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Abstract
The air-sea interaction processes and their relation to Indian summer monsoon rainfall via dynamic and thermodynamic com-
ponents are vital. The present study examined the two contrasting monsoon years 2016 (normal) and 2017 (below normal) and
highlighted the significance of air-sea interaction in the understanding the rainfall over central India. We investigate the differ-
ence in the sea surface height anomaly and propagation of oceanic Kelvin and Rossby wave over the tropical Indian Ocean and
other atmospheric parameters during the contrasting monsoon years. The study gives information on how equatorial and coastal
Kelvin/Rossby waves cause upwelling/downwelling and modulate convection and influence rainfall during 2016 and 2017. The
high (low) sea surface height anomaly, sea surface temperature, and upper ocean heat content during 2016 (2017) lead to
enhanced (subdued) convection in the Bay of Bengal and thereby contributing more rainfall to central India. During 2016
(2017), high (low) tropospheric temperature draws more (less) moisture through mid-tropospheric heat flux, and net convergence
(divergence) is dominated over the central India that results in enhanced (diminish) convection. Also, the velocity potential
determines the strengthening (weakening) of Walker circulation through associated atmospheric circulation and upper-level
divergence (convergence) that become favorable for rainfall in the year 2016 (2017). This study will help in understanding the
variations in the air-sea interaction processes over the tropical Indian Ocean and the Indian subcontinent, the results of whichmay
improve the predictability of the rainfall.

1 Introduction

The year-to-year variations of the Indian summer monsoon
rainfall (ISMR) over the spatiotemporal scales exert a pro-
found influence on the agricultural production, economy,
and human lives in one of the utmost densely inhabited re-
gions of the world (Gadgil et al. 2004). Accurate prediction of
the monsoonal rainfall is essential for policy and decision
making, yet, the mechanisms underlying the monsoon pro-
cesses are not entirely comprehended and pose a great chal-
lenge for researchers and significant area of research.

Notably, the tropical monsoon framework comprises of air-
sea interaction processes and the feedbacks between the two
play a vital role in the evolution and modulation of ISMR.
Studies that relate ISMR with dynamics of Indian Ocean (IO)

by linking the subsurface oceanic to atmospheric processes are
gaining much importance (Raju et al. 2002; Rao et al. 2010b;
Bhatla et al. 2011; Sreejith et al. 2015; Venugopal et al. 2018).
The tropical IO acts as an important part of the tropical mon-
soon system, and various regions exhibit crucial roles in mod-
ulating the ISMR via dynamic and thermodynamic compo-
nents. The ISMR and its relation with the sea surface tempera-
ture (SST) variability over the IO, from a cautious perspective,
using satellite-derived SST datasets for two different monsoon
years (1979 and 1983) have been examined by Kumar et al.
(1986)). They observed a significant correlation between zonal
anomaly of SST off the coast of Somalia with the western and
central monsoonal rainfall. In another study, Ramesh Kumar
et al. (2005)) looked at the air-sea interaction over the tropical
IO during contrasting monsoon years 2003 (normal) and 2002
(deficit). They found lower (higher) evaporation rates over the
Arabian Sea (AS) during active (weak) monsoon conditions.
The formation of a low-pressure system in the Bay of Bengal
(BoB) during the active phase is nearly 3.5 times higher than in
the break phase. The tracks of these synoptic activities are also
firmly spatially bunched along the monsoon trough during the
active period of monsoon (Goswami et al. 2003). Most of the
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past studies emphasize SST and air-sea fluxes, and their roles in
convection (Gadgil et al. 1984; Krishnamurti et al. 1988;
Sengupta and Ravichandran 2001; Sengupta et al. 2001;
Vecchi and Harrison 2002; Shankar et al. 2007; Parampil
et al. 2010). In recent decades, several researchers examined
the influence of air-sea interaction processes such as the
Indian Ocean Dipole (IOD) (Saji et al. 1999; Webster et al.
1999; Murtugudde et al. 2000; Ashok et al. 2001; Feng et al.
2001; Rao et al. 2002, 2010a, b; Annamalai et al. 2003) and El-
Nino (Walker and Bliss 1932; Sikka 1980; Pant and
Parthasarathy 1981; Keshavamurty 1982; Krishnamurthy and
Goswami 2000; Ashok et al. 2001; Shukla and Paolino 2002)
on the ISMR. ENSO influences the ISMR through equatorial
Walker circulation and thus the regional Hadley circulation
(Goswami 1998; Webster et al. 1998). The atmospheric com-
ponent of IOD, EQUINOO (Equatorial Indian Ocean
Oscillation), plays an essential role in controlling the ISMR.
The upper Ocean Heat Content (OHC) is one of the most im-
portant factors for the formation and intensification of the cy-
clone (Emanuel 1999). The spatiotemporal variations of upper
OHC in the BoB concerning the formation and development of
cyclones have been the subject of several studies (Sadhuram
et al. 2004; Yu and McPhaden 2011; Wang et al. 2012). The
low-pressure systems which originate over BoB move west-
ward over the Indian landmass that contributes substantially
to the ISMR (Goswami et al. 2003).

The planetary oceanic Kelvin wave (KW) and Rossby wave
(RW) plays an important role in the spatial distribution of upper
OHC. Both KW and RW help in transportation energy and
mass and also influence the currents and surface circulation
all over the IO. During monsoon season, the equatorial zonal
winds in the IO drive equatorial KW which propagates east-
ward and radiates westward moving RW on striking the east
coast (Potemra et al. 1991; McCreary et al. 1993). On intercep-
tion by the east coast, the KW bifurcates as southward and
northward coastal KW. The latter follows the coastal wave-
guide of the BoB and travels over a great distance along the
coast. The equatorial and coastal KW radiate westward propa-
gating RW (Potemra et al. 1991; McCreary et al. 1993;
Masumoto and Meyers 1998; Peter and Mizuno 2000; Rao
and Sivakumar 2000; Subrahmanyam et al. 2001; Brandt

et al. 2002; Kantha et al. 2008; Chowdary et al. 2009; Schiller
et al. 2010; Trenary and Han 2012). The propagation of KW
and RW in the ocean can be observed using sea surface height
anomaly (SSHA) and are responsible for sea-level fluctuation
in all time scales (Chelton and Schlax 1996; Polito 1997).
SSHA is a significant parameter to investigate and understand
the air-sea interaction like a monsoon, IOD, and ENSO
(Meyers 1996; Feng et al. 2001; Feng and Meyers 2003).
SSH indicates the vertically integrated density variation in the
whole water column and gives information about the thermo-
cline and pycnocline. Changes in the SSH describe the subsur-
face ocean and ocean-atmosphere interaction parameters such
as upper OHC and SST, providing thermodynamic feedback to
the atmosphere. Yang et al. (1998)) showed that the seasonal
changes in the sea level over the tropical and subtropical IO are
primarily due to RW and KW forced by the IO monsoon. Rao
et al. (2010a, b) determined that the enhanced convection in the
southwest IO and suppression of rainfall over central India
during the 2008 drought is primarily due to the advection of

Fig. 1 JJAS rainfall anomaly
averaged over the box (16.5 N to
26.5 N, 74.5° E to 86.5° E) from
1979 to 2018. The two green lines
represent the criteria for
determining strong and weak
monsoon years. The red dots
represent the two years (2016 and
2017) used in the analysis as two
contrasting monsoon years

Fig. 2 Monthly JJAS rainfall anomaly averaged over the box (16.5° N–
26.5° N and 74.5° E–86.5° E) for the years 2016 and 2017
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oceanic heat by RW. The formation of seasonal eddies in the
BoB and AS are substantially linked with the RW generated
due to the coastal KWand equatorial RW. In view of the impact
of the spatial and temporal variations of SSHA, KW, and RW
on ISMR, it is convincing to study their behavior and propaga-
tion during contrasting monsoon seasons.

This study considers two contrasting monsoon seasons
(2016 and 2017). The 2017 monsoon season rainfall had a
deficit of 5% from the long period average (LPA), which
was primarily due to a below-normal rainfall activity during
the second half of monsoon season (India Meteorological
Department 2017). The monthly rainfall was (88%) 87% of
LPA in (September) August (India Meteorological
Department 2017). Joseph et al. (2018)) determined the dy-
namics of extended break spells in the latter half of 2017
monsoon. They ascertained an enhanced typhoon activity
in the northwestern Pacific and the intrusion of the mid-
latitude westerly through to the Indian region detriment the
rainfall over the Indian landmass. However, during the 2016
monsoon season, the country received 97% of LPA and ex-
perienced more than normal rainfall. The monthly rainfall
was 107, 91, and 97% of LPA in July, August, and
September respectively (India Meteorological Department
2016). The main objective of the present study is to analyze
different air-sea interaction processes during two contrasting
monsoon seasons and outline their influence on the rainfall
over monsoon core region.

2 Data and methodology

The AVISO merged altimeter SSHA data with weekly re-
cords on a 0.25° grid is used to study the sea level vari-
ability and the signatures of KW and RW propagation. The
altimeter data, unlike the tidal gauge data, provides the
spatial distribution of sea level both globally and regional-
ly. Therefore, the altimeter dataset can be extensively used
to understand the recent regional sea-level changes in de-
tail. The “all-sat-merged” product acquires data from var-
ious satellites and has better spatial resolution and smaller
mapping errors than datasets based on a single satellite.
Altimeters observe the height of the satellite above the
sea surface generally with a precision of ± 2 cm and an
accuracy of ± 4 cm. The linear trend is removed while
computing SSHA, to avoid any warming trend patterns in
the IO as reported by many authors (Alory and Meyers
2009; Han et al. 2010).

Global Precipitation Climatology Project (GPCP)
monthly rainfall data is used for spatial and temporal anal-
ysis during the two contrasting monsoon years. The data
has a horizontal resolution of 2.5°. The criterion used to
select the different monsoon years is taken from Gera et al.
(2016)). They used a rectangular domain (74.5° E to 86.5°
E and 16.5° N to 26.5° N) over the Indian landmass and
calculated the JJAS rainfall anomaly over the given box.
The years for which the JJAS rainfall anomaly over the box

Fig. 3 JJAS rainfall anomalies (mm/day) during a 2016, b 2017, and c difference

Fig. 4 JJAS OLR anomalies (w/m2) during a 2016, b 2017, and c difference
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is greater (less) than 0.3 mm/day (− 0.3 mm/day) are
marked strong (weak) monsoon years. For our analysis of
two contrasting monsoon years, i.e., 2016 and 2017, the
JJAS rainfall anomalies over the highlighted domain are +
0.55 mm/day and − 1.10 mm/day respectively. The JJAS
rainfall variation since 1980 and monthly rainfall anomaly
for the years 2016 and 2017 using GPCP dataset are shown
in Figs. 1 and 2, respectively. The meteorological parame-
ters utilized from NCEP/NCAR reanalysis to understand
the behavior of the atmosphere during the contrasting mon-
soon years used in the study include outgoing longwave
radiation (OLR), zonal and meridional components of
wind, velocity potential at 200 hPa, and air temperature
at different pressure levels. The moisture transport is com-
puted using the ERA-Interim dataset (zonal wind, meridi-
onal wind, and specific humidity). The tropospheric tem-
perature (TT) between 600 and 200 hPa is calculated using
the air temperature dataset at various pressure levels.
Vertical velocity at various pressure levels and vertically

integrated mass convergence/divergence (1000–300 hPa)
obtained from ERA-Interim are used in the analysis as
well. OHC anomaly at a depth of 0–700 m was obtained
from with a spatial resolution of 1° × 1° for the given pe-
riod from National Oceanography Data Centre (NODC).
Anomalies of all the oceanic and atmospheric parameters
are calculated with respect to the base period 1993–2012.

3 Results and discussion

3.1 Impact of oceanic parameters during the two
contrasting monsoon seasons

In this section, we examine the impact of oceanic parameters
on the monsoonal rainfall over the tropical IO and Indian
subcontinent during the two contrasting seasons, and probable
mechanisms behind.

Fig. 5 JJAS SSHA (cm) during a 2016, b 2017, and c difference

Fig. 6 The upper panel shows the monthly averaged SSHA (cm) from June to September during 2016 and the lower panel depicts the monthly averaged
SSHA (cm) from June to September during 2017
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3.1.1 Spatial variation of JJAS rainfall and OLR

The spatial variations of JJAS rainfall anomalies over the
Indian rainfall domain for the years 2016 and 2017 are shown
in Fig. 3a–c. The highlighted domain indicates the monsoon
core region. JJAS monsoon season of the year 2016 (2017)
shows positive (negative) anomalies over the region. The dif-
ference (2016–2017) between contrasting monsoon (Fig. 3c)
shows substantial positive anomalies surpassing 2 mm/day
over this region as well as over the major part of the Indian
landmass except in the northeast. The excess and deficient
rainfall over the core monsoon region is unambiguous.

Similarly, Fig. 4a–c shows spatial variations in OLR for the
contrasting monsoon years. The OLR shows features similar
to rainfall. Low OLR values are manifested over the land, and
east Indian ocean in 2016 whereas in 2017, slight positive
values over central India and increased values in the east IO
are observed.

3.1.2 SSHA variability in the IO

Monthly and ten-day differences in SSHA (Figs. 6 and 7) are
explored in addition to seasonal variability (Fig. 5) to extract
short-term changes. Figure 5a, b depicts that JJAS SSHA

Fig. 7 SSHA (cm) using merged satellite data every 10 days from 10 June to 30 September during the year 2016
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values were very high over the BoB in 2016 compared to 2017.
In 2016, various regions of the IO north of 5S 5° S was occu-
pied with positive SSHA (Fig. 5a). However, in 2017, more
regions to the west of 90° E exhibit negative SSHA (Fig. 5b).
The positive SSHA indicate a deep warm layer of the upper
ocean, which corresponds tomore heat content over that region.
Therefore, tropical convection systems intensify rapidly in the
areas of high SSHA (Fig. 6). Such systems forming in the BoB
move westward resulting in rainfall over central India
(Kripalani et al. 2007; Ajayamohan et al. 2010; Hunt et al.
2016; Hunt and Fletcher 2019). During June and July 2016,
the SSHA is positive and exceeding 12 cm at various places

over BoB, but when compared to June and July 2017, the
magnitudes of SSHA were lower over the western BoB.
During August and September 2017, negative SSHA occupied
thewestern part of the BoB unlike August and September 2016.
Over the eastern part of the BoB, very small patches of positive
SSHA are seen, but the magnitude was lower during July to
September 2017 compared to July to September 2016. Over the
northern AS, the anomalies were positive from June to
September in 2017, but the magnitude is higher than that from
June to September 2017. Positive SSHA values imply higher
heat content over the BoB in 2016 than in 2017. Ten-day inter-
ludes are examined to elucidate the modulation of the SSHA

Fig. 8 Same as Fig. 7 for the year 2017
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pattern evolution further (Figs. 7 and 8). Positive anomalies
were getting subdued as the monsoon advanced in 2016,
whereas the negative anomalies were enhanced in 2017. A
large part of the BoB was covered with positive (negative)
SSHA during whole monsoon season in 2016 (2017).
Therefore, strong (feeble) convection over the BoB due to en-
hanced (suppressed) OHC resulted in predominantly positive
(negative) SSHA values in 2016 (2017).

3.1.3 Surface zonal wind anomaly in the IO

The surface zonal wind anomaly (ZWA) values were positive
with higher magnitudes over the equatorial region in 2016 as
compared to 2017. The zonal average of the surface winds
also depicts the same. The speed of ZWA is around 3.5 m/s
(0.5 m/s) in 2016 (2017) over the equatorial region. Figure 9
shows that most of the IO were covered with positive surface

ZWA in 2016 with the highest magnitudes over the equatorial
region, which was not the case in 2017. Figure 10 shows that
monthly surface ZWA values remain positive with higher
magnitudes over the equatorial Indian ocean region in all
months of 2016 whereas the signatures are not so secure in
2017 where the surface ZWA values were mostly negative.
The planetary winds, equatorial KW and RWare driven by the
remote forcing of the surface equatorial zonal winds (Potemra
et al. 1991; McCreary et al. 1993). The equatorial KW on
reaching the east coast of the IO reflect as equatorial RW
and bifurcate into two coastal KW branches propagating pole-
ward in the opposite directions. The northward limb travels
along the eastern coastal rim of BoB. These coastal KWs, in
turn, radiate westward propagating RW (Oliver and
Thompson 2010; Rao et al. 2010a). The propagation of KW
and RW in response to SSHA by the remote forcing of surface
ZWA is mentioned in the next section.

Fig. 10 The upper panel shows the surface zonal wind anomaly (ZWA) (m/s) from June to September during 2016 and the lower panel depicts the
surface zonal wind anomaly (ZWA) (m/s) from June to September during 2017

Fig. 9 JJAS surface zonal wind anomalies (ZWA) (m/s) for the years a 2016, b 2017, and c difference. The attached plot gives the information of the
zonal average (40° E to 90° E) values of zonal wind
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3.1.4 Planetary-scale propagation of waves

The equatorial surface ZWA (2° N–2° S) were heavily westerly
during the monsoon of 2016 (Fig. 9a) (Rao et al. 2010a) insti-
gating a strong equatorial KW which propagated into the BoB

that struck the east coast and continued as coastal KW towards
either pole. Hence, strongly positive SSHAs were discerned
along the equator and the eastern coast of BoB during JJAS
2016. Figures 11 and 12 show time-longitude (zonally aver-
aged between 2° N and 2° S) sections of equatorial surface

Fig. 11 a Equatorial ZWA from 40° E to 92° E, b equatorial SSHA from 50° E to 92° E, c SSHA along 90° E from the equator to 15° N, and d SSHA
along 15° N from 92° E to 80° E during the period April to October 2016

Fig. 12 Same as Fig. 11 for the year 2017
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ZWA and SSHA along the equatorial waveguide from 40° E to
92° E (equatorial KW), its northward progression (coastal KW)
along 92°E from 0° N to 16° N, and westward progression (as
RW) along 15° N from 92° E to 80° E during April to October
2016 and 2017. The downwelling and upwelling KW/RWs are
rendered as positive and negative SSHA, respectively. During
April 2016, the zonal winds initiate the downwelling KW from
the western equatorial waveguide that reaches the east in June.
Upon striking the east coast, these waves move back as
downwelling RW (Fig. 11b) and also propagate in either hemi-
sphere along the coastal rim (Fig. 11c). The downwelling RW
goes along the equatorial waveguide and arrives on the western
coast bymid-August. Throughout the monsoon season in 2016,
the equatorial waveguide was manifested as downwelling KW
and RW. The coastal downwelling KW along the east coastal
rim of BoB radiated downwelling RWs (Fig. 11d). These
downwelling RWs propagated westward into the BoB and in-
flated the SSHA values (Oliver and Thompson 2010; Rao et al.
2010a). The downwelling KW and RW result in greater heat
content in the equatorial waveguide, the coastal rim of BoB,
and in the interior BoB during the monsoon season.

However, during 2017, the equatorial surface ZWA were
feeble over the west (Fig. 12a), resulting in a weak eastward
equatorial KW propagation (Fig. 12b). Upwelling KW signa-
tures were noticed from April to mid-July along 75° E

prompting half-hearted RWs that reflect along the westward
equatorial waveguide. The anomalies were easterlies from
May to September along 60° E and were driving the upwelling
KW. In the eastern coast, the upwelling KW propagates along
the coastal rim and results in the generation of coastal upwell-
ing KW (Fig. 12c), which further radiate upwelling RWs into
the heart of BoB (Fig. 12d). In a nutshell, the upwelling KW
and RW resulted in low heat content and negative SSHA
values in the equatorial waveguide and BoB during the mon-
soon seasons.

3.1.5 Ocean heat content anomalies

The upper OHC plays an important role in the formation and
intensification of the tropical convection systems. Rajeevan
and McPhaden (2004)) have studied the interannual variabil-
ity of the Pacific Ocean and its relation to ISMR. Parampil
et al. (2010)) have studied the variation of the upper OHC on
intraseasonal time scales in the BoB. The tropical systems
maintain their intensity and grow in places where the SSHA
and ocean heat content anomaly (OHCA) are high. The
OHCA magnitudes over the northern IO were higher in
2016 than in 2017 (Fig. 13), though they were positive in both
the years. Most of the northern IO exhibited SSHA values
greater than 2 cm, especially in the BoB, where it surpassed

Fig. 14 Shaded region shows the
JJAS SSHA greater than 2 cm for
the years a 2016 and b 2017

Fig. 13 JJAS ocean heat content anomaly (OHCA) (× 1018 J) during a 2016, b 2017, and c difference

Impact of air-sea interaction during two contrasting monsoon seasons 1653



thresholds as high as 14 cm in 2016 (Fig. 14). However, 2017
witnessed only a few patches with SSHA greater than 2 cm in
the northern IO. Therefore, in the places where OHCA values
are robust and positive, SSHA values also get high and induce
convective activities, ultimately causing more rainfall in the
ocean and Indian landmass, especially over central India.

3.1.6 Sea surface temperature anomalies

During the whole monsoon period, the sea surface temperature
(SST) over the BoB remains above 28 °C the threshold for
convective systems. During JJAS 2016, the BoB witnessed
positive SST anomalies, whereas the western IO have negative
SST anomalies (Fig. 15a). However, the positive (negative)
SST anomalies observed over the BoB (west IO) were feeble
in magnitudes in JJAS 2017 (Fig. 15b). The difference between
the two plots (Fig. 15c) indicates that in the previous year, warm

anomalies were present along the east coast and BoBwhile cold
anomalies filled the west coast and AS. The warm anomalies
over the BoB were favorable for the evolution of low-pressure
systems (LPS) due to enhanced convection. During the JJAS
season, synoptic LPS form over the BoB and propagate west-
northwestward, causing widespread rain over the subcontinent
(Kripalani et al. 2007; Ajayamohan et al. 2010; Hunt et al.
2016; Hunt and Fletcher 2019).

3.2 Impact of atmospheric parameters during the two
contrasting monsoon seasons

In this section, we examine the differences in atmospheric pro-
cesses, their influences on the monsoonal rainfall during the two
contrasting seasons, and plausible mechanisms behind.

3.2.1 Tropospheric temperature (600–200 hPa)

Xavier et al. (2007)) described the TT as the air temperature
averaged between 600 and 200 hPa. The TT over the Indian
landmass and Eurasia is one of the factors modulating the
Indian monsoon rainfall, which was suggested by Liu and
Yanai (2001)). Kothawale and Singh (2017)) studied TT trends
over the Indian region using the radiosonde data and
ascertained that the annual temperature trend from the surface
to 500 hPa is increasing but from 200 to 150 hPa is decreasing
over southern India, whereas in northern India, an increasing
trend is seen at all pressure levels. TT is a valuable parameter
for investigating the thermodynamic forcing related to mon-
soon (Xavier et al. 2007). We investigate the changes in the
mean TT from 600 to 200 hPa during the contrasting monsoon
years. Higher (lower) TT anomalies indicate a higher (lower)
heat flux, which ultimately draws (retires) the moisture towards
its core promoting stronger (weaker) rainfall. The TT anomalies
during the two contrastingmonsoon years are shown in Fig. 16.
During 2016 monsoon season, TT shows higher values
(Fig. 16a) which contributed to the high monsoon clouds and
also responsible for luring more atmospheric moisture that
caused convection over the Indian region through the mid-
tropospheric heat flux. However, the signatures of TT values

Fig. 15 JJAS sea surface temperature (SST) anomalies during a 2016, b 2017, and c difference

Fig. 16 JJAS tropospheric temperature (TT) anomalies (°C) during a
2016 and b 2017
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are dim during 2017 (Fig. 16b), which results in a lesser influx
of moisture and hence subdued rainfall.

3.2.2 Vertically integrated mass convergence/divergence
and moisture transport vectors

To diagnose moisture transport as well as to understand the
dynamical response of rainfall anomalies in the monsoon core
region, vertically integrated moisture transport vectors during
the two contrasting monsoon seasons are shown in Fig. 17. It

is noted that during 2016 (Fig. 17a), most of the central Indian
region, net convergence is dominant; however, during 2017
(Fig. 17b), the region shows net divergence. The moisture
transport vectors show that easterlies from BoB help in feed-
ing moisture to central India in 2016, whereas, in 2017, most
of the transport is directed towards southern peninsular India
(Fig. 17c). The high SSHA, SST, and OHCA over the BoB
during 2016 result in enhanced evaporation and hence
strengthened transport of moisture from the BoB to central
Indian domain.

Fig. 18 JJAS pressure-latitude
evolution of anomalous omega
(pressure vertical velocity in hPa/
s; multiplied by − 1.0) averaged
over the longitude 60° E to 90° E
(70°–85°E; 10°–25°N) during the
years a 2016, b 2017, and c dif-
ference. Positive (negative)
values represent ascending
(descending) motion

Fig. 17 Shaded region shows JJAS vertically integratedmass divergence/
convergence anomaly from the surface to 300 hPa (× 10−4 kg/m2/s; neg-
ative implies convergence and positive implies divergence) overlaid with

JJAS moisture transport vectors (kg/m/s) for the years a 2016, b 2017,
and c difference
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3.2.3 Vertical velocity from surface to 200 hPa

Vertical velocity is defined as the Lagrangian change of pressure
with time, and the negative values represent cold advection (de-
scending motion) whereas positive values represent warm ad-
vection (ascending motion). The pressure-latitude diagrams of
vertical velocity averaged over 60° E to 90° E during the years
2016, 2017, and their difference are shown in Fig. 18a–c. The
examination of vertical velocity during the contrasting years
reveals a large-scale active ascending motion over central
India (15°–25° N, selected box domain) and a weaker uplift/
ascent over the equatorial regions in 2016 (Fig. 18a) as com-
pared to 2017 (Fig. 18b). The difference diagram also implies
the same (Fig. 18c). Larger values of vertical velocity over the

highlighted domain resulted in extended lower level convection,
which caused intensified rainfall over the domain during 2016.

3.2.4 Velocity potential at 200 hPa

The seasonal mean of velocity potential at 200 hPa, a param-
eter that reflects the tropical-meridional circulation, has been
analyzed during the two contrasting monsoon years to quan-
tify the changes in atmospheric circulation (Fig. 19). Negative
values represent divergence (suitable for rainfall), whereas
positive values indicate convergence (unbefitting for rainfall)
at 200 hPa. In Fig. 19a, the eastern (western) Pacific is asso-
ciated with upper-level convergence (divergence) that could
intensify the Walker circulation and has a rising motion over
the Indian subcontinent which is eventually auspicious for
rainfall over the land. However, during 2017 (Fig. 19b), the
eastern (western) Pacific is associated with upper-level diver-
gence (convergence) that moderated the Walker circulation
and had an anomalous subsiding branch over the Indian do-
main which finally abated the rainfall over the land.

4 Conclusion

The study mainly focuses on the importance of air-sea inter-
action processes in understanding the ISMR during two con-
trasting monsoon years, i.e., 2016 and 2017. Positive anoma-
lies of SSHA are found to occupy most of the equatorial IO
and BoB in 2016 (a typical monsoon year) and negative
anomalies in 2017 (a deficient monsoon year). It has been
established that the difference in variability is mainly due to
the remote forcing by surface ZWA along the equator and is
found to be a principal driver, which helps in the propagation

Equatorial Zonal Winds Equatorial Kelvin Waves

Formation of 
Eddies and 

Coastal Kelvin waves

Reflected 
Rossby waves

Northwestward 
movement

Rainfall

Fig. 20 A schematic diagram
represents different oceanic
components during the year 2016.
The shading shows the JJAS 2016
SSHA greater than 2 cm and
different arrows determine the
multiple processes that result in
the high precipitation over central
India during 2016

Fig. 19 JJASvelocity potential (× 10−6m2 s−1) at 200 hPa during a 2016 and
b 2017. Positive (negative) values represent upper-level convergence
(divergence)
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of planetary-scale waves. During the 2016 monsoon, anoma-
lous equatorial westerlies have driven downwelling KWalong
the equatorial waveguide which on reaching the east coast
bifurcate into coastal KW. These coastal KW travel along
the coastal rim of BoB and also radiate RW that propagate
into the interior of BoB and result in high ocean heat content.
On the other hand, the equatorial forcing was opposite with
anomalous easterlies resulting in upwelling KW and RW
along the equatorial waveguide and interior of BoB in 2017.
The consequence was positive SSHA values with larger mag-
nitudes in the equatorial waveguide and interior of BoB in
2016 compared to 2017. The differences in the SSHA during
the two monsoon seasons possibly lead to enhanced convec-
tion and formation of lows and depression in the BoB in 2016
and subdued convective activities next year. SST and OHCA
also found to be higher in the BoB that resulted in accelerated
evaporation and therefore strengthenedmoisture transport into
central India. Figure 20 represents the whole physical mecha-
nism of different oceanic components during the year 2016.

During the monsoon season of 2016, a high TT was re-
sponsible for drawing in more moisture and causing convec-
tion over the Indian region through the mid-tropospheric heat
flux, whereas lower values of TT in 2017 weakened the mois-
ture influx. Also, the positive TT values over the Eurasian
region provided a conducive environment for large-scale con-
vection over the Indian subcontinent. A net convergence dom-
inated the central Indian domain in 2016 while the region had
a net divergence in the year followed. Moisture transport vec-
tors show that easterlies from BoB helped to feed the moisture
into the central Indian landmass causing intense rainfall over
the region. Large positive values of vertical velocity at all
pressure levels resulted in a large-scale ascending motion be-
tween 15° N and 25° N. Velocity potential at 200 hPa also
depicts the upper-level convergence (divergence) in the east-
ern Pacific that strengthened (weaken) the Walker circulation
and upper-level divergence (convergence) and anomalous ris-
ing (subsiding) motion over India in the year 2016 (2017).

This study brings out the importance of air-sea processes
and interactions in understanding the rainfall on the backdrop
of two contrasting monsoon seasons. However, regional air-
sea interaction model simulations would be required to con-
firm the hypothesis.
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