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Many previous studies have documented the changes in rainfall patterns along the Western coast of India.
The Western Ghats of India comprising of coastal regions of Maharashtra, Karnataka, and Kerala regions
are facing the worst Coods and droughts in recent years. Changes in low-level horizontal wind circulation
due to the change in sea surface temperature over the northern Arabian Sea have been reported by many
studies. This work highlights the role of surface–subsurface variations in temperature over the Arabian
Sea in governing rainfall variability over the Western Ghats. The subsurface Cow of water masses from
the Southern Indian Ocean into the Arabian Sea or vice versa along the Somalia–Oman coast can increase
or decrease the depth of the thermocline. Deepening or shoaling of thermocline depth in the central
Arabian Sea can further lead to changes in the surface temperatures. The rainfall variability over the
Western Ghats is predominantly governed by the sea surface temperature (SST) variations over the
Arabian Sea. The shoaling of thermocline due to an increase in Ekman upwelling and decrease in the
subsurface water Cow has decreased SST in the Arabian Sea in the recent decade. This decrease in SST
can lead to a decrease in the rainfall over the Western Ghats. This study also reports an interdecadal
oscillation in the surface-subsurface coupling over the Arabian Sea.
Keywords. Western Ghats; Arabian Sea; Indian Ocean; ocean dynamics.

1. Introduction
India’s iconic Western Ghats (WG) are one of the
most fragile ecosystems on earth that have been
considered as one of 209 natural World Heritage
Sites (Frey 2019). The latest report by the International Union for Conservation of Nature (IUCN)
World Heritage Outlook 2 assessed the changes in
all natural World Heritage sites and warned that
climate change has the potential to impact the
large-scale monsoonal processes which the Western
Ghats inCuence. The Western Ghats play a major
role in forcing the air to rise and increase the
amount of precipitation on the windward side and
the rain shadow area downwind (Rajendran et al.

2012). Rajeevan et al. (2010) showed a significantly
high correlation coefBcient of 5-day average rainfall
over the monsoon core zone with the rainfall at the
Western Ghats during July and August months
for the period 1951–2007. Goswami et al. (2006)
reported an increasing (decreasing) trend of
occurrence of heavy (moderate) rainfall over Central India [CI; 74.5°–86.5°E; 16.5°–26.5°N] with no
significant trend in the mean rainfall for the time
period 1951–2000. Roxy et al. (2015) showed a
weakening trend in mean boreal summer precipitation over the central-east and northern regions of
the Indian subcontinent, and south of the Western
Ghats region along with a significant positive trend
in the northern parts of the Western Ghats for the
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years 1901–2012. Ghosh et al. (2009) using the 1° 9
1° gridded rainfall data (provided by India Meteorological Department (IMD)) showed a significant
decreasing trend in the mean summer monsoon
rainfall over the western coast of India for the
period 1951–2003. A recent study by Varikoden
et al. (2019) showed an increase (decrease) of
average rainfall by 0.3 (0.39) mm/day per decade
in the northern (southern) parts of the WG for the
period 1931–2015. They found that this decreasing
trend in rainfall over the WG is due to the northward shift of low-level jet triggered by an abnormal
increase in the surface temperature of the northern
Arabian Sea and tropospheric temperature of north
India in the recent decades. Although the Western
Ghats and Central India both receive rainfall
through large-scale cross-equatorial Cow caused
by the northward seasonal migration of the
intertropical convergence zone (Gadgil 2003;
Goswami 2012), long term trends over these two
regions remain in contrast to each other indicating
regional variations over the country as a whole
(Roxy et al. 2015; Varikoden et al. 2019). A recent
study by Revadekar et al. (2018) had shown south
to north increase (0.30–0.66) in simultaneous correlation in rainfall over the Western Ghats and AllIndia boreal summer monsoon rainfall. They found
the dominant positive role of Indian Ocean Dipole
(IOD) in governing rainfall variability over the
entire WG in all summer monsoon months,
whereas the role of El Niño is asymmetric in governing rainfall variability over WG rainfall. The
Indian summer monsoon is known for its negative
relationship with Niño SST. The negative correlations are also seen for the WG rainfall with the
Niño regions but only during the onset and withdrawal phase (Revadekar et al. 2018). During the
peak monsoon months (July and August), subdivisions of WG mostly show a positive correlation
with Niño SST. Vecchi and Harrison (2004) documented that the interannual variability of rainfall
averaged over the WG and the Ganges–Mahanadi
Basin region is uncorrelated. The moisture Cux
over the AS across the west coast of India is a
principal source of rainfall over the WG. The
rainfall over central homogeneous domain of India
is associated with tropical depressions formed over
the Bay of Bengal which propagate northwestward
with the extent of propagation limited to the
Ganges–Mahanadi River Basins (Rakhecha and
Pisharoty 1996).
The main moisture source for the monsoon
rainfall over the Indian continent is the Indian
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Ocean warm pool with the maximum spatial extent
in April (Ninomiya and Kobayashi 1998). The
temperature variations in the upper layers in the
western AS is very sensitive to upwelling because of
the very shallow mixed layer (*15–30 m) in spring
and summer, like the cold tongue in the equatorial
PaciBc (de Boyer Mont
egut et al. 2004; Fischer
et al. 2002). Izumo et al. (2008), using both
observations and coupled atmosphere–ocean general circulation model, showed that precipitation
over the Western Ghats is governed by the SST
variability along the Somalia–Oman coast.
Strengthening of the anomalous southwesterly
winds in the late spring along the Somalia–Oman
coast increase upwelling and cools the SST in the
western Arabian Sea strongly. This cooling of SST
restricts the moisture supply to the Indian summer
monsoon by reducing the westward extent of the
Indian Ocean warm pool. Previous studies had
reported the strong Indian Ocean warming in the
second half of the 20th century but during the early
years of the 21st century, known as the SST-hiatus
period, Indian Ocean warming has slowed down
and is almost neutral (Arora et al. 2016; Kosaka
and Xie 2013). The reason attributed for the
slowing down of global mean surface temperatures
was attributed to volcanic and anthropogenic
aerosols, solar minimum (a period of low solar
activity) and natural variability (Solomon et al.
2010; Xie et al. 2013). With the return of PaciBc
Decadal Oscillation back to its positive phase since
2014, global warming resumed and it got superimposed on the on-going background warming
trend. Record-breaking high temperatures in 2014
followed up by super-strong El Niño set up a new
accelerated warming era (Su et al. 2017a, b). Maher
et al. (2014) also documented using CMIP5 models
that hiatus decades are associated with transition
into a negative interdecadal PaciBc Oscillation
phase. Other than natural variability, the unaltered rate of increase in ocean heat content (OHC)
during the hiatus period generates the possibility of
no real hiatus or slowing down of global mean
surface temperatures by external forcing is not
sufBcient (Liu and Xie 2018). A close look at the
ocean heat uptake controverts the possibility of
global warming hiatus. Meehl et al. (2011) showed
that reduced warming rate of global mean surface
temperature during the hiatus period is due to an
accelerated warming in the subsurface ocean below
300 m depth. The three-dimensional structure of
the natural ocean is experiencing a change in ocean
heat content over the hiatus period. A slight

J. Earth Syst. Sci. (2021)130:117
cooling in SST (1–100 m) is accompanied by
warming in the 101–300 m and 701–1500 m depth
levels (Cheng et al. 2015, 2017). Only Indian Ocean
has accounted for about 70% of this global subsurface and deep ocean heat uptake during the
hiatus period (Lee et al. 2015; Su et al. 2017a, b).
The change in ocean heat content may further
inCuence ocean dynamics by perturbing ocean
currents, thermodynamic structure, and the mixed
layer depth (Qu 2001; He et al. 2017). A continuous
extension of the Indian Ocean warm pool into the
western Indian Ocean has caused an increase in
SST over the Arabian Sea (Rao et al. 2012). An
anomalous warming trend in the western Indian
Ocean (1.2°C per 112 yrs) in the previous century
is greater than the basin-wide warming trend by
0.5°C, indicating rapid warming in the Arabian Sea
(Roxy et al. 2015). An increase in heat stored in the
deeper levels of the Indian Ocean is found to have a
significant impact on thermosteric sea level rise in
the Arabian Sea (Swapna et al. 2017). Since the
precipitation over the Western Ghats is modulated
by temperature Cuctuations over the Arabian Sea,
the Arabian Sea is undergoing a rapid change
(manifested as surface and subsurface temperatures Cuctuations) in recent decades. Therefore, it
becomes vital to study the nature of the Arabian
Sea in order to unravel the rainfall patterns over
the Western Ghats. Previous studies (e.g., Revadekar et al. 2018; Varikoden et al. 2019) have
broadly documented the changes in governing
cross-equatorial wind circulation during southwest
monsoon season to examine the associated changes
in precipitation over the WG. However, the role of
surface–subsurface coupling in the Arabian Sea in
modulating rainfall variability over the Western
Ghats is understudied in literature. This study is
an attempt to Bll this gap. In the next section, a
description of data and methods used in this study
is provided.

2. Data and methodology
Monthly mean precipitation from the Global
Precipitation Climatology Project (GPCP) is used
for the period 1980–2015. GPCP provides a consistent measure of global precipitation by merging
datasets from satellite, gauge measurements over
the land, and sounding observations. The spatial
resolution of this dataset is 2.5° (Adler et al.
2003). Monthly mean 10-m zonal and meridional
wind with a spatial resolution of 30 9 30 km2 is
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taken from the most recent global reanalysis
ERA5 datasets for the period 1980–2015. ERA5 is
the Bfth generation of ECMWF atmospheric
reanalyses of the global climate (Hersbach and
Dee 2016). Monthly data of sea surface height
anomaly (SSHA) is taken from combined data
products from AVISO TOPEX Poseidon, ERS,
and
Jason1
satellites
(https://www.aviso.
altimetry.fr/en/my-aviso.html). SSHA is calculated with respect to 7 year means calculated over
the period January 1993–December 1999 and is
mapped on a global irregular grid of about 1/3°
spacing. This dataset is considered to have highly
accurate measurements of sea level with an
accuracy of about 4.2 cm. The temporal span of
this dataset is from October 1992 to February
2010. This dataset is used for the veriBcation of
results of this study for the period January
1993–December 2009.
Ocean temperature data is taken from the
Simple Ocean Data Assimilation ocean/sea-ice
reanalysis (SODA)-v3.3.1 forced by the ModernEra Retrospective analysis for Research and
Applications, Version 2 (MERRA2). The temporal
span of this dataset is 1980–2015 and spatial resolution is 1/2°91/2° (Carton et al. 2018). Ocean
temperature data from SODA-v3.3.1 is validated
further with the National Centers for Environmental Prediction (NCEP) Global Ocean Data
Assimilation System (GODAS) (Behringer et al.
1998) for the period 1980–2015. The results from
ocean temperature analysis are extended back in
time up to 1871 using SODA-v2.2.4 (Carton et al.
2005; Carton and Giese 2008). The ECMWFOcean Reanalysis System 4 (ORAS4) (Balmaseda
et al. 2013) for the period 1958–2015 and instrument
subsurface ocean temperature data EN4–v4.2.1
from Hadley Centre for the period 1958–2014 (Good
et al. 2013) are also used to validate reanalysis
datasets. Zonal (U ) and meridional (V ) currents are
also taken from the SODA-v3.3.1.
The Ekman pumping velocity is calculated from
ERA5 10 m zonal (u) and meridional (v) winds.
Zonal (sx ) and meridional (sy ) wind stress components are deBned as follows:
sx ¼ qCd Wu;
sy ¼ qCd Wv;
where q is the density of air (1.225 kg/m3) and Cd
is drag coefBcient (0.00012),W is wind speed
calculated from u and v.
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Wind stress curl is deBned as:
scurl ¼

osy osx

:
ox
oy

Ekman pumping velocity ðWek Þ is deBned as:
Wek ¼

scurl
;
qf

where f is the Coriolis parameter.
The heat advection into ocean is calculated from
temperature (T), zonal (U ) and meridional (V )
currents taken from SODA-v3.3.1. Heat Cux
transport at each Bctitious boundary of the Arabian Sea (AS: 50–72°E, 5–26°N) and Southern
Indian Ocean (SIO: 50–72°E, 5–26°S) is calculated
as:
Meridional transport ¼
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where (x1, x2) and, (y1, y2) are boundaries of
region chosen in zonal and meridional directions
respectively. Here, T is the vertical proBle of
temperature at each grid point.
Net Heat Transport ¼ Zonal transport
þ Meridional transport:

Net advection into the AS and SIO is calculated
by the vertical integration of net heat transport up
to 300 m depth.
The ocean heat content (OHC) is calculated by
vertical integration of monthly temperature up to
300 m depth.
Z z¼300
Tdz;
OHC ¼ Cp qocean
z¼0
3

where qocean (1027 kg/m ) is density of water and
Cp (4186 J kg1°C1) is speciBc heat capacity of
water at constant pressure.
3. Results and discussion
3.1 Rainfall variability over the Western Ghats
The Western Ghats over the west coast of India
are important mountain ranges that receive

heavy rainfall with a seasonal climatological
mean of about 25 mm/day. The average rainfall
over the rest of India is about 8 mm/day (Krishnamurthy and Shukla 2000). The Western
Ghats region is selected by combining data over
three rectangular boxes (R1: 72–74°E, 16–21.5°N;
R2: 73–75°E, 12–16°N; R3: 74.5–76.5°E, 10–12°N)
to exclude rainfall over the ocean (Kumar et al.
2014). In this study, rainfall over WG (only land
points) needs to be considered. However, region
R2 includes some oceanic grid points adjacent to
WG while estimating rainfall over this region.
This is a limitation of this study because of the
coarse resolution of the GPCP dataset. Since,
rainfall over CI is well correlated with rainfall
over the WG (Rajeevan et al. 2010; Revadekar
et al. 2018), I also looked at the rainfall variability over Central India [CI: 74.5°–86.5°E,
16.5°–26.5°N]. Figure 1 shows the monthly mean
rainfall anomaly for each month averaged over
Central India and the Western Ghats for the
period 1980–2015 overlaid with 11-yr running
mean. 11-yr running mean gives a measure of the
smoothed decadal variability by removing higher
frequencies. This approach is widely used in
many other studies (e.g., Ault et al. 2014;
Kucharski et al. 2006) to bring out the dominant
decadal signals in the dataset. An average
monthly rainfall anomaly over CI mostly hovers
around the mean embedded with the Cood (1983,
1988, 1994, 2007, 2013) and drought years (1982,
1987, 2002, 2009, 2014, 2015) (Preethi et al.
2019). The linear trend of rainfall averaged over
CI is –0.01 mm/year which is insignificant (level
of significance 5.4%). Figure 1(b) shows the
monthly rainfall anomaly averaged over CI after
the least-square linear trend is removed from the
time series shown in Bgure 1(a). Both the time
series in Bgure 1(a and b) look identical because
of no significant linear trend over CI. This result
is in agreement with many previous studies.
Goswami et al. (2006) reported an increasing
(decreasing) trend of occurrence of heavy (moderate) rainfall over CI with no significant trend
in the mean rainfall for the period 1951–2000.
Along with interannual variability, monthly
rainfall anomaly averaged over CI also shows
inherent decadal variability shown by 11-yr
running mean. On the other hand, rainfall
anomaly averaged over the Western Ghats shows
a significant decreasing trend of –0.61 mm/year
with a level of significance of 98.7% (shown in
Bgure 1c). The maximum rainfall deBcit over the
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Figure 1. Monthly mean rainfall anomaly averaged (in mm/day) over Central India (a) with and (b) without linear trend.
(c) and (d) are same as (a) and (b) respectively, but for the Western Ghats. Red line in each Bgure represents 11-yr running
mean of underlaid monthly mean time series.

Western Ghats till the end of 19th century was
up to a maximum of almost 4 mm/day. After
1998, monthly mean rainfall deBcit increases
significantly up to 7–8 mm/day. 11-yr running
mean shows a significant dip in rainfall near the
end of the 19th century and it highlights a shift
in average anomalous rainfall from excess (predip era: 1980–1998) to deBcit (post-dip era:
1999–2015) monsoon. This dip in rainfall persisted for almost a decade with a peak in the
year 2003 and then started reviving towards
neutral values around the year 2010. This dip
period roughly coincides with the global warming
hiatus period (1998–2013) (Kosaka and Xie
2013), but the hiatus eAect possibility was ruled
out with record high temperatures in 2014 (Su
et al. 2017a, b). Figure 1(d) shows the monthly
rainfall anomaly averaged over the Western
Ghats after removing least-square linear trend
(–0.61 mm/year). The decadal variability in
rainfall anomaly averaged over the Western
Ghats is much identical to decadal variability
over CI. Though the long-term behaviour of
rainfall anomaly over the Western Ghats and CI
is similar, the presence of strong decreasing trend
in rainfall anomaly averaged over the Western

Ghats makes it an interesting case worth
exploring.
Figure 2(a) shows monthly mean rainfall climatology of boreal summer monsoon months (JJAS)
over the Indian subcontinent for the period
1980–2015. An enhanced precipitation up to 20
mm/day is observed along the west coast of India.
Three rectangular boxes (R1, R2, R3) chosen to
select rainfall over the Western Ghats are highlighted in Bgure 2(a). Figure 2(b) shows histogram
of the number of grid points with respect to the
rainfall anomaly merged over three rectangular
boxes for pre-dip (solid Blled bars) and post-dip
(hatched bars) period. Since the Western Ghats
receive most of the rainfall during boreal summer
monsoon months (JJAS) only (Revadekar et al.
2018), I chose JJAS months only to generate histogram to avoid very high value for the number of
grid points with zero rainfall values. The rainfall
anomaly at each grid point is standardized by
dividing its value by its standard deviation. The
accumulated number of grid points in case of normal events ([ –1 and \1) is roughly the same for
both pre-dip and post-dip era. But in the case of
above ([1) or below (\–1) normal events, the postdip (pre-dip) period shows more number of grid
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Figure 2. (a) Monthly mean rainfall climatology (in mm/day) during JJAS. (b) Histogram of monthly mean rainfall anomaly
merged over three rectangular boxes shown in (a) for pre-dip (solid Blled) and post-dip (hatched) period.

points with negative (positive) rainfall anomalies
compared to pre-dip (post-dip) period. A significant decrease in the rainfall averaged over the
Western Ghats (shown in Bgure 1c) is a direct
consequence of an overall increase in the number of
grid points with negative rainfall anomaly in postdip era compared to pre-dip era. The spatial variability of rainfall anomaly over the Western Ghats
follows Normal (Gaussian) distribution closely in
both the eras. The change of era from pre-dip to
post-dip adds skewness to the spatial distribution
of rainfall over the Western Ghats.
Since rainfall over the Western Ghats is largely
controlled by the moisture input to southwest
monsoon winds during the boreal summer season
and this moisture supply depends upon SST
variations over the Arabian Sea (Vecchi and
Harrison 2004; Izumo et al. 2008), I further
looked at temperature variability over the AS.
An increase in SST due to decrease in upwelling
over the AS can strengthen monsoon rainfall
along the west coast of India. Figure 3(a and c)
shows the simultaneous correlation of rainfall
anomaly averaged over CI and WG with
anomalous SST over the tropical Indian Ocean
for the period 1980–2015. Hatched lines enclosed
in yellow contour show a region with 95% level of
significance. A significant but highly localized inphase variability of SST with rainfall over CI is
observed over the extreme north of the AS. But,
on the other hand, rainfall anomaly over the
Western Ghats is associated with SST variations
over the Arabian Sea and Somalia–Oman
upwelling regions. This positive correlation of

rainfall anomaly averaged over the Western
Ghats with SST over the Arabian Sea remains
unchanged with the change in time period chosen, though some slight changes in pattern are
observed over the eastern Indian Ocean from predip to post-dip period (not shown). Since, there
is an inherent positive trend in SST over Indian
Ocean and negative trend in rainfall over the
Western Ghats, simultaneous correlation of
detrended rainfall over CI (Bgure 3b) and the
Western Ghats (Bgure 3d) with detrended SST
over the Indian Ocean is also analyzed. Though
the pattern correlation with respect to CI rainfall
remains unchanged due to the absence of linear
trend (Bgure 1a), additional significant in-phase
co-variability of rainfall over the Western Ghats
with SST along Somalia–Oman coast is observed
in detrended variables. In a nutshell, most of the
variability of rainfall over the Western Ghats
seems to be governed by temperature Cuctuations
over the Arabian Sea and the western Indian
Ocean along the Somalia–Oman coast. During
late spring and boreal summer monsoon region,
the mixed layer in the Western Arabian Sea
coastal zone is very shallow (15–30 m) and is
highly sensitive to upwelling caused by the
strong low-level southwesterly Findlater jet
(Findlater 1969; de Boyer Mont
egut et al. 2004).
The temperature variations over the Arabian Sea
are further controlled by subsurface transport of
cold thermocline water along with Somalia’s
western boundary northeastward current (Brock
and McClain 1992; Schott et al. 2009). Any
change in subsurface temperature can modulate
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Figure 3. Simultaneous correlation of monthly rainfall anomaly averaged over central India with SST over the tropical Indian
Ocean for the period 1980–2015 (a) with and (b) without linear trend. (c) and (d) are same as (a) and (b) respectively, but for
monthly rainfall anomaly averaged over the Western Ghats. Yellow contour shows region with 95% level of significance.

3.2 Thermodynamic variability
over the Arabian Sea

Figure 4. Vertical proBle of monthly temperature anomaly (in
°C) averaged over the Arabian Sea (50–72°E, 5–26°N) shown
in Bgure 3(a) up to 300 m depth for the period 1980–2015.

the warm pool by subsurface–surface interaction
in the Arabian Sea and, it can further inCuence
the monsoon precipitation over the Western
Ghats. Since the upper ocean temperatures are
associated with atmospheric humidity proBle and
consequently the moisture transport by monsoonal wind, the next section is focussed on the
temperature variations in upper layers of the
Arabian Sea.

Figure 4 shows the vertical proBle of temperature
anomaly averaged over the Arabian Sea (50–72°E,
5–26°N) up to 300 m depth for the period 1980–
2015. This region is highlighted in Bgure 3(a).
Temperature up to the mixed layer depth
(*25–55 m) is out-of-phase with temperature at
thermocline depth levels (*115–135 m) most of
the time. It implies that an increase (decrease) in
temperature in the upper layers of ocean is associated with a decrease (increase) in temperature
in lower layers of upper ocean. This out-of-phase
behaviour is not only seen in the recent period but
a similar relationship exists when analysis of
temperature proBle is extended back in time to
the year 1871 using SODA-v2.2.4 datasets also
(not shown). However, there are a few exceptional
years (e.g., 1997–1998, 2006–2007) when positive
temperature anomaly is observed throughout the
depth of column indicating in-phase variability of
temperature anomaly of upper and deeper layers.
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This unusual in-phase relationship in subsurface–surface temperature in the Arabian Sea is
linked to positive Indian Ocean Dipole (IOD)
years. During the positive IOD phase, the surface
and subsurface in the western Indian Ocean show
consistent warming at surface as well as at the
subsurface (Sayantani and Gnanaseelan 2015).
For time period 1998–2002, there is strong cooling
both at the surface and subsurface. This cooling in
the Arabian Sea persisted almost for a decade
(*1996–2008). This persistent cooling period
coincides with the time of dip in rainfall at the
Western Ghats (as shown in Bgure 1c). After
2012, persistent subsurface cooling in upper ocean
appears to be subsided and there is warming
throughout the column with small Cuctuations.
This increasing upper ocean temperature after
2010, along with the revival of rainfall anomaly
over the Western Ghats justiBes in-phase relationship between SST over the Arabian Sea and
rainfall anomaly over the Western Ghats.
Figure 5 shows the spatial map of trend in SST,
depth of 20°C isotherm (D20) and ocean heat
content of upper ocean. In post-dip era, sea surface
warming trend is much more strengthened as
compared to pre-dip era (Bgure 5a and d). In predip period, linear trend in SST shows significant
warming in the southern Indian Ocean extending
towards the northern Indian Ocean. The D20
shows almost basin-wide cooling trend in pre-dip
period (Bgure 5b). This subsurface cooling can be
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an eAect of significant surface warming. This process is just the reverse of cooling in sea surface
temperature (1–100 m) accompanied by warming
in the deeper layers (100–300 m) during the hiatus
period as proposed by Cheng et al. (2017). But in
post-dip era, subsurface along with surface temperature also shows significant and strong basinwide warming trend (Bgure 5d and e). The horizontal winds at 10 m also show strengthening
(weakening) of near surface winds shoaling (deepening) D20 in pre-dip (post-dip) (Pratik et al.
2019). Trend in Ocean heat content during pre-dip
and post-dip period gives a signature similar to
spatial variability of thermocline depth (D20)
(Bgure 5c and f). An increase or decrease in ocean
heat content is a reCection of the change of mean
state of natural ocean. Any change in the mean
state of ocean can change the process of air–sea
interactions in shallow thermocline regions.
Regions oA Somalia–Oman coast, oA Sumatra/
Java, Seychelles–Chagos thermocline ridge (SCTR;
located between 5° and 10°S and east of 50°E), and
around the tip of India are key regions of shallow
thermoclines in Indian Ocean (Schott et al. 2009).
Xie et al. (2002) had shown the maximum correlation between the thermocline depth (20°C
isothermal depth; D20) and its correlation with
local SST anomalies over these shallow thermocline
regions for the period 1980–1998. Hence, the high
values of correlation between local SST and D20
anomalies may be used as a proxy of regions of

Figure 5. Spatial trend in (a) SST (in °C decade1), (b) D20 (in m decade1) and (c) upper ocean heat content divided by 106
(in Jm2 decade1) for pre-dip period. (d–f) are same as (a–c) respectively, but for post-dip period.
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Figure 6. Simultaneous pattern correlation of SST and D20 in
Indian Ocean domain for (a) pre-dip and (b) post-dip era.
(c) is the difference of correlation coefBcient of SST and D20
for post-dip and pre-dip era.

higher air–sea interactions. Figure 6 shows pattern
correlation of SST and D20 in Indian Ocean
domain for pre-dip and post-dip periods. For predip period, pattern correlation of D20 and SST is
higher in Somalia–Oman coastal region due to
summer Ekman upwelling and over SCTR
Bgure 6(a). Both these regions show strong air–sea
interactions due to shoaled thermocline in consistency with Xie et al. (2002). But in post-dip period,
significant enhancement of co-variability of SST
and subsurface is observed throughout the Arabian
Sea domain (Bgure 6b). Difference of pattern correlation over both the periods clearly highlights
increased co-variability of SST and D20 over the
Arabian Sea and it can result in stronger air–sea
interactions over the Arabian Sea (Bgure 6c).
Though the pattern is statistically significant with
95% level of significance, to rule out the possibility
of data artefact, I looked at temperature variability
in past extending up to 1871 using SODA-v2.2.4
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and validated our conclusion using other reanalysis
and observational datasets.
Figure 7 shows monthly anomaly of SST, depth
of 20°C isotherm (D20), mean temperature up to
300 m averaged over the Arabian Sea for the period
1871–2010 taken from SODA-v2.2.4. Clearly, a
long-term trend of SST and temperature anomaly
shows consistent warming post-1940 (Du and Xie
2008; Rao et al. 2012) with embedded inter-annual
variations (Bgure 7a and c). The maximum deviation of D20 anomaly from the mean is up to 6 m.
There is a sharp decline in D20 anomaly (an indicator of thermocline depth) more than 9 m for the
period 1990–2000 and then it regains its normal
values close to zero (Bgure 7b). This dip in D20 is
validated using other products such as SODA
v.3.3.1, NCEP-GODAS, ECMWF-ORAs4 and
EN4-v4.2.1. All datasets are in close agreement
with each other. Figure 8 shows the 11 yrs running
correlation of detrended SST anomaly and
detrended D20 anomaly averaged over the Arabian
Sea for all these datasets. Simultaneous correlation
coefBcient of detrended SST anomaly and detrended D20 anomaly shows a clear increasing trend in
the AS along with interdecadal variability. It
crosses significance level of 99.99% (correlation
coefBcient 0.23) when the Indian Ocean experienced warming trend after 1950s. In the recent
period, the average value of this correlation over
the Arabian Sea even exceeds 0.4 in consistency
with Bgure 6. The change of SST-D20 coupling in
the Arabian Sea is a consequence of long-term
variability linked to the intermittent shoaling and
deepening of D20.
Figure 9 shows an 11-yr running mean of standardized monthly averaged anomaly of D20,
meridional current, Ekman pumping velocity
averaged over the Arabian Sea, advection into the
Arabian Sea (5–26°N, 50–72°E) and advection into
Southern Indian Ocean (SIO: 5–26°S, 50–72°E) for
the time period 1980–2015. There is a sharp dip in
the D20 anomaly near the end of 20th century
which then revives again to a normal condition.
This shoaling of D20 is in consistency of dip in the
rainfall anomaly averaged over the Western Ghats
near the end of 20th century (Bgure 1c). Also
negative values of Ekman pumping velocity (Wek)
imply Ekman upwelling in AS leading to shoaling
of the subsurface. Southward meridional current in
the Arabian Sea drives heat advection from the
Arabian Sea towards the Southern Indian Ocean.
Shoaling and deepening of D20 are governed
simultaneously by both winds at the surface and
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Figure 7. Monthly mean anomaly of (a) SST (in °C), (b) depth of 20°C isotherm (D20; in m) (c) mean temperature (in °C) up to
300 m averaged over AS shown in Bgure 3(a) for the period 1871–2010.

Figure 8. Eleven years running correlation of monthly mean
SST anomaly and D20 anomaly averaged over AS for the
period 1871–2010.

ocean dynamics. This increase in coupling between
SST and D20 is largely governed by interdecadal
oscillation along with increasing trend modulated
by the recent Indian Ocean warming. To substantiate this hypothesis, anomalous westward and
northward propagation of sea surface height (SSH)
is analysed using real altimeter data (TOPEX
Poseidon) for the period 1993–2010 in Bgure 10.

Figure 9. Eleven years running mean of monthly mean
anomaly of D20 (red), meridional current (navy), Ekman
pumping velocity (black) averaged over AS, advection into AS
(purple) and advection into Southern Indian Ocean (brown)
for the period 1980–2015. Each time series is normalized by its
standard deviation.

J. Earth Syst. Sci. (2021)130:117

Figure 10. Time evolution of monthly mean sea surface height
anomaly (in cm) averaged over (a) 8–10°N and (b) along
Somalia–Oman coast in Indian Ocean for the period
1993–2010.

The SSH averaged over latitude belt ranging from
8 to 10°N is shown for the the AS domain
(Bgure 10a). There is an anomalous westward
propagation of upwelling Rossby waves leading to
shoaling of central and western AS. Downwelling
Rossby waves deepening thermocline depth and
increasing SST are seen for the period 2007–2010.
Similarly, SSH anomaly averaged over region along
the Somalia and Oman coast shows northward
propagating anomalous upwelling Kelvin waves for
the period 1999–2004 and downwelling waves after
2006 (Bgure 10b). Northward progression of SSH
from the SIO into AS along the Somalia–Oman
coast is calculated by averaging SSH data over a
parallelogram along the coast. This zonal and
meridional transport of water mass into the Arabian Sea revealed through the change in SSH is
consistent with change in temperature in the upper
ocean (up to 300 m depth). The convergence and
divergence of water mass in the Arabian Sea can
lead to deepening and shoaling of thermocline
depth. A consistent change in temperature
throughout the column in the upper ocean increases the co-variability of surface and subsurface in
the Arabian Sea. Changes in the surface and subsurface temperature in the Arabian Sea on interdecadal and interannual scale can impact rainfall
variability over the Western Ghats during boreal
summer monsoon.
4. Conclusions
The Western Ghats, being one of the most fragile
ecosystems, are facing a serious threat of natural
disasters in recent years. Climatic conditions,
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rainfall, and topography govern vast biodiversity
over the Western Ghats. The main objective of this
work is to study multiyear variations in ocean
dynamics over the Arabian Sea and its association
with precipitation over the Western Ghats in the
recent decades. This study focuses on the changes
in thermal variability in the Arabian Sea leading to
a decreasing trend in rainfall over the Western
Ghats during the period 1980–2015. There is a
significant decreasing trend of 0.61 mm/year in the
rainfall averaged over the Western Ghats during
boreal summer monsoon in agreement with many
recent studies (Ghosh et al. 2009; Revadekar et al.
2018). The decrease in rainfall over the Western
Ghats is also manifested as an overall increase in
number of grid points with large negative rainfall
anomaly in the post-dip period compared to the
pre-dip period. Though the climatological structure of rainfall over central India and the Western
Ghats is governed by large-scale cross-equatorial
southwesterly winds, there is a difference in the
spatial variability of the rainfall over both these
regions due to orography and proximity to the
Arabian Sea. The principal source of moisture for
rainfall over WG is the transport of moisture Cux
from the AS, whereas rainfall over the central
homogeneous domain of India is also associated
with tropical depressions formed over the Bay of
Bengal (Rakhecha and Pisharoty 1996). Recent
rapid warming in the AS and its eAect on the
moisture input to southwest monsoon winds can
alter the rainfall pattern over the WG (Izumo et al.
2008; Roxy et al. 2015). An increase in temperature
in the Arabian Sea up to mixed layer depth is
linked to a decrease in temperature at thermocline
levels in the upper ocean and vice versa except for
positive IOD years like 1997–1998 and 2006–2007.
This out-of-phase (in-phase) variability of surface
and subsurface temperatures in the Arabian Sea
coincides with decrease (increase) in rainfall over
Western Ghats on decadal scale. This in-phase and
out-of-phase behaviour of temperature anomalies
at the surface and subsurface in the Arabian Sea is
driven by horizontal advection of water mass from
the southern Indian Ocean along the Somalia–Oman coast. A shallow thermocline depth in
the Arabian Sea during the pre-dip era can lead to
a cooling of surface temperature which can further
diminish the moisture supply into the Western
Ghats leading to a reduction of rainfall over the
Western Ghats. Although the prominent region
of simultaneous coupling of surface and subsurface
in the Arabian Sea is along the coast of
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Somalia–Oman, there is an inherent natural oscillation in this coupling pattern on multidecadal
scale. Shoaling and deepening of D20 on decadal
scale can explain this inherent natural interdecadal
oscillation in the surface and subsurface co-variability along with a decreasing trend in rainfall
recently observed over the Western Ghats on decadal scale. The climate model sensitivity experiments based on SST warming in the western Indian
Ocean capture rainfall variability over eastern
parts of central India (Roxy et al. 2015), but the
same warming cannot explain the decreasing trend
of rainfall over the Western Ghats along with its
latitudinal variation. More sophisticated model
experiments taking also into account the simultaneous coupling of surface and subsurface temperature variations in the Arabian Sea may yield better
results.
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