
ORIGINAL PAPER

Decadal variability of tropical Indian Ocean sea surface temperature
and its impact on the Indian summer monsoon

Amol Vibhute1,2
& Subrota Halder1,2 & Prem Singh1

& Anant Parekh1
& Jasti S. Chowdary1 & C. Gnanaseelan1

Received: 12 September 2019 /Accepted: 2 April 2020 /Published online: 5 May 2020
# Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract
Decadal variability of climate over the Pacific and Atlantic Ocean is well studied. However, the decadal climate variability over
the Indian Ocean and its possible impact on the summer monsoon received relatively less attention. The present study aims to
explore the decadal variability of the Tropical Indian Ocean (TIO) sea surface temperature (SST) and its associations with the
Indian summer monsoon rainfall (ISMR) variability. More than a hundred years of observed monthly SST data from Extended
Reconstructed sea surface temperature and rainfall data from India Meteorological Department are used for the analysis. In
addition to these, century reanalysis fields of winds, moisture, vertical velocity, tropospheric temperature, and sea level pressure
are used for diagnosing different processes. Time series and wavelet analysis confirmed the presence of decadal variability (~ 9 to
30 years) in the TIO SST. The decadal variance of TIO SST is maximum in the eastern equatorial Indian Ocean, followed by the
north Arabian Sea. Decadal EOF of TIO SSTshows a dominant basin-wide mode explaining about 50% of total variance and has
robust decadal variability during 1940 to 1952; wavelet analysis supported this robust signal statistically. Similar analysis for the
ISMR reveals that the decadal variance of rainfall has significant strength over monsoon core zone and Western Ghats. The EOF
analysis further confirms this spatial pattern of rainfall decadal variability over India. Correlation between of decadal TIO SST
and over monsoon core zone (MCZ) rainfall is significant with 2 years lag. To understand how the decadal variability of TIO SST
influences the ISMR, monsoon features during strong warm and cold phase are studied. During the warm phase, MCZ and
Western Ghats receive more rain than normal and vice versa for cold phase.Which is consistent with strong southwesterly winds,
strong pressure gradient, and strong convergence over the MCZ for the warm phase. Also, during the warm phase, positive
anomaly of mid-troposphere temperature, vertical velocity, and moist static energy are found to be associated with excess
convective activity. Apart from this, larger scale zonal (Walker) and meridional (Hadley) circulation fields are also in phase with
the TIO SST and rainfall variability. Our study advocates that decadal variability in TIO SST influences the monsoon dynamics
and moist thermodynamics leading to near in-phase changes in the rainfall over the MCZ and Western Ghats region.

1 Introduction

Variability is an inherent property of the climate system. It
fluctuates at different time scales ranging from days to de-
cades, and it is driven by the internal and external forcing.
Understanding decadal climate variability is a prerequisite of
current climate research since knowledge about decadal vari-
ability is very important in decision-making for planners and

policy makers (e.g., Meehl et al. 2009). The natural internally
forced decadal variability has large uncertainty compared to
externally forced, and related understanding of natural internal
decadal variability is meager (Hawkins and Sutton 2009 and
Liu 2012). Internal decadal variability is largely controlled by
the oceans because of their thermal and dynamical inertia
(Cassou et al. 2018). Decadal variations in ocean temperature
are manifestations of ocean heat uptake and heat distribution
(Yan et al. 2016). Significant low-frequency variability of sea
surface temperature (SST) at decadal and longer time scales
reported for the North Pacific (e.g., Trenberth and Hurrell
1994; Nakamura et al. 1997) is known as the “Pacific decadal
oscillation” (PDO, Mantua et al. 1997) and decadal variability
in the Atlantic Ocean is known as Atlantic multidecadal oscil-
lation (AMO, Schlesinger and Ramankutty 1994). SSTanom-
alies associated with the PDO exhibit a basin-wide horseshoe-
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like spatial pattern with one sign in the central and western
north Pacific surrounded by the opposite sign to the north,
east, and south (Mantua et al. 1997). Swings in north
Atlantic SST are the central feature of AMO, which shows
significant regional and global climatic impacts. Another re-
cently reported decadal variability from the Pacific Ocean is
interdecadal Pacific oscillation (IPO), which evolves similar
to PDO but covers southern hemisphere as well as the north-
ern hemisphere (Salinger et al. 2001). These decadal variabil-
ities in the Pacific and Atlantic Ocean are better studied; how-
ever, the decadal variability of the Indian Ocean is a recently
reported mode of variability (Li and Han 2015 e.g., Lee and
McPhaden 2008; Han et al. 2010; Feng et al. 2010; Han et al.
2014a, b; ; Dong et al. 2016; Krishnamurthy and
Krishnamurthy 2016). It has a basin-wide warming/cooling
pattern; Han et al. (2014b) addressed it as the “decadal
Indian Ocean Basin (IOB) mode.” Dong and McPhaden
(2016) showed that IOB mode is robust in various observa-
tional datasets such as Hadley Centre Global Sea Ice and Sea
Surface Temperature (HadISST), Extended Reconstructed
SST (ERSST), and Kaplan SST. Before 1985, IOB mode
was dominated by IPO, but after 1985, due to excess anthro-
pogenic forcing, IOB and IPO are found to be out of phase.
The out-of-phase relationship between Indian Ocean and IPO
found to be closely linked to the recent shift in the Indian
Ocean forcing from a multidecadal to decadal nature
(e.g., Mohapatra et al. 2020). According to Li et al. (2015a,
b), IOB mode offers climate predictability for the Indian
Ocean and surrounding countries; however, the equatorial
wind bias in climate models reduces the IOB amplitude and
possibly limiting the models’ skill of regional climate predic-
tion. Huang et al. (2019) found that the amplitude of the IOB
mode is a seasonally evolving feature, which has strong inten-
sity in early boreal spring compared to other seasons. Another
coupled model–based study by Tozuka et al. (2007) found two
leading EOFs for TIO SST decadal variability, a basin-wide
decadal mode, and a decadal dipole mode. Studies by Wang
and Mehta (2008) and Bader and Latif (2005) noted that the
low-frequency variability of Indian Ocean SST can influence
the tropical and extra-tropical atmosphere via changes in the
Walker and Hadley circulations.

The interannual variability in Indian summer monsoon
rainfall (ISMR) is explored extensively in the past and mostly
linked with TIO and Pacific SST variability, El Niño Southern
Oscillation (ENSO), and equatorial Indian Ocean SST
Oscillations, which are two critical modes of SST for interan-
nual monsoon variability (e.g., Goswami 2006, Gadgil et al.
2007). Xavier et al. (2007) found that the ENSO influences
interannual variability in ISMR by modulating the length of
the monsoon season. Fasullo (2004) brought out strong corre-
spondence between the ISMR and ENSO biennial variability
spectral and spatial characteristics. Yoo et al. (2006) revealed
that the TIO SST basin mode with maximum variance in the

southern hemisphere has larger impact on south Asian mon-
soon variability than the Indian Ocean Dipole. From the
AMIP experiments, Cherchi and Navarra (2013)) found that
the interannual variability of all the monsoon indices are
forced by the SST but different SST conditions in the Indo-
Pacific sector may provide similar monsoon characteristics
over India, reflecting the complexity of the relationship be-
tween ENSO, Indian Ocean SST, and the monsoon, an influ-
ence from other oceanic sectors rather than from the Indian-
Pacific alone. Goswami et al. (2006) revealed that the North
Atlantic Oscillation–associated storm-track changes during
northern summer affects troposphere temperature over south-
ern Eurasia, and can modulate the ISMR. Moreover, coupled
models have displayed reasonable skill in the prediction of
ISMR variability (Rajeevan et al. 2012), where local and glob-
al tropical ocean air–sea coupling representation is vital for
better skill of the coupled models (Koul et al. 2018).

Moreover, some studies have shown that the ISMR ex-
hibits decadal variability with alternate epochs of above-
normal and below-normal rainfall (Kripalani and Kulkarni
1997a; Kripalani and Kulkarni 1997b; Mehta and Lau 1997;
Krishnamurthi and Goswami 2000). Pant et al. (1988) re-
vealed that the low-frequency climate variations have contrib-
uted to the instability of the correlations of ISMRwith predic-
tors. Kripalani and Kulkarni (1997b) reported that the impact
of El Niño (La Niña) is dependent on the phase of low-
frequency ISMR epoch. Using wavelet analysis, Torrence
and Webster (1999) found that the ENSO and ISMR had ex-
perienced interdecadal variability over the last 125 years on a
12–20-year timescale. Moreover, Krishnamurthi and
Goswami (2000) found that the decadal ENSO variability
modulates the interannual ENSO-monsoon relation.
Krishnan and Sugi (2003) found similar relation between the
equatorial Pacific SST and the Indian monsoon in both the
decadal and interannual ENSO monsoon rainfall relation.
From wavelet decomposition of ISMR and Niño-3 SST over
the past 50 years, Fasullo (2004) revealed that the strong cor-
respondence exists between the low-frequency evolution of
biennial power in them. Yoo et al. (2006) recommended that
more studies with longer data records and reliable models are
necessary to bring out the leading mechanisms responsible for
the SST’s impact on the monsoon, which is not yet fully un-
derstood. Sen Roy (2011a) and Roy and Sen Roy (2011) re-
ported that the positive phase of the PDO resulted in a general
persistence of droughts and dry years, with slightly stronger
impact during El Niño years, while, during the negative phase
of PDO, the El Niño effects became more prominent in the
form of distinctly dry years interspersed with normal or
above-normal wet years. Previous studies have also shown
considerable decadal variability in the presence of the biennial
oscillation (e.g., Li et al. 2012). Izumo et al. (2014) proposed
that the Indian Ocean Dipole–ENSO interactions favor a bi-
ennial time scale and interact with the slower recharge-
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discharge cycle intrinsic to the Pacific Ocean. Using long ob-
served ISMR data and coupled model simulations, a recent
study (Krishnamurthy and Krishnamurthy 2014) has shown
that the PDO influences the variability of ISMR and
monsoon-ENSO relation. ISMR is closely coupled with the
Indian Ocean, which enhances the possibility of decadal var-
iability in Indian Ocean SST (Han et al. 2014b) influencing
ISMR variability. Ashok et al. (2004) found that there are
strong decadal Indian Ocean Dipole events associated with
thermocline variability in TIO through zonal wind forcing.
This decadal variability of Indian Ocean dipole is independent
of ENSO decadal variability. Li et al. (2016a, b) found that the
projected Indian Ocean dipole-like pattern of mean changes
and frequency increase of extreme positive Indian Ocean di-
pole events are largely the artifacts of model errors and un-
likely to emerge in the future. However, previous attempts
have failed to provide a comprehensive picture of the temporal
variability of the monsoon rainfall on decadal time scale
(e.g., Sen Roy et al. 2003; Sen Roy 2011b) and their linkage
with TIO SST. This has motivated us to explore the temporal
and spatial features of decadal variability in TIO SST and
ISMR and their linkages. Summer monsoon features during
strongest warm/cold phase of TIO SSTmode is also studied in
detail. This study may help for the development of decadal
prediction of monsoon, which is a prerequisite for long-term
planning. Section 2 discusses data and methodology used in
the study, results and discussion are provided in Section 3, and
Section 4 is the summary and conclusion.

2 Data used and methodology

2.1 SST data

SST is one of the most important indicators of climate variabil-
ity, which is used widely to identify the decadal variability. The
ERSST dataset is a global monthly SST dataset derived from
the International Comprehensive Ocean–Atmosphere Dataset.
It is produced on a 2° × 2° grid with spatial completeness en-
hanced using statistical methods. This monthly analysis begins
in January 1854, and continues to the present. The latest version
of ERSST, version 4, is based on optimally tuned parameters
using the latest datasets with improved analysis methods
(Huang et al. 2014; Liu et al. 2014; Huang et al. 2015). This
monthly data is converted to annual mean (from year 1854 to
2016) for present study. Apart from this, the Met Office Hadley
Centre’s sea ice and SST data set, HadISST, replaces the Global
Sea Ice and Sea Surface Temperature (GISST) data sets and is a
unique combination of monthly globally complete fields of
SST and sea ice concentration on a 1°×1° grid. HadISST tem-
perature data was reconstructed using a two-stage reduced-
space optimal interpolation procedure, followed by superposi-
tion of quality-improved gridded observations onto the

reconstructions to restore local details. We used this monthly
data from 1870 to 2016 for the present study.

2.2 Rainfall data

India Meteorological Department has brought out a high-
resolution daily gridded rainfall data set for the period 1900–
2016 (Rajeevan et al. 2006; Pai et al. 2014) using stations’
observations. This dataset is widely used for many monsoon-
related studies (e.g., Goswami et al. 2006;Krishnamurthy and
Shukla 2008;Ajaymohan and Rao 2008; Konwar et al. 2012).
This dataset has considered stations which had a minimum
70% data availability during the analysis period in order to
minimize the risk of generating temporal inhomogeneities in
the gridded data due to varying station densities. Since the
present analysis uses a fixed rainfall network, it is used for
examining long-term rainfall climate variability like decadal
variability. This daily data is averaged for summer monsoon
(June to September) to get seasonal mean data for this study.
For two regions, all India (considered ISMR) as well as for the
monsoon core zone (MCZ, Rajeevan et al. 2010, Mandke
et al. 2007), this dataset is analyzed; Fig. 3b displays the
MCZ region. The interannual variation of the ISMR is highly
correlated (0.91) with that of the summer monsoon rainfall
over the MCZ, suggesting that it is a critical region for the
interannual variation of rainfall.

2.3 ERA-20C reanalysis data

ERA-20C is European Center for Medium Range Weather
Forecast first atmospheric reanalysis of the twentieth century,
from 1900 to 2010 (Poli et al. 2016). It is an outcome of the
ERA-CLIM project. Many other reanalysis, such as NCEP
reanalysis-1 (available from 1948 to present) and NCEP
reanalysis-2 (available from 1979 to present), ERA-Interim
and ERA5 (available from 1979), are widely used reanalysis
but not available for the entire study period. But ERA-20C
covers the present study period and it is considered one of the
state-of-the-art century reanalysis data (Poli et al. 2016). The
observations assimilated in ERA-20C include surface and
mean sea level pressures from International Surface Pressure
Databank (ISPDv3.2.6) and surface marine winds from
International Comprehensive Ocean–Atmosphere Dataset
v2.5.1. The assimilation methodology is a 24-h 4D-Var anal-
ysis, with variational bias correction of surface pressure ob-
servations. The analyses provide the initial conditions for sub-
sequent forecasts that serve as backgrounds to the next analy-
ses. The ERA-20C reanalysis was produced with Integrated
Forecasting System version Cy38r1 and the same surface and
atmospheric forcing as the final version of the atmospheric
model integration. A coupled atmosphere/land-surface/
ocean-waves model is used to reanalyze the weather, by as-
similating surface observations. The ERA-20C products
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describe the spatial-temporal evolution of the atmosphere (on
91 vertical levels, between the surface and 0.01 hPa), the land-
surface (on four soil layers), and the ocean waves (on 25
frequencies and 12 directions). To understand corresponding
changes in the monsoon features (i.e., troposphere tempera-
ture, integrated troposphere moisture and its transport, vertical
moist thermodynamic structure, spatial distribution of sea lev-
el pressure, and moist static energy) during the phases of de-
cadal variability, temperature, winds, specific humidity, sea
level pressure, and vertical velocity data from ERA-20C are
used.

2.4 Methodology

To carry out various analysis, TIO SST monthly data are de-
trended and annually averaged, and rainfall, moisture,
winds, and temperature are averaged for the summer mon-
soon season (June to September). To identify dominant var-
iability in TIO SST and ISMR, techniques such as spectrum
analysis, wavelet analysis are used. Spectrum analysis gives
dominant signalwithin thewhole time series, whereaswave-
let analysis provides more accurately localized temporal and
frequency information.This allowsdetailed analysis of time-
dependent signal characteristics. Here Morlet wavelet func-
tion is used for the wavelet analysis. It is being a complex
function, and allows detection of both the time-dependent
amplitude and the phase (Torrence and Compo 1998). In
addition, wavelet analysis can reveal whether the variability
has significant strength or not; in this study, decadal variabil-
ity for TIO SST and ISMR was identified through wavelet
analysis with qualified confidence level of 80%. In addition,
coherentwavelet analysis is carried out between theTIOSST
and ISMR/MCZ rainfall for the common period of 1901–
2016. It shows strong coherence for the decadal scale during
1930–1960. To extract the identified dominant variability
signal (i.e., decadal signal), band-pass filtering is applied
on the TIO SST and ISMR time series data. Band-pass filter
retains interested variability signal and eliminates other var-
iability signal. According to wavelet/spectrum peak for de-
cadal signal, higher cutoff frequency for band-pass filtering
of 0.111, and lower cutoff frequency of 0.0333, correspond-
ing to the period of 9 to 30 years, is considered. The filtering
exercise facilitates to exclusively study temporal and spatial
scales of decadal variability. To get the dominant spatial
modes of identified decadal variability, empirical orthogonal
function (EOF) analysis is carriedout on the filteredTIOSST
and ISMR data. To know the coherence between the domi-
nant decadal variability signal of TIO SST and ISMR, with
the decadal modes (e.g., PDO, AMO, IPO), correlation co-
efficient is estimated with respective indices of decadal
modes. The difference of SST anomaly averaged over the
central equatorial Pacific, and in thenorthwest and southwest
Pacific (Salinger et al. 2001) is called the IPO index.

According to Trenberth and Shea (2006), AMO index is de-
fined as the de-trended 10-year low-pass filtered annual
mean area-averaged SST anomaly over the north Atlantic
basin (0° N–65° N, 80° W–0° E). To know the lead/lag rela-
tion between TIO SST/ISMR decadal variability, cross-
correlation analysis is carried out. Student’s t test is used to
know whether correlation between the two decadal variabil-
ity is significant or not. The ISMR is calculated over all
Indian region and MCZ rainfall is calculated over MCZ.

During the strong phases of TIO SST, variability in monsoon
features are studied using ERA-20C reanalysis data of sea level
pressure, low-level and upper level monsoon winds, vertically
integrated moisture transport, and tropospheric temperature. In
addition, monsoon-associated zonal and meridional circulation
cells are studied, zonal cell over the region 40° E to 120° E
averaged between 18° N and 28° N, and meridional cell over
the region 20° S to 40° N averaged between 70° E and 90° E are
examined. Corresponding response of tropospheric temperature
is also studied for the warm and cold phases, and troposphere
temperature anomaly is computed using temperature data be-
tween 600 and 200 hPa following Xavier et al. (2007). The
vertically integrated moisture transport (VIMT, gm/m/s) is also
estimated using specific humidity, u, and v components of wind
integrated from 1000 hPa to 300 hPa as in Konwar et al. (2012).
Besides, vertical structure of winds, temperature, moisture, and
moist static energy (MSE) is studied over the MCZ associated
with the warm and cold phases of decadal variability. MSE is
diagnostic to identify leading moist and radiative processes
deemed responsible for rainfall anomalies over mean ascent
regions (Su and Neelin 2002; Maloney 2009; Annamalai 2010).

The moist static energy is estimated by

MSE ¼ cp � T
� �þ g � zð Þ þ L� qð Þ ð1Þ

where T is the temperature, cp is the specific heat of air at
constant pressure, g is the acceleration due to gravity, z is the
height, L is the latent heat of evaporation, and q is the specific
humidity. The physical meaning of this definition of MSE is
relatively intuitive: the first term is the dry–air enthalpy (or
“heat content”), the second term is the specific gravitational
potential energy, and the last term is the potential contribution
to the first term due to latent heating. It is also intuitively
expected that the sum of these three terms is conserved under
adiabatic and hydrostatic transformations.

3 Result and discussion

3.1 Temporal and spatial evolution of TIO SST
and summer monsoon rainfall variability

Figure 1a and b show the time series of de-trended TIO SST
anomalies and summer monsoon rainfall anomalies (ISMR
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and MCZ rainfall) during the study period. From the time
series analysis, it is found that there are aperiodic oscillations
in the time series of de-trended SST anomaly (Fig. 1a). This
analysis also confirms that ERSST and HadISST are consis-
tent with each other for TIO SST anomaly evolution during
the study period, where the correlation coefficient between
them is 0.9, which confirms the robustness of the TIO SST
data; hence, the rest of the study used ERSST for further
analysis. In case of rainfall time series, all India and MCZ
display correlation coefficient of 0.84 between them, indicat-
ing high level of coherence, which is consistent with the find-
ings of Rajeevan et al. (2010). Figure 1c and d show the
wavelet analysis of SST and ISMR, in which the x-axis is
the time, the y-axis is the period, and contours show the
strength of the signal. Contour under the thick black line dis-
plays signal with 80% confidence level, and right panels show
the power spectrum. The significant peak at about the period
of 20 years in the power spectra of TIO SST (Fig. 1c) indicates
the decadal variability with the spread of 12–30 years, which
has significant power during 1910 to 1970. Such a decadal
variability of SST and coherent changes in the atmospheric
parameters are reported (surface winds, sea level pressure,
cloud) in the southern Indian Ocean (Allan et al. 1995).
Figure 1d shows the decadal variability (about 17 years) in
the rainfall over the Indian region, which was strongest during
1935 to 2000. It also shows that the decadal variability has
spread from 09 to 30 years. To eliminate all other variabilities
and to retain only decadal variability, band-pass filter is ap-
plied to time series of de-trended TIO SST and rainfall anom-
aly of 9–30 years. By analysis of 108 years of summer mon-
soon, rainfall data over India Mooley and Parthasarathy
(1984) found two cycles 14 years and 28 years but were not
consistent throughout the period. They also found that 14-year
cycle was prominent during the 1925–1978 period. Using
wavelet analysis, Torrence and Compo (1998) found that the
ISMR and ENSO indices exhibited high coherence during
1875–1920 and 1960–1990, but low coherence during
1920–1960.

Figure 2(a) shows the band-pass filtered time series of TIO
SST anomaly, MCZ rainfall anomaly, and AMO index.
Filtered TIO SST anomaly displays a range of − 0.20 to
0.36 °C. A strong positive phase is found during 1940 to
1945 (warm phase) with the amplitude of 0.36 °C and follow-
ed by negative phase with strength of − 0.2 °C (cold phase).
AMO displays an amplitude range of − 0.18 to 0.18 °C and
correlates with TIO SST (r = 0.36). This qualitative analysis
indicates that the strength of decadal variability of TIO SST is
higher than AMO index. Over the MCZ rainfall also shows
decadal variability, which has an amplitude of 2.5 to 3 mm/
day; however, for the ISMR, it is 0.6 mm/day. TIO SST dis-
plays weak (0.2) simultaneous correlation with MCZ rainfall
for decadal variability; however, it shows 0.6 correlation with
the lag of 2 years. Hence, TIO SST and MCZ rainfall decadal

variability are very closely in phase though with some lag.
Figure 2(b) shows the band-pass filtered time series of TIO
SST, PDO, and IPO Index during 1860 to 2016. PDO and IPO
indices display significant correlation with TIO SST (0.26 and
0.29 respectively) but lesser than with AMO for the study
period. Li et al. (2016a, b) and Kucharski et al. (2016) sug-
gested that the positive AMO favors the basin-wide warm
SST anomalies in the TIO. Zhou et al. (2015) suggested that
a positive-phase AMO can lead to an Indo-Pacific warm SST
response. However, the contribution of the AMO to the
interdecadal Indian Ocean basin mode remains unclear.
Krishnan and Sugi (2003) found that warm (cold) phase of
the PDO decreases (increases) the monsoon rainfall and in-
creases (decreases) the surface air temperature over the Indian
subcontinent. Li et al. (2017) conclude that an improved sim-
ulation of western Pacific convection is a priority for reliable
ISMR projections in coupled models. Dong and McPhaden
(2017) reported that the relationship between TIO SST and
Pacific basins underwent a dramatic transformation beginning
around 1985. Before that, SST variations associated with the
Indian Ocean basin and the IPO were positively correlated,
whereas afterward they were much less synchronized. Thus,
IPO and TIOSSTshow in-phase and out-of-phase relationship
in a specific period, out-of-phase relationship up to the year
1940 having correlation coefficient − 0.56 and after 1990 hav-
ing − 0.7. In-phase relationship from 1940 to 1990 with cor-
relation of 0.6 having a strongly positive phase about the years
1945 and 1960. The above discussion directs that TIO and
Pacific SSTs do not retain in phase relation, and vary over
the study period.

It is important to note that time series analysis shows that
during 1940 to 1990, TIO SST and MCZ rainfall are in phase,
whereas during the 1990 to 2016 and 1900 to 1940 it shows
mostly out of phase. Overall, the analysis reveals that on de-
cadal scale, TIO SST and MCZ rainfall have strong in-phase
relation with some phase lag followed by the relation with
AMO, PDO, and IPO during 1940 to 1990. This analysis
indicates that TIO SST decadal variability may have close
association with the monsoon rainfall over the core region.
Some studies have suggested an increase in moisture avail-
ability and land–sea thermal gradient in the tropics due to
warming phase, favoring an increase in tropical rainfall (e.g.,
Kamae et al. 2014). The remote influence of the Pacific
interdecadal variability on the monsoon is associated with
prominent signals in the tropical and southern Indian Ocean
indicative of coherent inter-basin variability on decadal time
scales (Krishnan and Sugi 2003). Hence, the TIO SST and
monsoon rainfall decadal variability spatial features are ex-
plored in the next section.

Figure 3a shows the spatial distribution of the TIO SST
variance for decadal variability. It shows high variance to the
south eastern part of Indian Ocean and north of Arabian Sea,
moderate variance to the eastern part of Bay of Bengal, and
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Fig. 1 Time series of de-trended a annual SST anomaly (°C) of the TIO
from ERSSTand HadISSTand b ISMR andMCZ rainfall anomaly (mm/
day), corresponding wavelet analysis and power spectrum analysis of c
TIO SST from ERSST, and d ISMR (JJAS) from IMD data. Where

contour with thick black line qualifies as the 80% confidence level, while
in power spectrum red line is white noise spectrum for 80% confidence
level
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low variance in the central and western part of Indian Ocean.
However, rainfall (Fig. 3b) shows high variance over the
Western Ghats, north east India, and some part of foot hills
of Himalaya and the MCZ and low variance over the rest of
India. To identify the spatial pattern of decadal variability,
EOF analysis is carried out on the band-pass filtered SST
and rainfall anomalies. Figure 3c shows the first mode of
decadal variability in TIO SST during the study period (i.e.,
1854 to 2016). The first mode of EOF is basin-wide mode
explaining 49.3% of total variance. These results are consis-
tent with Han et al. (2014b), who identified this mode as IOB
mode. The second mode is dipole-like mode explaining
10.6% of total variance. Dong and McPhaden (2017) carried
out similar analysis with three different 13-year low-pass fil-
tered annual mean SSTs (i.e., ERSST, HadISST, and Kaplan
SST) and found similar IOB mode. However, variance of first
mode is slightly higher, which may be due to the use of 13-
year low-pass filter. The first mode of TIO SST decadal var-
iability has higher variance in the east equatorial Indian
Ocean, the south Indian Ocean, and the north Arabian Sea;
however, relatively lesser variance is found in the northern
Bay of Bengal and east of Madagascar bay. Figure 3d shows
the first mode of ISMR decadal variability during 1900 to
2016 over the India. The first mode explains about 16% of
the total variance and has positive phase almost over India
(strong signal is reported over the Western Ghats, central
India, western and northern India). Figure 3e and f show the

respective principal components for the first mode of SSTand
rainfall. Principal components (Fig. 3e) of filtered SST anom-
aly, as well as wavelet analysis, confirmed that first mode was
strongest during 1940 to 1960. This dominant mode supports
that decadal mode of rainfall also has significant variability
during the same period, which is higher in the MCZ and the
Western Ghats region.

Figure 4(a, b) displays the spatial patterns of SST anomaly
during the warm (1940 to 1945), and cold (1948 to 1952)
epochs and the differences are shown in Fig. 4(c). It shows
basin-wide warming (except north Bay of Bengal) by 0.2 to
0.3 °C during positive epoch and basin-wide cooling of 0.2 to
0.5 °C during negative epoch. These warming and cooling
cycle of TIO SST can affect the monsoon circulation by mod-
ifying the zonal circulation (Luo et al. 2012). The spatial pat-
tern and strength of TIO SST play important role in determin-
ing the location of precipitation in the monsoon regions
(Lindzen and Nigam 1987). From cross-correlation analysis,
it is found that TIO SST and MCZ rainfall have significant
correlation (0.6) at a lag of 2 years, which is the reason behind
the rainfall epoch selection of 1942 to 1947 and 1950 to 1954
(Fig. 4(d, e)). For the warm phase of TIOSST, strong positive
rainfall anomalies are found in MCZ and along the Western
Ghats. Figure 4(f) shows the difference of summer rainfall
between warm phase and cold phase, indicating strong rainfall
difference of 3 to 4 mm/day over MCZ and Western Ghats,
which supports higher rain during the warm epoch of TIO

Fig. 2 Band-pass filtered (9 to 30 years) time series of (a) TIOSST, MCZ rainfall, and AMO Index from year 1901 to 2016 and (b) TIOSST, PDO, and
IPO Index from year 1854 to 2016 and correlation between them mentioned in upper right hand side corner
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SST decadal variability and vice versa for cold epoch. This
nature of rainfall raises the question howwarming (cooling) in
TIO SST supports more (less) rainfall. It is important to note
that during 1942–1947, no deficient monsoon years occurred,
and in fact 1942 was an excess monsoon rainfall year. In
addition to the above, during this period, Niño3.4 remains
negative throughout the period, and during 1942 winter strong
negative SST anomaly (− 1.5 °C) was reported in Niño3.4.
However, dipole mode index did not show any specific phase
during this period, and it was within the ± 0.5 °C, whereas
during 1950–1954, most of the summer monsoon rainfall
was below normal, and in 1951 it was deficit by 18.7%.
During this period, 1951 and 1953 were El Niño years, and
during 1951, winter Niño3.4 was anomalously warm by
1.2 °C. During 1950 to 1954, dipole mode index was neg-
ative mostly, indicating negative dipole. To understand fur-
ther the status of monsoon features, various parameters
(lower and upper level winds, sea level pressure, mid-
troposphere temperature, integrated moisture, and moisture
transport) are studied using ERA-20C reanalysis data with
special emphasis given to MCZ.

3.2 Monsoon features during the warm and cold
phase of TIO SST decadal variability

Figure 5(a, b) shows summer monsoon averaged wind speed
and wind direction anomaly at 850 hPa during warm and cold
phases. During the warm phase, the wind speed difference is
positive throughout the basin at 850-hPa level (Fig. 5(c)), in-
dicating strong southwesterly winds over the Arabian Sea,
over the MCZ, and the Bay of Bengal than cold phase. It also
shows that during warm phase, Western Ghats region experi-
ences intense surface westerlies. This flow transports mass
and moisture into the monsoon domain and essentially mod-
ulates the amount of rainfall. The strong low-level jet supports
excess rainfall over the west coast of India (Findlater 1969).
Overall, noticeable difference during warm to cold phase in
the low-level circulation was reported over the Arabian Sea
and MCZ, which is relatively small for the upper level winds.
These changes in the low-level winds are consistent with
changes in sea level pressure gradient during the respective
phases. Figure 5(d–f) shows the anomaly of vertically inte-
grated moisture flux and moisture flux transport during the

Fig. 3 Variance of decadal
variability of a TIO SST (°C)2

and b ISMR(mm/day)2, c EOF
first mode of TIO SST (°C)
decadal variability, and d EOF
first mode of ISMR (mm/day)
decadal variability and
corresponding principal
components are shown in e and f.
The box displayed in b and d
represents the MCZ region
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warm and cold phases and their difference. During the warm
phase, positive anomaly of moisture flux is present throughout
the monsoon flow, including along the Western Ghats, eastern
central India, south Indian Ocean, and the Bay of Bengal and
negative anomaly of moisture flux over the eastern equatorial
Indian Ocean and some part of the monsoon trough region.
Vertically integrated moisture transport anomaly is strong
easterly south of the equator and westerly north of the equator,
which replicate the strong monsoon flow. Convergence of
moisture flux is reported along the foothills. This analysis
supports that during the warm phase, excess moisture is
transported to the monsoon region, which supports the forma-
tion of excess precipitation during this phase. During the cold
phase, there was negative moisture flux anomaly off Somalia,
north Bay of Bengal, along the eastern part of the foot hills,
and over the north east region, whereas there was weak pos-
itive anomaly over the peninsular India. There was negative
anomaly of moisture flux in the eastern Indian Ocean, north
Arabian Sea, and some part of central India. Vertically inte-
gratedmoisture transport displays north easterly anomaly over
the Arabian Sea, and northerly transport over the central India.
This manifests that during the cold phase, moisture transport

was below normal and supported negative or weak positive
anomaly of rainfall over the MCZ, mostly positive anomaly
over the oceanic region. Figure 5(f) shows the difference of
integrated moisture flux and its transports during the warm
and cold phases. Over India, moisture flux anomaly difference
has resemblance with rain fall pattern (Fig. 4(d)), which also
shows heavy moisture loading along the monsoon flow. The
warm phase provides excess moisture, which gets converted
in to the excess rainfall over the Western Ghats and MCZ,
while during negative phase, weaker transport associated with
monsoon leads to weaker monsoon rainfall activity.

High sea level pressure anomaly (Fig. 6(a, b)) is observed
over the southern Indian Ocean and decreases as moving to-
wards the central India during both the phases. During the
warm phase, Mascarene high has positive sea level pressure
anomaly, and monsoon trough region has negative sea level
pressure anomaly, whereas during the cold phase, weak anom-
alies are reported over both regions. This supports that sea
level pressure gradient during the warm phase is stronger be-
tween the Mascarene high and monsoon trough region than
cold phase (Fig. 6(c)), consistent with the low-level wind
anomaly during the respective phases. Figure 6(d, e) shows

Fig. 4 SST anomaly during (a)
dominant positive (1940–1945)
and (b) negative phase (1948–
1952) and (c) difference (a-b) of
anomaly and (d, e) spatial pattern
of JJAS rainfall (mm/day)
anomaly during (d) dominant
positive (1942–1947) and (e)
negative phase (1950–1954) and
(f) difference (d-e) of anomaly.
Black dots represent significant
values at the 95% confidence
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the troposphere temperature anomaly (averaged over 200 to
600 hPa) for the warm and cold phase, respectively; this tro-
posphere temperature anomaly represents monsoon-
associated heating, which has meridional gradient during the
summer monsoon. This characteristic of troposphere temper-
ature is crucial to initiate and maintain the large-scale mon-
soon circulation (Flohn 1957, 1960, Allan et al. 1995, Xavier
et al. 2007 and Liu and Yanai 2001) and has coherent variabil-
ity with the monsoon precipitation (Meehl 1994) on seasonal
to interannual scale. Figure 6(d) shows strong positive anom-
aly of troposphere temperature over Pakistan and adjoining
areas; however, over the Tibet and central India, it is less
positive during the warm phase, whereas anomaly is weak
positive north of 20° N and negative over rest of the study
area during the cold phase (Fig. 6(e)). Pattnayak et al. (2016)
found that the troposphere temperature over Pakistan better
correlates with the ISMR than those over Tibet and Central
India. The troposphere temperature anomaly difference (Fig.
6(f)) is positive throughout the study region, corroborating the

strong large-scale monsoon circulation during the warm phase
than the cold phase. Corresponding meridional gradient in
troposphere temperature is marginally higher in the warm
phase than in the cold phase. Besides, areal extent of warm
troposphere temperature over the Tibetan region is higher in
the warm phase than in the cold phase. These features of
troposphere temperature are consistent with the monsoon fea-
tures during the respective phases. Figure 6(g–i) shows the
MSE and MSE anomaly for the warm and cold phases and
their difference, respectively. During the warm phase (Fig.
6(g)), positiveMSE anomaly is reported over India, with max-
imum amplitude over the north west India and weak negative
anomaly reported over the Arabian Sea and south eastern
Indian ocean, whereas during the cold phase most of the area
is covered by the negative MSE anomaly (Fig. 6(h)), except
over the Tibetan region. This analysis reveals that warm phase
favors above-normal MSE over the monsoon domain, favor-
able for unstable boundary layer, convective ascent, and sup-
port excess rainfall (e.g., Raju et al. 2018).

Fig. 5 Spatial pattern of JJAS
Winds anomaly (m/s, shaded is
magnitude and vector is direction)
from ERA-20C dataset at 850-
hPa level composite for (a) warm
and (b) cold phase and (c) differ-
ence between them. Spatial pat-
tern of JJAS mean vertically inte-
grated moisture flux anomaly
(shaded, gm/m/s) and vertically
integrated moisture transport
anomaly (Vectors, gm/m/s) for (d)
warm and (e) cold phase and (f)
difference respectively
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3.3 Zonal and meridional circulation during the warm
and cold phase of TIO SST decadal variability

Observational and modeling studies have shown that decadal
variability of TIO SST can influence the tropical and extra-
tropical atmospheric circulation through changes in the zonal
(Walker) and meridional (Hadley) circulations (Wang and
Mehta 2008). Figure 7 shows the anomalous Walker and
Hadley cell during the warm and cold phases of the dominant
decadal variability of the TIO SST. TheWalker cell circulation
during the warm phase (Fig. 7(a)) averaged over the 18° N to
28° N, and shows upward circulation anomaly from 50° E to
110° E (except 75° E to 85° E), throughout the troposphere
manifesting above-normal convection over this region, which
is consistent with the strong convective activity in the TIO
during the warm phase. During the cold phase (Fig. 7(b)),
strong upward circulation anomaly is limited, and their verti-
cal extent is also restricted, manifesting weaker convective
activity. In Walker cell, strong convergence and updraft is
reported around 60° E to 75° E, during the warm phase com-
pared to the cold phase (Fig. 7(c)), which is coinciding with

the positive rainfall anomaly over the northwestern India; low-
er troposphere displayed strong anomalous westerly over the
region 60° E to 90° E with the vertical extent up to 850 hPa
and in the upper troposphere strong divergence is reported,
manifesting strong monsoon state over 18° N to 28° N and
60° E to 90° E, which is part of MCZ. Overall, zonal circula-
tion features are consistent with the monsoon features reported
during the warm and cold phases. These circulation features
indicate that monsoon circulation was stronger during the
warm phase than the cold phase.

Figure 7(d) shows the anomalous Hadley cell during the
warm phase averaged over 70 to 90° E. It shows upward
vertical velocity anomaly for the 7° S to 35° N (except 15 to
20°N) throughout the troposphere. However, during the cold
phase, mostly downward vertical velocity anomaly is report-
ed; this manifests below-normal convective activity during the
cold phase in the meridional section also. In addition to the
above, the meridional cell during the warm and cold phases
(Fig. 7(d–f)) clearly shows stronger southerly wind anomalies
in the lower troposphere to 800 hPa in warm compared to cold
phase and has strong convergence at 10° N and 30° N,

Fig. 6 Spatial pattern of JJAS mean sea level pressure (hPa, contour) and
sea level pressure anomaly (hPa, shaded) for the warm (a) and cold phase
(b) and their difference (c, a-b). Troposphere temperature (°C, average
over the 600 to 200 hPa, contour) and its anomaly (°C, shaded), for the

warm phase (d) and cold phase (e) and their difference (f, d-e). Moist
static energy (kJ/kg, average over the 1000 to 200 hPa, contour) and its
anomaly (kJ/kg, shaded), for the warm phase (g) and cold phase (h) and
their difference (i, g-h)
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coinciding with strong upward draft. The northern conver-
gence center is coinciding with the positive precipitation
anomalies, consistent with the upper troposphere divergence.
The above analysis reveals that zonal, as well as meridional
circulation associated with the summermonsoon, does display
coherent response to the TIO SST variability through in-phase
monsoon variability. It also conveys that TIO SST variability
at low-frequency scale influences three-dimensional monsoon
circulation, affects moist thermodynamics and physics, and
leads the monsoon variability at decadal scale.

3.4 Vertical structure of circulation and moist
thermodynamics over the MCZ for the warm and cold
phases of TIO SST decadal variability

As discussed earlier, MCZ displayed significant positive rain-
fall anomaly during the warm phase (Fig. 4(d, e)) and vice
versa. Corresponding response of monsoon circulation and
moisture are studied over the MCZ for the warm and cold
phases, respectively (Fig. 8). Figure 8(a–c) displays wind
anomaly for the warm and cold phases; in the warm phase,
anomalous winds are positive up to the mid-troposphere and
negative above, indicating stronger than normal monsoon
flow. However, during the cold phase, anomalous winds are
closer to the normal. Monsoon winds are baroclinic in nature

over the MCZ, westerly in the lower troposphere, and easterly
in the upper troposphere, during the strong monsoon; in gen-
eral, it has stronger winds and vice versa for the weaker mon-
soon. Figure 8(d) shows the vertical profile of specific humid-
ity anomaly, which represents moisture over the MCZ during
warm and cold phases. For the warm phase, whole tropo-
sphere displays positive anomaly, with noticeable magnitude
in the lower to mid-troposphere (1000 to 400 hPa) and has
maximum positive anomaly about 800 hPa, which might be
due to the warm TIO SST, support evaporation, and supply of
this excessmoisture throughmonsoon circulation to theMCZ,
favoring positive rainfall anomaly during the warm phase,
whereas during the cold phase, weak anomalies are reported.
Associated temperature anomaly (Fig. 8(e)) is negative in the
lower troposphere for both the cases; however, mid-
troposphere to upper troposphere temperature has noticeable
difference for the warm and cold phases, which specifies that
the contribution of diabatic heating to temperature structure
over the MCZ is higher for the warm phase than the cold
phase. Corresponding profile of MSE anomaly shows (Fig.
8(f)) positive anomaly throughout the troposphere in the warm
phase, with maximumMSE anomaly at about 800 hPa, which
is resembling with the moisture profile (Fig. 8(d)). Hence, the
strongest MSE anomalies peak in the lower troposphere and
are, primarily, regulated by advected moisture flux anomalies
(Fig. 5(d–f)), whereas for the cold phase, it has negative
anomaly in the lower troposphere (due to internal energy con-
tribution) and weak positive anomaly in the mid-troposphere
with maxima at 500 hPa. This analysis indicates that over the
MCZ, excess moisture is supplied by the warm TIO, which
gets uplifted by the monsoon-associated convergence and fa-
vors the excess monsoon rainfall. Over the MCZ relative to
circulation, the moist thermodynamic displayed greater differ-
ence between the warm and cold phases.

4 Summary and conclusion

Tropical Indian Ocean (TIO) SST variations have large cli-
mate impacts both regionally and globally. Recent studies
(e.g., Han et al. 2014b) have reported that like Pacific and
Atlantic SST, TIO SST also has decadal variability, which
has almost a basin-scale structure with the period of 9 to
30 years. Similarly, several studies reported that Indian sum-
mer monsoon rainfall (ISMR) has decadal variability
(Kripalani and Kulkarni 1997a, b, Mehta and Lau 1997,
Krishnamurthi and Goswami 2000) but the role of TIO SST
for the ISMR variability is unclear, which has motivated us to
carry out the present study using more than 100 years of SST,
rainfall, and ERA20C reanalysis atmospheric data. Time se-
ries and wavelet analysis confirmed that significant (at 80%)
decadal variability (~ 9 to 30 years) is present in the TIO SST.
The variance of decadal variability of TIO SST is maximum in

Fig. 7 Anomalous Walker cell circulation (vector u, w×100, latitude
average between 18° N and 28° N) during the (a) warm phase, (b) cold
phase, (c) difference (a-b), and anomalous Hadley cell circulation (vector,
w×100 longitude average between 70° E and 90° E) during the (d) warm
phase, (e) cold phase, and (f) difference (d-e). Shading is the
corresponding vertical velocity anomaly (m/s) multiply by the 100
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the eastern equatorial Indian Ocean, followed by the north
Arabian Sea. Decadal EOF of TIO SST shows basin-wide
dominant mode explaining about 50% of total variance.
Pricipal component of EOF analysis shows robust decadal
variability during 1940 to 1952, having positive epoch during
1940 to 1945 (i.e., warm phase) and strongest negative epoch
is during 1948 to 1952 (i.e., cold phase); wavelet analysis
supported this robust signal statistically. Analysis also con-
firmed that TIO SST decadal variability strength is of the order
of AMO strength. For the study period, correlation coefficient
between decadal variability of TIO SST and AMO index is
about 0.4, whereas between PDO and IPO is about 0.3, which
are significant with the confidence level of 95%. The phase
relation between decadal variability of TIO SST with PDO
and IPO is found to vary with time. Similar spatial and

temporal analysis for the ISMR reveals that the strength of
the ISMR decadal variability is meager; however, spatial pat-
tern of variance of decadal rainfall variability over India
shows that MCZ and Western Ghats have significant strength
of the decadal variability. The EOF analysis further confirms
this spatial pattern of rainfall decadal variability over India.
Correlation analysis for Indian rainfall with decadal TIO SST
shows that correlation is weaker for ISMR, but it is higher and
significant for the MCZ rainfall with the lag of 2 years.

To understand how the decadal variability of TIO SST
influences the summer monsoon features, monsoon features
during warm and cold phase are studied. This analysis reveals
that during the warm phase, MCZ and Western Ghats receive
more rain than normal and vice versa during the cold phase.
However, the rest of India does not show significant

Fig. 8 Vertical profile averaged over the MCZ (72° E–88° E; 18° N–26°
N) for anomaly of (a) zonal wind (ms−1), (b) meridional wind (ms−1), (c)
wind speed anomaly (ms−1), (d) specific humidity × 10−4, (e)

tropospheric temperature (°C), (f) moist static energy (kJ kg−1) for the
warm phase (red line) and cold phase (blue line) respectively
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differences during these two phases. The more rainfall over
MCZ andWestern Ghats duringwarm phase is consistent with
strong southwesterly winds, strong-pressure gradient, and
strong convergence over the MCZ and vice versa reported
for the negative phase. Also, during the warm phase, positive
mid-troposphere temperature anomaly is found over the north
of 20° N, supporting excess convective activity, which is also
reflected in the vertical velocity analysis and moist static en-
ergy. Apart from this, larger scale zonal (Walker) and merid-
ional (Hadley) circulation fields are also in phase with the TIO
SST and rainfall variability. This finding confirms that warm
(cold) phase of TIO SST decadal variability favored positive
(negative) rainfall anomaly over MCZ through air–sea inter-
action andmonsoon dynamics. Thus, the present study reveals
that warm phase supports stronger meridional gradient of sur-
face pressure; leads to strong supply low-level moisture flux,
convergence of it along the Western Ghats and MCZ; and
results in more convection and associated tropospheric
heating due to excess rainfall and vice versa during the cold
phase with relatively less amplitude. However, it remained
unclear how decadal variability of TIO SST gets influenced
by variabilities such as AMO, PDO, and IPO through oceanic
as well as atmospheric pathways and their contribution to
reported monsoon features during the different phases. Apart
from this, it is also not clear why such strong decadal variabil-
ity in TIO SST is not reported during the recent period when
monsoon displayed decadal variability. These are required to
be explored in detail in the future studies.
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