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Abstract

Major winter El Nifio events cause tropical Indian Ocean warming that persists into the
following seasons. Previous studies have shown that Indian summer monsoon rainfall
was above normal after major El Nifio events due to anomalous warming over the North
Indian Ocean (NIO). In this review, we revisit the delayed El Niflo impact by analyzing
the strongest events: 1982—-1983, 1997-1998, and 2015-2016. During summers of 1983
and 1998, the influence of preceding winter El Nifio event persisted into the summer via
an anomalously warm NIO, with the latter in turn driving increasing rainfall over the
Indian subcontinent. In 2016 summer, however, this warming was not followed by a sig-
nificant increase in monsoon rainfall likely because NIO warming was weaker, whereas
the warm sea surface temperature anomalies over the equatorial Indian Ocean persisted
longer. These results highlight the importance of the Indian Ocean sea surface tempera-
ture pattern on monsoon variability.

Keywords: El Nino; North Indian Ocean; Indian summer rainfall; Precipitation; Sea
surface temperature

5.1 Introduction

Intense research has been devoted to elucidate the mechanisms associated with
the year-to-year fluctuations of South Asian summer monsoon, specifically
rainfall over India. While Indian summer monsoon (ISM) rainfall is suppressed
during the development of El Nifio conditions in the tropical Pacific, rainfall
over India increases during the summer following the winter peak of El Nifio
(Chowdary et al., 2017; Lau and Nath, 2012; Park et al., 2010; Shukla,
1995; Tao et al., 2016; Webster et al., 1998; Yang et al., 2007), which
is referred to as the “delayed effect” (Park et al., 2010). One potential cause
of this delayed effect is the transition to La Nifia conditions after strong El
Niflo events (Chowdary et al., 2017; Shukla, 1995), but La Nifia does not
always follow El Nifio events. On the other hand, the basin-wide tropical In-
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may contribute to enhanced ISM rainfall (Park et al., 2010; Terray et al.,
2003).

Attribution of ISM rainfall variability to tropical Indian Ocean warming re-
mains elusive. Indeed, tropical Indian Ocean warming after the mature phase
of El Nifio events has been regarded as a factor for suppressing the monsoon
onset (Joseph et al., 1994; Lau and Nath, 2012), as persistent El Nifio—in-
duced off-equatorial South Indian Ocean warming may delay ISM onset by a
week (Annamalai et al., 2005). Boreal spring warming of the southwest trop-
ical Indian Ocean could generate North Indian Ocean (NIO) warming by induc-
ing anomalous northerlies, which in turn suppress surface latent heat flux and
thus establish a positive tendency in the ocean surface heat budget (Lau and
Nath, 2012; Park et al., 2010). As the NIO warms, the thermodynamic reg-
ulation of surface latent heat flux (Park et al., 2010) begins to dominate over
windspeed, increasing latent heat flux, and ultimately ISM rainfall (Park et al.,
2010; Terray et al., 2003).

In the summer of 1983, following the 1982-1983 major winter El Nifio,
a notable NIO warming occurred, whereas the anomalously warm sea surface
temperatures (SSTs) over the equatorial Indian Ocean somewhat dissipated. Al-
though such an SST pattern may favor increased ISM rainfall (Chung and Ra-
manathan, 2006), this pattern does not occur with every El Nifio event. In
2016, for example, anomalously high SSTs in the equatorial and the off-equa-
torial South Indian Ocean persisted throughout the summer (Chowdary et al.,
2019b); the anomalous SST distribution in 2016 may have contributed to sup-
pressing ISM rainfall. Furthermore, the atmospheric circulation pattern over the
South Asian monsoon region during the post El Nifilo summers is not only af-
fected by the Indian Ocean SST pattern but also by subtropical Northwest Pa-
cific SST anomalies (e.g., Chowdary et al., 2017; Kosaka et al., 2013; Park
et al., 2010; Xie et al., 2009).

In other words, the predictability of the peak-to-decaying phase El Nifio
subsequent summer-time ISM rainfall appears to be highly dependent on the
details of the spatial pattern and temporal evolution of the Indo-Western Pacific
SST anomalies. Likewise, the delayed effect is weakly supported by the statis-
tical correlation on interannual time scales. The interannual correlation coeffi-
cient between the preceding winter Nifio 3.4 index and ISM rainfall averaged
from June to August is ~0.4, which is statistically weak (Park et al., 2010). Al-
though it has been suggested that the relationship between decay phase El Nifio
conditions and ISM rainfall has strengthened recently (Chakravorty et al.,
2016), the statistical relationship is still marginally significant.

In this chapter, we revisit the seasonal evolution of Indian Ocean SSTs and
the accompanying impact on the ISM rainfall after three major El Nifio events,
1982-1983 (82/83), 1997-1998 (97/98), and 2015-2016 (15/16). It has been
previously reported that the El Nifios of 1982—-1983 and 1997-1998 caused
off-equatorial South Indian Ocean warming in the spring and the subsequent
northward progress of the warm anomalies that eventually led to the anom-
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alously strong rainfall over the Indian subcontinent in August—September (Park
et al., 2010). However, the northward progression of SST anomalies and the
associated rainfall increase does not appear clearly in the spring and summer of
2016 (Chowdary et al., 2019b). Here, we revisit the delayed effect by adding
the recent 2015-2016 El Nifio event, which is one of the strongest events
recorded in the last 145 years, comparable in magnitude to the 1997-1998 El
Niflo of the century (e.g., Huang et al., 2016; Jacox et al., 2016; Paek et al.,
2017). We examine the Indian Ocean SST anomalies in the spring and sum-
mer of 2016 and the associated response of the ISM rainfall and compare with
previous strong events, such as 1982-1983 and 1997-1998. Section 5.3.1 de-
scribes the spatial and temporal evolution of SST and low-level wind anomalies
in the Indian Ocean following the three major El Nifio events. In section 5.3.2,
the ISM rainfall responses to the three major El Nifio events are investigated in
detail.

5.2 Methods and data used

To understand the dynamical processes associated with ISM precipitation dur-
ing the decaying phase of El Nifio, used monthly mean atmospheric reanalysis
data. The atmospheric variables, including 10m zonal and meridional winds,
vertically integrated moisture flux, and moisture flux convergence from the
European Center for Medium-Range Weather Forecasts version 5 (ERAS) re-
analysis hourly gridded dataset, have a horizontal resolution of 0.25° x 0.25°
and cover January 1979 through December 2018 (Hersbach et al., 2020).
To study the seasonal variability of SST, the Extended Reconstructed Sea
Surface Temperature version 5 (ERSSTvS) dataset with a horizontal grid of
0.25° x 0.25° is employed for the period from January 1979 to December
2018 (Huang et al., 2017). To examine the Indo-Western Pacific precipitation
anomalies, we used the Global Precipitation Climatology Project (GPCP) v2.3
monthly data, spanning January 1979 to December 2018. The GPCP v2.3 com-
bines rain gauge observations and satellite precipitation and has a 2.5° x 2.5°
horizontal resolution (Adler et al., 2018).

To identify the statistical relationship between El Nifio and ISM rainfall,
we analyzed the monthly El Nifio and Indian summer monsoon rainfall indices.
In addition to GPCP, we have used the Homogeneous Indian Monthly Rainfall
Data Sets, which comprises monthly mean rainfall data spanning from 1987 to
2016 provided by the Indian Institute of Tropical Meteorology. We used Nifio
3.4 index, which is calculated by averaging SST anomalies over the eastern Pa-
cific from 5°S-5°N, 170°-120°W in the analysis. To identify the time-vary-
ing relationship between the preceding winter El Nifio and the Indian summer
monsoon rainfall index, 15-year running average between the preceding winter
(Nifio 3.4 index averaged from November to January) and All-ISM rainfall in-
dex (from June to September) is calculated, which is presented in
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Fig. 5.1A. For example, the correlation coefficient in the year 2000 is calcu-
lated using the time period 1993-2007.

The climatological means are calculated using 40-year (1979-2018)
monthly long-term means of the individual variable, including surface latent
heat flux, 10m winds, vertically integrated moisture flux, and moisture flux
convergence, SST, and precipitation. Because of the obvious increasing trend
of SST, the seasonal-mean linear trends of SST at each grid are removed prior
to calculating the anomalies.

5.3 Indian summer monsoon rainfall during El Niiio decay

All ISM rainfall index over the entire monsoon season (June—September, here-
after JJAS) from 1979 to 2018 shows a large interannual variability (Fig. 5.1).
Fig. 5.1A shows the 15-year moving window correlation between the preced-
ing winter (November—January) El Niflo, specifically the Nifio 3.4 index av-
eraged from November to January, and the JJAS ISM rainfall index. The cor-
relation coefficient ranges from 0.3 to 0.5, which is statistically weak. The
39-year correlation from 1979/1980 to 2017/2018 between the preceding win-
ter Nifio and the ISM rainfall is 0.38, which explains approximately 15% of the
interannual variance. As noted by Park et al. (2010), the ISM rainfalls were
higher than normal following the two major winter El Nifio events, 1982-1983
and 1997-1998 (Fig. 5.1B) and these above-normal rainfalls were particu-
larly notable during the late monsoon season, August—September (Fig. 5.1C).
However, the recent major El Niflo event of 2015-2016 was not followed by
above-normal monsoon rainfall in the summer of 2016 (Fig. 5.1B).

Although the delayed impact of the preceding winter El Nifio on ISM rain-
fall is statistically weak, the NIO warming in the summer monsoon season is
far more robust (Fig. 5.2). The lagged correlation between the preceding win-
ter (November—January) Nifio 3.4 index and the summer (JJAS average) SSTs
from 1979 to 2018 shows a clear NIO warming (Fig. 5.2A), which is consis-
tent with previous studies (Park et al., 2010). A majority of grid cells over the
NIO shows statistically significant (P < .05) correlation coefficients, generally
higher than 0.4, verifying the relatively robust impact of the preceding winter
El Nifio on the summer NIO SSTs. Unlike the NIO warming, precipitation re-
sponses are less robust. While the lagged correlations between the preceding
winter Nifio3.4 index and the summer precipitation are mostly positive over the
NIO and neighboring Indian subcontinent, only a few grid cells exhibit statis-
tically significant values (Fig. 5.2B). It is worth noting that the lower tropos-
pheric wind anomalies are westward, implying weaker monsoonal westerlies
(vectors in Fig. 5.2B), which suppress surface latent heat flux and thereby con-
tributing to the summer NIO SST warming (Park et al., 2010; Lau and Nath.,
2012).

While the lagged correlation maps present canonical patterns of summer
SST and precipitation following the winter El Nifio, the individual event
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FIG. 5.1 (A) The 15-year running-window correlation between the preceding winter Nifio 3.4
index and the standardized JJAS mean All-India summer monsoon rainfall index. Correlation co-
efficients above the red-solid line (red-dotted line) are statistically significant at 95% (90%) confi-
dence interval. The 39-year correlation coefficient is 0.38. (B) Standardized June—September mean
All-Indian summer monsoon rainfall index and the years with the three major winter El Nifios be-
fore the summer monsoon season (red dots). (C) same as (A), except for late season (August—Sep-
tember; AS) Indian summer monsoon rainfall. In (B, C) dotted lines indicate +0.5 standard devia-
tions of monsoon rainfall.

shows a different SST pattern and a different precipitation response. Examin-
ing the SST responses to the individual El Nifio event is necessary toward a
better understanding of the delayed impact on ISM rainfall. In the next sec-
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FIG. 5.2 Lagged correlations between the preceding winter (November—January) Nifio 3.4 index and June—September mean (A) SST anomalies and (B) precipitation (shadings) with

850-hPa wind (vectors) anomalies. Statistically significant values (P < .05) are stippled. As for 850-hPa winds, only statistically significant values (P < .05) are presented. “SST, sea surface
temperature.”
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tions, we examine the seasonal SST and precipitation anomalies for the major
winter El Niflo events, 1982-1983, 1998-1999, and 2015-2016, respectively.

5.3.1 Seasonal SST anomalies

The major winter El Nifio events are robustly followed by basin-wide tropi-
cal Indian Ocean warming (Fig. 5.3A—C) and this El Nifio induced remote
tropical SST warming has been extensively investigated. Specifically, El Nifio
events warm the tropical Indian Ocean (20°S-20°N) by suppressing surface
heat fluxes (Chiang and Lintner, 2005; Wu et al., 2008; Wu and Yeh,
2010) and by ocean dynamic processes (Du et al., 2009; Liu and Alexander,
2007; Xie et al., 2002; Chowdary and Gnanaseelan, 2007; Kakatkar et al.
2020). While all the three major El Nifio events are followed by basin-wide
tropical Indian Ocean warming, the detailed spatial structure and the seasonal
evolution of SST anomalies for the three events contain some substantial dif-
ferences.

In the following spring of all three major winter El Nifio events, 1983, 1998,
and 2016, warm SST anomalies develop in the equatorial and off-equatorial
South Indian Ocean (Fig. 5.3A—C), which can be interpreted as a typical re-
sponse to El Nifio (Chen et al., 2019; Chowdary and Gnanaseelan, 2007;
Chowdary et al., 2009; Lau and Nath, 2003; Xie et al., 2002). However,
their seasonal progressions over the Indian Ocean contain similarities and dif-
ferences. In the summer of 1983 and 1998, the equatorial and south equator-
ial warm Indian Ocean SST anomalies dissipated, whereas the warm NIO sig-
nal slightly strengthened (Fig. 5.3D and E). This seasonal progression of SSTs
over the Indian Ocean, specifically the NIO warming in the summer being pre-
ceded by the equatorial Indian Ocean warming, can be clearly seen in Hov-
mdller plot (Fig. 5.4A and B). Here, the longitudinal range is averaged from
40°E to 90°E that covers the entire Western Indian Ocean including the Arabian
Sea and the Bay of Bengal. As noted by Park et al. (2010), the SST anomalies
averaged over the longitudinal sector of the Indian Ocean exhibit a northward
progression of warm SST anomalies both in 1983 and 1998, although the zonal
(east-west) SST anomalies were remarkably different each other: the maximum
warm SST anomalies exist over the Western Pacific and South China Sea in the
summer of 1998, whereas 1983 event has its maximum warm anomalies over
the Arabian Sea (Fig. 5.3D and E).

In the summer of 2016, northward progression of warm SST anomalies
over the Indian Ocean does not appear. The equatorial and the off-equatorial
South Indian Ocean warming, which is a typical response to El Nifio, appears
(Fig. 5.3C) and the basin-wide Indian Ocean warming is stronger than those
of 1983 and 1998. Unlike 1998, however, the warm SST anomalies over the
NIO in the spring rapidly dissipated in the summer of 2016 (Fig. 5.3C and F).
Therefore, the meridional gradient of SST anomalies over the Indian Ocean in
the summer of 2016 is reversed, i.e., more warming in the south, which can
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FIG. 5.3 Seasonal transitions of anomalous SSTs (K) during the (A—C) spring (March-May) and the (D-F) summer (June—August) after the three major winter El Niflo events: (A, D)
1983, (B, E) 1998, and (C, F) 2016. “SST, sea surface temperature.”



(A) 1983 (C)2016

icioba

Eazder b -

e
.
o]
fram
Hgrd

[Ty

2F5 10°5 EQ 10°N 20°N 20°6 10°5 EQ 10°N A0°N XS 10FE EQ 10°N 2H°N
RN [ T ———
-06 -03 i} 03 086

FIG.5.4 Hovmoller diagram (40°-90°E longitudinal mean) of anomalous SST (K) following (A) 1982-1983, (B) 1997-1998 and (C) 2015-2016 major winter El Nifio events. “SS7, sea
surface temperature.”
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weaken the ISM rainfall (Chung and Ramanathan, 2006). The Hovmdéller
plot averaged over the Indian Ocean clearly shows that the anomalously warm
NIO relative to the equatorial Indian Ocean in the summer of 1983 and in the
late summer (August—September) of 1998 (Fig. 5.4A and B) does not appear
in 2016 (Fig. 5.4C). Because the warm SST anomalies over the off-equator-
ial South Indian Ocean persist into the summer of 2016 (Figs 5.3F and 5.4C),
the meridional SST gradient effect on the ISM rainfall rather weakens. Fur-
thermore, it is worth noting that the warm Indian Ocean SST anomalies in the
spring of 2016 are wider and stronger than those of 1983 and 1998. More pro-
nounced tropical Indian Ocean warming is observed in the spring and these
SST anomalies are spatially uniform, including the Arabian Sea SST warm-
ing, which is up to ~0.7 K (Fig. 5.3C). The long-term background warming
in 2015-2016 EI Nifio, which is associated with unusually warm conditions
in 2014 (Santoso et al., 2017) is likely to be a factor for the stronger Indian
Ocean warming than previous major El Nifio events. In summary, the Indian
Ocean warming in the spring of 2016 is generally stronger than that of previ-
ous major El Nifio events, but this strong warming is not followed by the NIO
warming in the summer.

5.3.2 Monsoonal winds and moisture transport

The surface wind weakening, specifically the weakening of westerlies over NIO
and the associated surface latent heat suppression in the spring and summer,
has been suggested as a principal driver of the NIO warming (Lau and Nath,
2012; Park et al., 2010). In the summer of 1983 and 1998, the surface wind
anomalies over NIO are easterlies, both in the Bay of Bengal and Arabian Sea
(Fig. 5.5A and B). These easterly anomalies are not limited to NIO but ex-
tend to the subtropical Western North Pacific (10°-25°N), where anomalous
anticyclonic winds develop (Xie et al., 2009). The internal feedback between
the anomalously warm NIO and the anticyclonic winds over the subtropical
North Pacific, so-called the Philippine Sea anticyclones, has been well estab-
lished (Annamalai et al., 2005; Kosaka et al., 2013; Stuecker et al., 2015;
Watanabe and Jin, 2003; Xie et al., 2009). This interbasin feedback is re-
ferred to as the Indo-Western Pacific ocean capacitor mode (Xie et al., 2016).
The warmer NIO generates eastward propagating atmospheric Kelvin waves,
which would maintain the Philippine Sea anticyclones (Xie et al., 2009). Con-
versely, the weakening of convection over the subtropical western North Pa-
cific (10°-25°N) generates a cold Rossby wave that can suppress precipitation
westward to the Bay of Bengal (Kosaka et al., 2013; Srinivas et al. 2018).
In the summer of 1983 and 1998, the development of surface anticyclones over
the subtropical Western North Pacific and the associated decrease in precipita-
tion over South China Sea and the Bay of Bengal appear (Fig. 5.5A and B).
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FIG. 5.5 June-September mean precipitation anomalies (shadings: mm/day) and surface wind
anomalies (vectors: m/s) in (A) 1983, (B) 1998, and (C) 2016. Right-hand side panels are monthly
precipitation anomalies from May to September averaged over the black square in (A) (8°-20°N,
70°-85°E).

Despite the weakening of monsoonal westerlies over NIO, precipitation is
above normal over the Indian subcontinent in the summer of 1983 and 1998
(right panel figures in Fig. 5.5A and B). The paradox of the increased mon-
soon rainfall associated with the weaker monsoon circulation has been pre-
viously addressed by a few general circulation model (GCM) studies under
global warming scenarios (Kitoh et al., 1997; Stowasser et al., 2009) and
by a more realistic El Nifio case with atmospheric GCM coupled to a slab
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ocean model (Park et al., 2010). As noted in Park et al. (2010), the mon-
soonal low-level wind strength does not necessarily represent the monsoonal
convective strength, but moist processes, such as moisture flux convergence as-
sociated with the warmer NIO can compensate the wind effect. Indeed, Fig.
5.6 shows that the vertically integrated moisture flux anomalies are eastward
over the subcontinent of India, Bay of Bengal, and the South China Sea (vec-
tors in Fig. 5.6), which are generally consistent with the lower-tropospheric
wind anomalies (vectors in Fig 5.5). However, the weakening of monsoonal
winds and the associated moisture fluxes are accompanied by strengthened
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FIG. 5.6  June—September mean composites of the anomalous moisture flux (vectors: (kg/m/s)
and moisture flux convergence (shadings: kg/m?/s) in (A) 1983, (B) 1998, and (C) 2016.
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moisture flux convergence over subcontinent of India (shadings in Fig. 5.6),
which may explain the paradox of increased monsoon rainfall with the weaker
monsoon circulation. Recent studies suggest that northwestward propagating
Rossby waves induced by anomalous heating over the Maritime continent can
enhance the rainfall over southern peninsular India during decay phase of El
Niflo years (Chowdary et al., 2019a; Srinivas et al., 2018), which can partly
explain the paradox.

The weakening of NIO-region surface wind speeds during the early phase
of the monsoon followed by a later rebound toward climatological values dur-
ing 1983 and 1998, especially in September (Park et al., 2010), contributes to
the notable increase in monsoon rainfall (right panel figures in Fig. 5.5A and
B). In the summer of 2016, however, the basin-wide weakening of South Asian
monsoon circulation that is also dynamically tied to the anomalous Philippine
Sea anticyclone does not appear (Fig. 5.5C). The absence of the systematic
weakening of NIO-region surface wind speed might explain the relatively weak
NIO warming in the summer of 2016 (Figs 5.3F and 5.4C). Because the NIO
warming signal is weak, whereas the anomalously high SSTs persist over the
off-equatorial South Indian Ocean, all ISM rainfall index is close to normal in
2016 (Fig. 5.1). The subseasonal precipitation anomalies in 2016 are almost
opposite to those of previous El Niflo events: while precipitation is above-nor-
mal in the early monsoon season (May—June), the late monsoon season (Au-
gust—September) precipitation is lower than average (right panel figure in Fig.
5.5C). The absence of the anomalous Philippine Sea anticyclone in the sum-
mer of 2016 suggests that the development of the Philippine Sea anticyclone,
which contributes to weakening the low-level monsoonal winds, which in turn
warms the NIO, is probably an important factor for increasing the moisture
flux convergence and the associated ISM rainfall after major winter El Nifio
events. This analogy is supported by recent GCM experiments (Chowdary
et al., 2019a; Srinivas et al., 2018), which verified the close connection be-
tween the anomalous Philippine Sea anticyclone and the increased ISM rainfall
after major winter El Nifio events.

5.4 Summary and discussion

In this review article, we have revisited the so-called delayed effect of major
winter El Nifio events on subsequent Indian Ocean SST warming and the ISM
rainfall increases by including the 2015-16 El Niflo event, an event of similar
magnitude to prior events (1983 and 1998) for which a delayed effect is in-
ferred. In the earlier events, the influence of preceding winter El Nifio event
persists into the ISM season via an anomalously warm NIO, with the latter in
turn driving increasing rainfall over the NIO and neighboring Indian subcon-
tinent. During both 1983 and 1998, the occurrence of weakening of low-level
monsoonal winds and the suppression of surface latent heat flux during the
late spring and summer is reported. Moreover, the presence of an anomalous
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Philippine Sea anticyclone is consistent with the weakening of low-level winds
over NIO. Relaxation of the winds, through latent heat flux suppression, is
in turn consistent with NIO warming. In 2016, however, the basin-wide NIO
warming did not follow the basin-wide spring tropical Indian Ocean warming,
possibly because a strong Philippine sea surface anticyclone failed to develop
(Chowdary et al., 2019b). As suggested by GCM experiments (Chowdary
et al., 2019a; Srinivas et al., 2018), the feedback between the NIO and the
Philippine Sea surface anticyclones is a key to the NIO warming and increas-
ing the ISM rainfall. In 1983 and 1998, the warm El Nifio conditions in the
eastern Pacific slowly decayed and persisted into the spring season, which has
been suggested as a key driver of the NIO warming in the summer (Park et al.,
2010).

It is noted that the Nifio 3 index representing the eastern equatorial Pacific
SST anomaly was more positive in the spring (April-May) of 1998 than that of
2016, although a transition into La Nifia condition was suppressed in the sum-
mer of 2016 (Kakatkar et al., 2018). It is likely that the early decay of the
anomalously warm SSTs in the Eastern Pacific in the spring of 2016 led to the
weakening of the Philippine Sea surface anticyclones. Predicting the summer
basin-wide tropical Indian Ocean/NIO warming patterns during El Nifio decay
would be useful for ISM rainfall prediction. Further numerical modeling studies
on the decaying phase of El Nifio, such as the persistence of the warm eastern
Pacific SST in the spring, are needed to better understand the delayed impact of
winter El Nifio on the monsoon circulation strength and ISM rainfall.
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