmospheric forcing 
includes the remote forcing from Pacific via atmospheric 
teleconnections. The experiment shows that Pacific Ocean 
influence though oceanic pathways has negligible role on 
long term surface warming trends.

Fig. 6   Same as Fig. 5, but for velocity potential
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Fig. 7   a SST trends (°C/decade), b SSH trends (metre/decade), c MLD trend (metre/decade) in CONTROL experiment (1958–2008)

Fig. 8   Mean stream function (in Sv, shaded) and corresponding rotational component (104 m2/s, vectors) of upper 50 m volume fluxes for a 
1958–1967, b 1999–2008 in CONTROL experiment
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Figure  11 shows the vertical structure of temperature 
trend over TIO (zonal average from 50°E-100°E) in the 
three experiments. The observed vertical structure of TIO 
warming trend is simulated reasonably in CONTROL 
experiment. The tropical IO surface warming and sub-
surface cooling at thermocline level is reproduced by the 
model. The CLIM-PO experiment reproduced the surface 
warming and its deeper penetration similar to CONTROL, 
confirming that the surface warming is forced locally. But 
the magnitude of subsurface cooling has reduced consider-
ably. The subsurface cooling is clearly evident in CLIM-IO 
experiment indicating that the subsurface cooling at ther-
mocline level in TIO is contributed by variability in Pacific 
via ITF. Even in the absence of remote forcing from Pacific, 
the surface warming in the CLIM-PO experiment (north of 
20°S) did not penetrate to deeper ocean. This suggests that 
both the Pacific remote forcing and the local forcing are 
jointly responsible for subsurface cooling observed in TIO.

At interannual timescales, thermocline depth anoma-
lies associated with ENSO in the Pacific can be transmit-
ted through the Indonesian region to the Indian Ocean 

where they propagate as Rossby waves (Cai et  al. 2005). 
Alory et  al. (2007) suggested that the subsurface cooling 
trend visible in IO along these off-equatorial Rossby wave 
pathways are associated with the signal of shoaling western 
Pacific thermocline transmitted to TIO in similar manner. 
Schwarzkopf and Böning (2011) showed evidence of this 
mechanism in an OGCM, with similar experiments. Several 
other model studies (Reason et  al. 1996; Cai et  al. 2008; 
Trenary and Han 2013) also identified the remote influence 
of Pacific wind forcing changes on IO decadal variability.

To see whether the forcing is via the modulation of 
Rossby wave propagation as proposed in these studies, we 
analyzed the thermocline depth anomalies along the Rossby 
wave pathway in southern TIO. Figure 12 shows the time-
longitude section of thermocline depth anomalies (20° 
isotherm depth, averaged from 15°S–5°S) in CONTROL, 
CLIM–PO and CLIM-IO experiments. Anomalies are com-
puted by subtracting CLIM output from each run. The west-
ward propagating positive thermocline depth anomalies, 
which were dominant in the earlier decades, are replaced by 
negative anomalies in the recent decades. In the CLIM-PO 

Fig. 9   a SST trends (°C/decade), b SSH trends (metre/decade), c MLD trend (metre/decade) in NHF_CLIM experiment
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experiment, the westward propagating thermocline anoma-
lies are of similar magnitude as in CONTROL, but the dif-
ference between the first half and later half of the  study 
period evident in CONTROL, is not visible in CLIM-PO. 
This suggests that the long term changes in Rossby waves 
are not induced by local atmospheric forcing. In the CLIM-
IO experiment, the thermocline depth anomalies are rela-
tively weaker, but the reversal of sign in westward propagat-
ing thermocline depth anomalies in recent years is clearly 
visible. The thermocline shoaling and subsurface cooling 
in TIO are thus largely due to the transmission of shoaling 
thermocline signature from western Pacific to IO via ITF 
pathway, which propagates into interior IO by modulating 
the Rossby waves over southern TIO.

6 � Summary and discussions

The changing surface circulation over TIO is studied using 
ocean reanalysis datasets and OGCM experiments. The 
large scale surface circulation features are strengthening in 
TIO in the recent decades. These circulation changes are 
mainly forced by large scale wind pattern changes and also 

by geostrophic response of decreasing sea surface height 
in TRG region. The decreasing SSH/thermocline in TRG 
region is forced both by local wind changes and is ampli-
fied by the transmission of shoaling thermocline signal in 
the western Pacific via Indonesian archipelago through 
wave pathways.

The typical structure of the mean winds over the equato-
rial IO is a near linear gradient in zonal wind stress from 
south to north with almost zero winds at equator with no 
Ekman pumping, thereby equating Ekman drift and Sver-
drup transport (Miyama et al. 2003). The wind trends indi-
cate that this structure has undergone major changes, as 
westerly flow over both sides of equator has intensified. 
The mass convergence along the equator associated with 
the intensified westerly winds and the increase eastward 
currents along the equator can warm the central and eastern 
TIO. At the same time increasing divergence in the western 
equatorial IO can reduce SST in the west. The east–west 
gradient generated can further intensify the equatorial west-
erlies. The relative surface warming of the central equato-
rial IO drives winds towards the equatorial region, further 
enhancing equatorial westerlies. This mechanism can act as 
a positive feedback for SST warming in equatorial IO.

Fig. 10   a SST trends (°C/
decade), b SSH trends (metre/
decade), c MLD trend (metre/
decade) in WIND_CLIM 
experiment



3630 S. Rahul, C. Gnanaseelan

1 3

Fig. 11   Subsurface temperature 
trends (°C/decade, averaged 
from 50°E to 100°E) in a 
CONTROL, b CLIM-PO and c 
CLIM-IO experiments

Fig. 12   Time longitude plot of 20° isotherm depth in southern TIO (averaged from 15°S to 5°S) in CONTROL (a, b), CLIM-PO (c, d), CLIM-
IO (e, f)
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The OGCM sensitivity experiments demonstrated that in 
the absence of wind induced circulation changes, the heat is 
accumulating in the western TIO, where ocean gains maxi-
mum heat. The experiment with no heat flux changes, but 
only wind induced responses showed cooling all over the 
basin, with maximum cooling over the west. This shows 
that only dynamic response cannot warm the ocean. The 
experiments suggest that strengthening of ocean circulation 
redistributes the excess heat received in west to the central 
and eastern TIO. The increasing SST in central TIO results 
in increased latent heat loss from the ocean (Rahul and 
Gnanaseelan 2013). The proposed mechanism explains the 
negative net heat flux trend over central TIO as the excess 
heat is received at western TIO which is redistributed to 
central and eastern parts by strengthening ocean circula-
tion, increasing SST and latent heat loss from these region. 
This study strongly suggests that changing surface circula-
tion features can significantly modulate the surface warm-
ing pattern of TIO. Model sensitivity experiments reveal 
that the subsurface cooling at thermocline level in TIO is 
contributed by variability in Pacific via Indonesian Through 
Flow whereas the surface warming trend is mainly induced 
by the changes in the local forcing. The study reveals that 
the long term changes in IO Rossby waves are not induced 
by local atmospheric forcing but are forced by Pacific. The 
thermocline shoaling in the west is amplified by the remote 
influence of Pacific via wave transmission through Indone-
sian archipelago.
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