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Abstract
The Tropical Indian Ocean (TIO) is seen to exhibit robust warming after the 1950s. Most of the previous studies on the 
Indian Ocean (IO) surface and subsurface temperature focussed on long-term trends and interannual variability. The multi-
decadal to decadal variability in the Eastern Equatorial Indian Ocean (EEIO, 80°E–110°E, 8°S–5°N, 50-110 m) subsurface 
temperature is studied using reanalysis products and ocean general circulation model (OGCM) simulations. Prior to 1990s, 
the EEIO subsurface temperature is found to be dominated mostly by the multidecadal variability. However, since the mid-
1990s, significant decadal variability is observed, something that has not been reported before. The mechanisms responsible 
for the observed decadal and multidecadal variability in the EEIO subsurface temperature are studied in detail. Wind forcing 
along the equator, and the associated ocean dynamics are found to be the major factors responsible for the EEIO subsurface 
temperature variability in the decadal and multidecadal time scales, emphasizing the importance of local atmospheric forcing 
on this variability. Alongshore winds along the Sumatra coast also contribute considerably to the decadal changes in the EEIO 
subsurface temperature. It is also found that the observed decadal and multidecadal changes are independent of the phase 
reversal of Interdecadal pacific oscillation (IPO). OGCM sensitivity experiments also suggest that the decadal variability of 
EEIO subsurface temperature is largely unaffected by the oceanic pathways such as Indonesian Through Flow (ITF). Hence, 
remote forcing through these pathways is insignificant in the TIO subsurface temperature north of 10°S as compared to the 
TIO wind forcing. Consistent with EEIO subsurface temperature, equatorial IO (EIO) winds also exhibit decadal variability 
post mid-1990s. The major contributors for the decadal variability in EIO winds are found to be the decadal variability in 
the Mascarene high, the low level jet, and the large scale off-equatorial circulations.

Keywords Subsurface temperature · Eastern equatorial Indian Ocean · Decadal variability · Interdecadal pacific 
oscillation · Mascarene high

1 Introduction

Tropical Indian Ocean (TIO) is warming at a faster rate as 
compared to other tropical oceans since the 1950s (e.g. Du 
and Xie 2008; Alory and Meyers 2009). Recent studies (e.g. 
Dong et al. 2016; Han et al. 2014) have shown significant 
decadal and multidecadal variability in TIO temperature. 
Studies explicitly addressing the decadal/multidecadal cli-
mate variability of the Indian Ocean (IO) are few, unlike 
that of the Pacific (e.g. Alexander 2010; Mantua et  al. 

1997) and Atlantic Oceans (e.g. Liu 2012). For instance, 
some observational and modelling studies (e.g. Ashok et al. 
2004; Schoenefeldt and Schott 2006; Tozuka et al. 2007; 
Han et al. 2014; Dong et al. 2016; Thompson et al. 2016) 
discuss the existence of multidecadal variability in the IO. 
In a recent study, Dong and McPhaden (2017) attributed 
decadal variability of TIO to anthropogenic forcing, aerosols 
and volcanic eruptions. It is important to note that decadal 
and multidecadal variability is observed in the IO subsur-
face temperature as well as the ocean heat content (OHC) 
(e.g. Trenary and Han 2008; Levitus et al. 2009; Xue et al. 
2012; Han et al. 2014; Ummenhofer et al. 2017; Thomp-
son et al. 2016). Interdecadal Pacific Oscillation (IPO) and 
Pacific Decadal Oscillation (PDO) are known to modulate 
the TIO through both oceanic and atmospheric pathways. 
Ummenhofer et al. (2017) and Zhou et al. (2017) argue that 
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the Indonesian Through Flow (ITF) forced by PDO is the 
major contributor for the observed subsurface variability 
in the southern IO. Recently, several studies (e.g. Nieves 
et al. 2015; Lee et al. 2015) showed large increase in the 
ITF transport during the global warming hiatus period, but 
subsurface changes and decadal variability are only observed 
south of  10oS (e.g. Zhou et al. 2017). South-eastern IO is 
found to be affected by oceanic Rossby waves originating 
in the Pacific (e.g. Vaid et al. 2007; Rahul and Gnanaseelan 
2016), ITF (e.g. Nieves et al. 2015; Lee et al. 2015; Rahul 
and Gnanaseelan 2016; Ummenhofer et al. 2017), and local 
surface forcing (e.g. Li et al. 2018). In contrast, decadal/
multidecadal variability in the southwestern TIO (SWTIO) 
is found to be modulated by the surface wind forcing due to 
Pacific variability and the associated ocean dynamics (e.g. 
Han et al. 2017; Deepa et al. 2018, 2019). IPO modulates the 
IO sea surface temperature (SST) in decadal time scale by 
changing the surface heat fluxes and the thermocline through 
atmospheric forcing (e.g. Dong et al. 2016). Prior to 1985, 
both the IO basin mode and IPO show strong (positive) cor-
relation. However, after 1985, the relationship between these 
two climate modes weakened (e.g. Han et al. 2014).

Like the IPO and PDO over the Pacific, climate modes 
over the Atlantic Ocean such as Atlantic Multi-decadal 
Oscillation (AMO) also influence the TIO climate through 
an atmospheric bridge (e.g. Li et al. 2016). However, the 
impact of AMO on TIO has been reported to reduce since 
the 1990s, mainly due to the increased external forcing and 
anthropogenic aerosols (e.g. Luo et al. 2018). In fact, some 
recent studies show that since the 1990s, the decadal vari-
ability in IO SST has affected the climate regimes in the 
North Atlantic (e.g. Bader and Latif 2005; Sanchez-Gomez 
et al. 2008; Han et al. 2014) and the Pacific (e.g. Deser and 
Phillips 2006; Luo et al. 2012; Han et al. 2014; Mochizuki 
et al. 2016) through tropical and extra-tropical atmospheric 
teleconnections via Walker and Hadley circulations. In this 
light, it is evident that in the recent decades the TIO has 
begun to influence the global ocean on a larger scale, thereby 
drawing global attention.

The vertical structure of the Eastern Equatorial Indian 
Ocean (EEIO) is very crucial for the interannual and dec-
adal modulation of the Indian Ocean Dipole (IOD) (e.g. 
Annamalai et al. 2005). Ummenhofer et al. (2013) further 
reported the impact of remote wind forcing from the Pacific 
on the eastern IO subsurface (50–320 m) OHC variabil-
ity during the IOD events. Additionally, the wind forcing 
associated with the IOD does not influence the decadal 
changes observed in the equatorial northern Indian Ocean 
(e.g. Thompson et al. 2016). Therefore, in the present study, 
detailed analysis is carried out to understand the multidec-
adal and decadal variability in the EEIO subsurface tempera-
ture. We also explored the relative contributions of IO forc-
ing and remote forcing from the Pacific on the variation of 

the EEIO subsurface temperature in the decadal and multi-
decadal timescale using observations, reanalysis products, 
and ocean general circulation model (OGCM) simulations 
and sensitivity experiments. We also showed the different 
processes contributing to the emergence of decadal vari-
ability in the subsurface temperature over the EEIO, post 
mid-1990s. Section 2 describes the ocean model used for the 
current study and the design of the different model sensitiv-
ity experiments. The main results are discussed in Sect. 3 
while Sect. 4 summarizes and discusses the major findings.

2  Model, data and methods

2.1  Model details and experiments

The OGCM used in this study is the Modular Ocean Model 
(MOM5), which is broadly utilised for understanding the 
ocean climate system (Griffies et al. 2004). The model is 
configured for the global domain with a horizontal resolu-
tion of 1° and 50 vertical levels with 10 m resolution in 
the top 250 m and the model has been forced by the Coor-
dinated Ocean-ice Reference Experiments (CORE) forcing 
datasets for global ocean-ice modelling (Large and Yeager 
2009) except the surface winds. The surface winds are from 
European Centre for Medium Range Weather Forecasts 
(ECMWF) Reanalysis (ERA) for the period 1958–2017, 
which is a merged product of ERA40 (Uppala et al. 2005) 
and ERA-Interim (Dee et al. 2011). As the CORE forcing 
is available only up to 2009, National Centers for Environ-
mental Prediction (NCEP) reanalysis 2 products are used 
to force the model from 2010 to 2017. The model has been 
spun up from state of rest with climatological CORE Normal 
Year Forcing (NYF) over a period of 50 years. Further the 
model is integrated forward from 1958 to 2017 with interan-
nually varying forcing fields and is referred to as CTL. The 
model also includes tidal mixing which is very strong in the 
ITF region (Koch-Larrouy et al. 2007) and so will represent 
the Pacific impact on the IO through oceanic pathway more 
realistically. The model simulations are similar to Deepa 
et al. (2019).

To study the impact of Pacific Ocean on IO through oce-
anic pathways, the surface forcing fields over the Pacific 
is modulated in a separate experiment (NYF-PO), which 
is same as the CTL except that the climatological forcing 
is applied over the Pacific Ocean instead of interannual 
forcing fields. In order to overcome the boundary effects, 
smoothing is done on the forcing fields over a grid region 
of 10° longitudes centred along the boundary lines of Indo-
Pacific basins. It is important to note here that most of the 
grid points on which the smoothing is applied lie on the 
land areas and so may not have any impact on the model 
simulation. In addition to NYF-PO, one more experiment 
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(NYF-EIO), is carried out by applying NYF (of surface wind 
only) over the equatorial Indian Ocean (EIO; 40°E–100°E, 
10°S–5°N) to quantify the role of EIO on the subsurface 
variability in the EEIO region. To avoid the boundary 
effects, smoothing is done around the boundary lines of EIO 
over a grid region of 10° longitudes and 5° latitudes. The 
experiments NYF-PO and NYF-EIO are consistent with the 
OGCM experiments of Ummenhofer et al. (2013).

2.2  Data sets used and methodology

Global gridded observational and reanalysis data sets are 
used to analyse the decadal and multi-decadal changes in 
the surface and subsurface of TIO. Extended Reconstructed 
SST version 5 (ERSSTv5; Huang et al. 2017) for the period 
1900–2017 is used for analysis. The subsurface tempera-
ture data sets are taken from Ocean Reanalysis System4 
(ORAS4) for the period 1958–2017. ORAS4 employs 
the variational ocean data assimilation system NEMO-
VAR using Nucleus for European Modelling of the Ocean 
(NEMO) version 3.0 ocean model. A detailed description of 
ORAS4 product and its evaluation techniques are provided 
by Balmaseda et al. (2013). A recent study by Karmakar 
et al. (2018) reported ORAS4 as one of the best reanalysis 
products over IO. The surface wind data considered for this 
work are taken from ERA-40 for the period 1958–1978 and 
ERA Interim for 1979–2017. The merged wind product of 
ERA-40 and ERA Interim data is also used for understand-
ing the different processes in this study.

The anomalies of different variables are computed by 
subtracting the monthly mean climatology for the period 
1958–2017 from the respective monthly fields. In the pre-
sent study, ORAS4 monthly subsurface temperature data is 
used to calculate the thermocline depth which is defined as 
the depth of 23 °C isotherm (D23). Here we have preferred 
to use D23 instead of depth of 20 °C isotherm (D20) since 
the maximum temperature gradients are found along the 
23 °C isotherm, which is consistent with Chen et al. (2016). 
The empirical orthogonal function (EOF) of D23 and upper 
110 m ocean heat content (OHC) anomalies are computed 
for both inter-annual and decadal time scales. Decadal EOF 
is calculated after applying the 8-year low pass filter. An 
8-year low pass Lanczos filter is implemented to remove 
the high frequency variations shorter than 8 years, which 
retains low frequency variations (greater than 8 years). The 
alongshore winds along Sumatra coast are calculated by tak-
ing an angle of 135° from the X-axis (e.g. Deshpande et al. 
2014; Susanto et al. 2001). Similarly, a coastal upwelling 
index (CUI) is computed from the offshore component of 
Ekman transport as in Ndah et al. (2017). In addition to 
the above, decadal correlations between EEIO subsurface 
temperature and EIO wind, equatorial Pacific Ocean (EPO) 
wind, D23, alongshore wind, Mascarene high, low level jet, 

precipitation over Indian landmass etc. are also calculated 
for the period 1962–2013 and 1994–2013.

3  Results and discussions

The EOF analysis is carried out on the 8-year low pass fil-
tered SST to understand the leading modes of decadal vari-
ability in the TIO and Pacific. A decadal basin mode of SST 
variability over the TIO (IOBM) is seen as the leading mode 
of decadal variability explaining 58% of the decadal vari-
ance (Fig. 1a). Similarly, in the Pacific, IPO is found to be 
the dominant decadal variability in SST explaining 31% of 
the variance (Fig. 1b). These are consistent with the previous 
studies (e.g. Han et al. 2014; Dong and McPhaden 2017). 
Figure 1c shows the corresponding principal components 
(PC1).

Though the recent changes in TIO SST are attributed to 
anthropogenic impact (e.g. Dong and McPhaden 2017), the 
physical processes responsible for these changes are not yet 
established completely. As the model simulation and reli-
able reanalysis products for temperature of different verti-
cal levels are available only from 1958 onwards, we have 
here considered subsurface temperature of 1958–2017 for 
multidecadal and decadal studies. We have first examined 
the composite of SST anomalies during the two epochs 
1958–1979 (epoch-1) and 1980–2014 (epoch-2, Fig. 2a, 
b). Epoch-2 is limited up to 2014 to avoid the influence of 
strong El Niño episode of 2015–16. A basin wide surface 
cooling with maximum cooling over CEIO (central equa-
torial Indian Ocean) is observed in epoch-1, whereas in 
epoch-2, a basin wide warming with maximum warming 
over CEIO is seen. In close association with the basin wide 
SST pattern, surface winds show opposite pattern (Fig. 2a, 
b), especially over the region south of 5°N with maximum 
signals over the CEIO (displaying easterly anomalies in 
epoch-1 and westerly anomalies in epoch-2). The anomalous 
wind patterns (easterlies/westerlies) are in fact favourable for 
strong equatorial upwelling and downwelling respectively in 
epoch-1 and epoch-2. These are evident in the thermocline 
tilt anomalies as well. Equatorial easterly wind anomalies in 
epoch-1 contribute to thermocline tilt anomalies with shal-
lower thermocline in the EEIO, while equatorial westerly 
wind anomalies in epoch-2 lead to opposite thermocline tilt 
anomalies with deeper thermocline in the EEIO (Fig. 2).

It is noteworthy that anomalous patterns are seen in the 
subsurface temperature as well with stronger amplitudes 
in the depth range of 50–110 m (Fig. 2c–f) with epoch-1 
displaying cooling and epoch-2 showing warming. Fig-
ure 2c, d shows the 50–110 m average temperature during 
the above two epochs. It is important to note the close asso-
ciation between the subsurface pattern seen especially in 
the EEIO and the SST pattern during these epochs. Further, 
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Fig. 1  The leading mode of dec-
adal variability (EOF-1) of SST 
(℃) over (a) Indian Ocean and 
(b) Pacific Ocean from ERSST 
data. The values mentioned at 
the top right corner are the per-
centage of variance explained 
by IOBM and IPO respectively. 
c The corresponding principal 
component (PC1). Black line 
represents the PC1 of decadal 
IOBM and the red line shows 
the PC1 of IPO. Eight years low 
pass filter has been applied on 
SST anomalies after removing 
the long-term trend from 1900–
2017. Consistently to the above, 
decadal EOF has also been 
reported by Han et al. (2014) for 
the period 1900–2008 by using 
HADISST dataset (e.g. Dong 
and McPhaden 2017; Han et al. 
2014)

Fig. 2  Spatial and verti-
cal structure of temperature 
anomaly composite (℃, shaded) 
in epoch-1 and epoch-2 from 
ORAS4. a, b SST anomaly 
composites (shaded) over IO 
in two epochs overlaid with 
surface wind vector composite. 
The highlighted box 60oE–85oE, 
 8oS–5oN shows prominent 
signals, (c, d) temperature 
anomaly composite aver-
aged over 50–110 m. Here the 
highlighted box is  80oE–110oE, 
 8oS–5oN. e, f Depth-longitude 
plot of upper 160 m temperature 
anomaly composite (shaded) 
with mean temperature as con-
tour (averaged over  8oS–5oN). 
Here the highlighted box is 
 80oE–110oE, 50–110 m. g, h 
Depth-latitude plot of upper 
160 m temperature anomaly 
composite (shaded) with mean 
temperature as contour (aver-
aged over 80 E–110 E). Here 
the highlighted box is  8oS–5oN, 
50–110 m. The temperature 
anomaly composites are sig-
nificant at 99% confidence level 
based on two-tailed Student’s 
t-test (white contour). Solid 
(dashed) white contours repre-
sent the significance for positive 
(negative) temperature anomaly 
composite
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the 3-dimensional structure of subsurface temperature over 
EEIO has been examined in detail. Figure 2e, f shows the 
depth-longitude structure of temperature anomaly compos-
ite (averaged over 8°S–5°N, where the amplitudes of sub-
surface signals are maximum) in the two epochs. Similarly 
Fig. 2g, h shows the depth latitude diagram averaged over 
80°E–110°E. The subsurface cooling pattern in epoch-1 and 
warming pattern in epoch-2 in the eastern half of the TIO 
are found to be confined to the region EEIO (80°E–110°E, 
8°S–5°N, 50–110 m). Hereafter EEIO refers to the above 
region of interest.

It is important to note that the anomalies of opposite 
sign are observed in the southwestern TIO (SWTIO), the 
Seychelles-Chagos thermocline dome region (e.g. Hermes 
and Reason 2008) where the thermocline is very sensitive 
to wind forcing and Rossby wave (e.g. Alory and Meyers 
2009). Moreover, the composites shown in Fig. 2 are sig-
nificant at 99% confidence level based on Student’s t-test. 
OGCM simulations and sensitivity experiments and reanaly-
sis data sets are used to further understand the processes 
associated with EEIO subsurface temperature evolution. It 
is important to mention here that the model control (CTL) 
simulates the anomalous subsurface features very well 
(Fig. 3), especially along the EEIO region, though there 

is an overestimation of temperature in the SWTIO and 
underestimation in the northern Bay of Bengal. Hence, the 
model CTL simulations and carefully designed sensitivity 
experiments are further used to understand the processes 
responsible for the evolution of subsurface temperature in 
EEIO. The ocean currents in the model are consistent with 
strong equatorial upwelling in epoch-1 and downwelling in 
epoch-2, and supporting the subsurface cooling and warm-
ing respectively (Fig. 3e, f). In close association with these 
equatorial upwelling and downwelling and the associated 
thermocline slope, strong westward and eastward surface 
currents (up to about 60 m) are also seen in epoch-1 and 
epoch-2 respectively. To further investigate the role of open 
ocean processes and upwelling/downwelling along EEIO 
in the subsurface variability, wind stress curl (shaded) and 
Ekman pumping (contour) for the two epochs are shown in 
Fig. 4. The negative (positive) wind stress curl in the south 
eastern EIO support strong open ocean upwelling (down-
welling) during epoch-1 (epoch-2) (Fig. 4a, b). These are 
well supported by the Ekman pumping (contour) in the 
southeastern EIO region. 

Several studies in the recent past have shown decadal and 
multidecadal time scale modulation of IO temperature by 
Pacific variability via ITF, especially in the region south of 

Fig. 3  Same as in previous 
Fig. 2 (c–h) but from MOM 
CTL run. a, b Spatial structure 
of temperature anomaly com-
posite averaged over 50–110 m 
during epoch-1 and epoch-2. c, 
d Depth-longitude plot of upper 
160 m temperature anomaly 
composite (shaded,  °C) (aver-
aged over  8oS–5oN) overlaid 
with zonal and vertical (x10e4) 
currents (vector, m/s). e, f 
Depth-latitude plot of upper 
160 m temperature anomaly 
composite (shaded,  °C) (aver-
aged over  80oE–110oE) overlaid 
with meridional and vertical 
(x10e4) currents (vector, m/s)
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10°S (e.g. Ummenhofer et al. 2017; Zhou et al. 2017). To 
examine whether there is any such role of Pacific through 
ITF on the EEIO temperature, we have carried out a sensi-
tivity experiment by applying normal year forcing over the 
Pacific (NYF-PO). The observed subsurface temperature 
along EEIO in CTL and NYF-PO are found to be similar 
(Fig. 5a, b), thus ruling out the possibility of any significant 
Pacific influence on the study region through oceanic path-
ways. Further, it suggests that the Pacific forcing via atmos-
pheric bridge or TIO local forcing is primarily influencing 
the EEIO temperature. To investigate this further, an addi-
tional experiment is carried out where the wind forcing over 
EIO is suppressed (NYF–EIO) in the OGCM forcing. The 
CTL minus NYF–EIO therefore displays the impact of EIO 
winds on the subsurface temperature. It is very clear from 
Fig. 5c, d that the EEIO subsurface variability in CTL and 
CTL minus NYF-EIO are similar suggesting that the EEIO 

subsurface temperature is mainly forced by the EIO wind 
forcing. It is also important to note that model subsurface 
temperature anomalies evolved consistently with ORAS4 
during the entire study period (Fig. 6) and the epochs consid-
ered in this study are two phases of a multidecadal oscilla-
tion. The shift around 1980 may be part of a climate change 
trend. The correlation between ORAS4 and CTL subsur-
face temperature of EEIO is found to be 0.94 (Fig. 6a). To 
understand whether only the long term trends are the respon-
sible factors, we examined the pattern after removing the 
long term trends (or detrended) from the EEIO subsurface 
temperature. It is found that EEIO subsurface temperature 
exhibits a decadal/multidecadal variability (Fig. 6b), which 
is different from any known variability in the EEIO. The 
EEIO subsurface temperature is found to retain the multi-
decadal and decadal variability (Fig. 6b) in NYF-PO as 
in CTL. Further, the decadal correlation between ORAS4 

Fig. 4  a, b Composite of wind 
stress curl anomaly (10e-9 N/
m3, shaded) and the Ekman 
pumping anomaly (10e-7 m/s, 
contour) during the two epochs

Fig. 5  Depth-longitude plot 
for upper 160 m temperature 
anomaly composite (oC) aver-
aged over  8oS–5oN from (a, b) 
NYF-PO (shaded) and CTL 
(contour), (c, d) CTL minus 
NYF-EIO (shaded) and CTL 
minus NYF-PO (contour) dur-
ing the two epochs
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and CTL subsurface temperature over EEIO is found to be 
0.87 (Fig. 6b), which clearly suggests that the model is able 
to capture the EEIO subsurface temperature pattern very 
well. The decadal correlation between CTL and NYF-PO 
subsurface temperature is found to be 0.97 suggesting the 
negligible role of Pacific forcing through oceanic pathways 
(Fig. 6b). The role of EIO winds on the evolution of EEIO 
subsurface temperature is further evident from the decadal 
correlation of CTL and CTL minus NYF-EIO (r = 0.93). To 
further understand whether EEIO subsurface temperature is 
dominated by multidecadal or decadal variability, wavelet 

analysis is carried out for the EEIO subsurface tempera-
ture (Fig. 7). It is evident from the spectral energy peaks 
that the temperature in the study region exhibits decadal 
and multidecadal variability. It is important to highlight 
here that EEIO subsurface temperature is largely dominated 
by the multidecadal variability throughout the time period 
whereas post mid 1990s displayed the emergence of decadal 
variability. To the best of our knowledge this has not been 
reported before.  

To further support the model experiments, statisti-
cal analysis is carried out by taking the decadal temporal 

Fig. 6  Time series of 8 years 
low pass filtered (a) EEIO 
 (80oE–110oE,  8oS–5oN) 
50–110 m temperature anomaly 
(oC) from ORAS4 (black) and 
CTL (red) and (b) detrended 
temperature anomaly (oC) from 
ORAS4 (black), CTL (red), 
NYF-PO (green) and CTL 
minus NYF–EIO (pink)

Fig. 7  Wavelet analysis of 8 years low pass filtered detrended EEIO 
 (80oE–110oE,  8oS–5oN) 50–110  m temperature anomaly (oC) from 
ORAS4. a Wavelet power spectrum (shaded), significant at 95% con-

fidence level (gray contour). The white curve represents the cone of 
influence. b Global wavelet spectrum (black), significant at 95% con-
fidence level (black dotted)
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correlation of EEIO subsurface temperature with the zonal 
wind over the entire Indo-Pacific region (Fig. 8a) on the 
8-year smoothed fields. A strong positive correlation with 
EEIO subsurface temperature is seen over the EIO indicating 
a significant connection between zonal wind especially over 
the western and central EIO (CEIO) in decadal timescale 
(Fig. 8a). To further investigate the underlying dynamics 
causing the decadal changes in subsurface temperature and 
to trace whether the wind forcing is by the Pacific variability 
or generated internally over IO, a decadal temporal correla-
tion between zonal wind over EIO (40°E–100°E, 5°S–5°N) 
and zonal wind over Indo-Pacific region is shown in Fig. 8b. 
The winds over EIO are found to be strongly correlated 
with the zonal wind over the equatorial Pacific indicating 
the possible connection between the winds over EIO and 
equatorial Pacific. To further verify the impact of remote 
forcing via atmospheric bridge, the IPO index (PC-1) and 
the time series of averaged EEIO subsurface temperature 
are compared (Fig. 8c). It is found that IPO leads EEIO with 
positive correlation between IPO and EIO before the mid 
1980s and negative correlation in the post 1980s. Figure 8d 
shows that the IPO index is strongly correlated with zonal 
winds over the western EIO (WEIO) with weaker extension 
to CEIO. This suggests that IPO may influence EIO winds 

through large scale circulation changes, say Walker circula-
tion but is mostly limited to the WEIO. In addition to that 
the winds over EPO are also strongly (weakly) correlated 
with WEIO (CEIO) winds (Fig. 9a), which is consistent 
with the relationship to IPO index. Our analysis suggests 
that the EIO winds are largely influenced by the EPO winds 
prior to the mid 1980s (Fig. 9b), whereas the influence of 
Pacific wind forcing on the TIO has been weakened in the 
post 1980s (Fig. 9c), which indicates that the recent changes 
observed over EIO is mostly driven by local internal forc-
ing over the IO region. It is noteworthy that the Mascarene 
high, known as an important driver of south west monsoon 
exhibits similar decadal variability and is consistent with 
Feba et al. (2019). Our study reveals that the decadal varia-
bility in Mascarene high (MASCwind), Low Level Jet (LLJ) 
and off equatorial circulations (anticyclonic and cyclonic 
circulations respectively during the decades of equatorial 
easterlies and westerlies) closely associated with monsoon 
rainfall over India (e.g. Wang et al. 2003; Chakravorty et al. 
2014) are the primary factors for the decadal modulation 
of EIO winds especially in the post mid 1990s (Fig. 9d). 
Above analysis clearly suggests that the EPO winds (mostly 
by IPO) contribute to the multidecadal variability in EIO 
winds prior to the 1990s (Fig. 9b, c), whereas the recent 

Fig. 8  Decadal temporal correlation of (a) EEIO subsurface tem-
perature with zonal wind over Indo-Pacific region and (b) EIO zonal 
wind (EIOwind) with the zonal wind over Indo-Pacific region. c Time 
series of normalised decadal IPO PC1 (red line) with normalised 

EEIO subsurface temperature (black line), (d) decadal correlation of 
Indian Ocean zonal wind with IPO PC1 (shaded). The correlations 
shown in Fig a, b, d are significant at 99% confidence level based on 
two-tailed Student’s t-test (contour)
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emergence of decadal variability over EIO winds posterior 
to the mid 1990s is largely driven by local internal forc-
ing over the IO region (contributed by the decadal variabil-
ity in the MASCwind, LLJ and the associated variability 
in the rainfall over Indian landmass). The decadal cor-
relations of EIO winds with MASCwind (850 hPa zonal 
wind averaged over 40°E:90°E, 35°S: 20°S) is − 0.79, LLJ 
(850 hPa zonal wind averaged over 50°E:70°E, 5°N:15°N) 
is 0.87 and all India rainfall is − 0.70 during the period 
1994–2013 provide further evidence for the recent domi-
nance of decadal variability in EIO winds and the associ-
ated mechanisms. The decadal vertical wind shear over 
north eastern IO (NEIO, 80°E:100°E, 10°N:20°N) and south 
eastern IO (SEIO, 80°E:110°E, 25°S:15°S) are correlated 

with EIO winds with the respective correlation coefficient 
of  − 0.56 and − 0.68 and are found to influence the dec-
adal variability of EIO winds especially from the late 1990s 
(Fig. 9e). The decadal evolution of a wind index (WI = EIO-
wind850 − (NEIOwind850 + SEIOwind850)), defined to quan-
tify the strength of the off-equatorial anticylconic/cyclonic 
circulations in both the hemispheres, has further supported 
our hypothesis (correlation between WI and  EIOwind850, 
r = 0.90). The above discussions clearly indicate that the 
multidecadal and decadal variability in the surface wind 
forcing along EIO, is the primary forcing mechanism for the 
long-term variability observed in EEIO subsurface tempera-
ture. In addition to this, the statistical analysis is found to be 
consistent with our findings. i.e. all the decadal correlations 

Fig. 9  Decadal correlation of zonal wind with equatorial Pacific 
zonalwind (averaged over  160oE–100oW,  5oS–5oN) (shaded) for the 
period (a) 1962–2013, (b) 1962–1993, (c) 1994–2013. The corre-
lations shown in Fig a, b, c are significant at 99% confidence level 
based on two-tailed Student’s t-test (contour). d Time series of nor-
malized detrended 8  years low pass filtered EIO (averaged over 
 40oE–100oE,  5oS–5oN) wind anomaly (EIOwind, black line), 850 hPa 
wind anomaly over Mascarene region (MASCwind, red line), Low 
Level Jet (LLJ, 850 hPa wind, blue line), Precipitation anomaly (Pre-
cip, over Indian Land mass, cyan line). e Time series of normalized 

8 years low pass filtered detrended 850 hpa EIO wind  (EIOwind850, 
black line), and 850  hPa wind-index (WI, red line), NEIO vertical 
shear (NEIOshear, blue line), SEIO vertical shear (SEIOshear, pink 
line). The decadal correlation (d, e) has been calculated for the period 
1994–2013 (significant at 99% confidence level) and 1962–2013 
(shown in brackets). NEIOshear  (80oE–100oE,  10oN–20oN) and SEI-
Oshear  (80oE–110oE,  15oS–25oS) are computed based on the 200 hPa 
and 850 hPa zonal wind difference. Here WI = EIOwind850 − (NEIO-
wind850 + SEIOwind850)
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(shown in Fig. 9) during the period 1994–2013 are found to 
be significant as compared to that of 1962–2013. Our find-
ings show the significant impact of local forcing on the EIO 
temperature and winds in the recent years (since the mid 
1990s). To further investigate the relationship between ther-
mocline and OHC of upper 110 m in the decadal time scale, 
the time series of D20, D23, the upper OHC (0–110 m) and 
subsurface OHC (50–110 m) are shown in Fig. 10a. D23 
is found to be more consistent with the upper 110 m OHC 
and subsurface OHC compared to D20 especially over EEIO 
(Fig. 10a). Chen et al. (2016) also found maximum vertical 
temperature gradient in the EEIO at D23. So D23 is cho-
sen as the thermocline depth for the remainder of the paper. 
From decadal correlation analysis it is more evident that D23 
along EEIO is closely associated with EEIO subsurface tem-
perature (r = 0.99, and is shown in Fig. 10a). Consistent with 
D23, over EEIO, the upper 110 m OHC (r = 0.95 with D23) 
and 50–110 m OHC (r = 0.99, with D23) are closely related 
to D23 and exhibit similar decadal variability (Fig. 10a). 
The above analysis clearly suggests that the upper 110 m 
OHC is highly influenced by subsurface temperature rather 
than temperature in the depth range 0–50 m. Previous stud-
ies reported the interannual variability in the CEIO winds 
(e.g. Gadgil et al. 2004) and the associated variability in 
ocean circulation (e.g. Thompson et al. 2006; Gnanaseelan 
et al. 2012). Here we report the existence of decadal and 

multidecadal variability of EIO winds (Figs. 9d, 10b). Wind 
induced thermocline along the equator (D23, averaged over 
2°S–2°N) shows a pattern similar to that of EEIO subsur-
face temperature, which is more evident from the Fig. 11. 
Alongshore winds and coastal upwelling index (CUI) along 
the Sumatra coasts are also examined to understand their 
contribution on EEIO subsurface temperature variability and 
to see whether they display any decadal characteristics. It is 
important to note that along with EIO winds both alongshore 
winds and CUI consistently contribute to the EEIO subsur-
face temperature variability with maximum impact observed 
since the mid 1990s. We also quantified the role of decadal 
wind stress curl  (Wcurl) over SEIO and its close associa-
tion with the EEIO variability during the last two decades. 
The decadal correlation of EEIO subsurface temperature 
with EIO wind (r = 0.90), alongshore wind (r = − 0.39), 
CUI (r = − 0.36), D23 (r = 0.96) and  Wcurl (r = − 0.36) are 
significant at 99% confidence level based on two-tailed stu-
dent’s t-test. The above analysis clearly indicates that the 
wind forcing is mainly driving the decadal and multidecadal 
variability in the subsurface temperature as compared to the 
remote forcing from the Pacific Ocean through ITF via oce-
anic pathways. Consistent with Fig. 10b, D23 anomaly along 
the equator both from CTL and ORAS4 are consistent with 
the equatorial wind, suggesting a strong upwelling/down-
welling over EEIO (Fig. 11a, b). The Hovmoller diagram 

Fig. 10  a Time series of 8  years low pass filtered detrended D23 
anomaly (m, solid black line), D20 anomaly (m, dashed black line) 
and upper 110 m oceanic heat content anomaly (10e8 J/m2, solid red 
line) and 50–110 m oceanic heat content (10e8 J/m2, dashed red line) 
averaged over  80oE–110oE,  8oS–5oN. b Time series of detrended 
8 years low pass filtered EEIO subsurface temperature anomaly (oC, 
black), EIO (averaged over  40oE–100oE,  5oS–5oN) wind anomaly 
(m/s, EIOwind, pink line), alongshore wind anomaly (m/s, Walong-

shore, green line), coastal upwelling index  (m3 s−1 per 100 m coast-
line, CUI, red line), D23 anomaly (10e-1 m,  80oE–110oE,  2oS–2oN, 
dashed red line) and wind stress curl anomaly (10e-8  N/m3, Wcurl, 
cyan line) averaged over  80oE–110oE,  15oS–25oS. The correlations 
between EEIO temperature and EIO wind, Walongshore, CUI, D23 
and Wcurl are significant at 99% confidence level based on two-tailed 
Student’s t-test



3485Multidecadal to decadal variability in the equatorial Indian Ocean subsurface temperature…

1 3

further suggests that the anomalous equatorial westerlies 
(easterlies) induce downwelling (upwelling) thus leading to 
thermocline tilt with deeper (shallower) thermocline anoma-
lies over EEIO.   

4  Summary and discussion

The Tropical Indian Ocean exhibits significant decadal and 
multidecadal temperature variability with larger amplitude 
over EEIO subsurface. The present study is mostly focused 
on the EEIO subsurface temperature variability and its inter-
nal dynamics using reanalysis products and OGCM sensitivity 
experiments. During the epoch-1 (1958–1979) EEIO exhib-
its a strong cooling whereas in the epoch-2 (1980–2014) the 
region is characterized by a significant warming. The above 
two epochs are found to be the two phases of a multidecadal 
oscillation and the shift around 1980 may be part of a cli-
mate change trend. The surface easterlies and westerlies in the 
epochs are found to cause cooling and warming in the EEIO 
during epoch-1 and epoch-2 respectively. Further, the atmos-
pheric forcing along the equator is the driving force for the 
multidecadal and decadal changes in the subsurface tempera-
ture. The winds over the EIO play a major role in the multi-
decadal and decadal variability which is quite evident from 
the model sensitivity experiments as well. The ocean model 
sensitivity experiments reveal that EEIO is largely unaffected 

by the Pacific forcing through ITF, whereas EEIO is affected 
by EIO winds. In addition to EIO winds, the alongshore wind 
and coastal upwelling along the Sumatra coast further contrib-
ute to the decadal and multidecadal variability in EEIO. The 
subsurface temperature, thermocline, upper OHC (0–110 m) 
and subsurface OHC (50–110 m) are found to exhibit consist-
ent decadal and multidecadal variability over EEIO.

It is evident from the analysis that the multidecadal vari-
ability is present throughout the study period, whereas the 
decadal variability evolves only after the mid 1990s which is 
being reported for the first time in this study. It is important 
to note that the conclusions drawn are based on the available 
limited period reanalysis and model simulations, and reli-
able long term data sets are prerequisite for understanding 
the multidecadal variability. The multidecadal and decadal 
signal observed over EEIO is evident in the wavelet power 
spectrum as well. Prior to the 1990s EPO winds influence 
the EIO winds through atmospheric pathways whereas in 
the recent decades the relationship between these winds 
over the two basins has drastically changed. Moreover, the 
recent decadal changes observed in EEIO temperature and 
EIO winds especially after the mid 1990s are mainly driven 
by local forcing such as low level jet (LLJ), Mascarene high 
and large scale off equatorial circulations (anticyclonic 
and cyclonic circulations respectively during the phases of 
equatorial easterlies and westerlies). Apart from the above, 
decadal precipitation over Indian land mass is also found 
to be closely related to that of EIO winds in the mid 1990s 
strongly suggesting the possible common cause. It is found 
that the vertical wind shear over NEIO and SEIO are further 
supporting the decadal nature of EIO winds from the late 
1990s through modulating the off equatorial anticyclonic 
and cyclonic circulations. The above factors are found to 
be the primary forcing mechanisms for the emergence of 
decadal variability in the EEIO subsurface temperature in 
the recent decades.
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