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ABSTRACT
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S

The inverse relationship between the warm phase of the El Niño Southern Oscillation (ENSO) and the Indian Summer
Monsoon Rainfall (ISMR) is well established. Yet, some El Niño events that occur in the early months of the year (boreal
spring) transform into a neutral phase before the start of summer, whereas others begin in the boreal summer and persist in
a positive phase throughout the summer monsoon season. This study investigates the distinct influences of an exhausted
spring El Niño (springtime) and emerging summer El Niño (summertime) on the regional variability of ISMR. The two
ENSO categories were formulated based on the time of occurrence of positive SST anomalies over the Niño-3.4 region in
the Pacific. The ISMR's dynamical and thermodynamical responses to such events were investigated using standard metrics
such as the Walker and Hadley circulations, vertically integrated moisture flux convergence (VIMFC), wind shear, and
upper atmospheric circulation. The monsoon circulation features are remarkably different in response to the exhausted
spring El Niño and emerging summer El Niño phases, which distinctly dictate regional rainfall variability. The dynamic and
thermodynamic responses reveal that exhausted spring El Niño events favor excess monsoon rainfall over eastern
peninsular India and deficit rainfall over the core monsoon regions of central India. In contrast, emerging summer El Niño
events negatively impact the seasonal rainfall over the country, except for a few regions along the west coast and northeast
India.
Key words: exhausted spring El Niño, emerging summer El Niño, Indian Summer Monsoon, Hadley and Walker
circulation, tropical easterly jet, vertical integrated moisture flux convergence.

PR

Citation: Kumar, E. K. K., S. Abhilash, Sankar Syam, P. Vijaykumar, K. R. Santosh, and A. V. Sreenath, 2023:
Contrasting regional responses of Indian Summer Monsoon rainfall to exhausted spring and concurrently emerging summer
El Niño events. Adv. Atmos. Sci., https://doi.org/10.1007/s00376-022-2114-2.
Article Highlights:

• Introducing the concept of an exhausted spring El Niño and an emerging summer El Niño.
• The contrasting monsoon seasonal rainfall over south India's shadow ISMR area during the two El Niño types has been
explained.

• The study reveals thermodynamic and dynamic responses of summer monsoon followed by an exhausted spring El Niño
and an emerging summer El Niño.

• Monsoon season followed by an exhausted spring El Niño favours increase in seasonal rainfall while the monsoon along
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with an emerging summer El Niño suppresses seasonal rainfall.

1.

Introduction

Climatologically, nearly 80% of the annual rainfall in
most regions of India occurs during the summer monsoon
* Corresponding author: S. ABHILASH
Email: abhimets@gmail.com

(June to September) season (Parthasarathy et al., 1994). Characteristics of monsoon rainfall over India are well documented, and its teleconnections with various global climatic
phenomena are a subject of a large number of studies (Sikka,
1980; Rasmusson and Carpenter, 1983; Webster and Yang,
1992; Ashok et al., 2001; Krishnan and Sugi, 2003; Gadgil
et al., 2004; Goswami et al., 2006; Annamalai, 2007; Kri-
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Indian monsoon teleconnections to ENSO and non-ENSO
events. Non-ENSO teleconnections have been poorly understood for decades. Park et al. (2010) illustrated using idealized
AGCM models with a fixed-depth ocean mixed layer that
the lingering but weaker-than-peak warm SSTs in the eastern
equatorial Pacific following a winter El Niño make a considerable contribution to North Indian Ocean (NIO) warming. Furthermore, a warm NIO enhances the surface latent heat flux,
restoring the monsoon circulation to the climatological
mean. The monsoon circulation strength and moist processes
collaborate, which explains the known tendency for monsoonal rainfall to surge during the late monsoon season following severe winter El Niño conditions. Yang et al. (2007)
showed that after an El Niño event, there is a basin-wide
warming across the tropical Indian Ocean that peaks in late
boreal winter and early spring and lasts until boreal summer.
As the Indian Ocean warms, precipitation rises throughout
most of the basin, forcing a Matsuno-Gill pattern in the
upper troposphere with a reinforced South Asian high. As a
result, the southwest monsoon strengthens in the Arabian
Sea while weakening in the South China and Philippine
Seas. Wang et al. (2017) proposed that the "charging"
ENSO mechanism imprints the North Tropical Atlantic
(NTA) SST through an atmospheric bridge mechanism and
a "discharging" mechanism in which the NTA SST triggers
the following ENSO via a subtropical teleconnection mechanism. This “discharging” mechanism represents an alternate
process that results in the biennial cyclical shifting in the
Pacific that can further impact ISMR.
In contrast to the conventional El Niño–dry ISMR relationship, Ihara et al. (2008) found that ISMR can be above
normal even during an El Niño event, provided the warming
across the eastern equatorial Pacific begins in boreal winter
and continues through summer. As a result, during the summer monsoon season, the western-central Pacific and the
Indian Ocean are warmer than usual. Their analysis considered El Niño episodes that emerge in early January and last
well into the boreal summer. In the present study, we examine
the relationship between recently exhausted spring El Niño
events and ISMR, where the El Nino events do not extend
into boreal summer, and similarly, the relationship between
emerging summer El Niño with ISMR, which has no association with any event that concluded in boreal spring.
Not surprisingly, most studies have considered the
ENSO-ISMR relationship during concurrent seasons or for
a developing and decaying El Niño. The exclusive effect of
exhausted spring El Niño (El Niño in springtime) events
that were terminated by the beginning of the monsoon season
on the forthcoming ISMR has yet to be explored.
In addition, few studies have explored the impact of a
freshly evolving El Niño concurrent with the monsoon season
on ISMR. However, some studies have investigated the
impact of developing and decaying El Niño on the East
Asian summer monsoon. Previous analyses have examined
the impact of El Niño on the East Asian monsoon during its
various phases (Huang and Wu, 1989). Wen and Hao (2021)
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palani et al., 2007; Chattopadhyay et al., 2016, etc.). It is
understood that the Indian summer monsoon rainfall (ISMR)
exhibits an inter-annual variability of 10% relative to its
long-period average, attributed to both external and internal
factors (e.g., Krishnamurthy and Kinter III, 2003). Among
the external forcing mechanisms, sea surface temperature
(SST) anomalies over the central and eastern Pacific Ocean
that manifest themselves as El Niño Southern Oscillation
(ENSO) and the Indian Ocean Dipole (IOD) (Saji et al.,
1999, Gadgil et al., 2004) have been identified as most crucial
(Kumar et al., 1999; Gadgil and Srinivasan, 2011; Krishnaswamy et al., 2015 and others). The warm episodes of
ENSO (El Niño) tend to be associated with deficit monsoon
rainfall in India, and cold episodes (La Niña) favor excess
ISMR (Mooley and Parthasarathy, 1984; Parthasarathy et al.,
1994). Nevertheless, this relationship has weakened in
recent years (e.g., Kumar et al., 1999), and in certain epochs,
it has strengthened (Yang and Huang, 2021).
According to Chowdary et al. (2017), El Niño decay
phases are divided into three types based on the time of El
Niño decay relative to the boreal summer season: (1) earlydecay (ED; decay in the spring), (2) mid-summer decay
(MD; decay by mid-summer), and (3) no-decay (ND; no
decay in summer). The authors discovered that ISM rainfall
is above normal/excessive during ED years, normal during
MD years, and below normal/deficient during ND years,
implying that changes in the El Niño decay phase exert a significant impact on ISM rainfall. Similarly, Chakraborty
(2018) studied the role of ENSO in the preceding winter on
ISMR with a focus on ENSO-neutral summers and La Niña
winters. Their study showed that, unlike the simultaneous
ENSO-ISMR relationship, the La Niña of the previous winter
reduced mean rainfall over the country by about 4%, even during ENSO-neutral summer conditions. Similarly, a recent
study by Yang and Huang (2021) analyzed ENSO's evolution
diversity during recent decades, in which El Niño remnants
from the previous winter or emerging from late spring and
continuing into the summer were found to be a dominant factor in perturbing the ENSO–ISMR relationship. Boschat et
al. (2011) investigated several SST indices in the IndoPacific area and their influence on ISMR variability. They
found that some of these indices were associated with distinct
processes occurring within the Indian Ocean and that those
processes were remotely and dynamically linked to various
ENSO phases in the Pacific, thereby implying that the
choice of better indices for forecasting strategies depends
on the contemporaneous phasing of the ENSO cycle.
Boschat et al. (2012) found substantial differences in SST teleconnections and precursory patterns between the first (JuneJuly, JJ) and second (August-September, AS) halves of the
monsoon. They also highlighted the existence of a biennial
rhythm in the IOD-ENSO-ISM system, according to which
co-occurring El Niño and positive IOD events tended to be
followed by IO warming, which led to a wet ISMR throughout
summer.
Chowdary et al. (2021) provide greater insight into

S

2

KUMAR KRISHNA ET AL.

regions of convection beneath is well established from four
quadrants of the convergence-divergence pattern on either
side of the entrance and exit region of the core TEJ axis
(Koteswaram, 1958). In this study, the contrasting
responses of an exhausted spring and emerging summer El
Niño on the regional distribution of ISMR are analyzed
using the vertical shear of the zonal wind, upper-level circulation, VIMFT, and the regional Hadley and Walker circulations.

2.

Data and methodology

S

In this analysis, the ENSO warm and cold phases are
identified based on the Oceanic Niño Index (ONI) derived
from five consecutive, three-month running means of SST
anomalies in the Niño-3.4 region (i.e., 5°N – 5°S, 120°–
170°W). This approach is similar to the classification
method adopted by NOAA to identify different ENSO
phases (https://origin.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ONI_v5.php) using the Extended
Reconstructed SST version4 (ERSSTv.4) data sets (Huang
et al., 2015, 2016; Liu et al., 2015). Exhausted spring El
Niños events are classified as those El Niño years in which
ONI values are greater than 0.5 from the three-month running
mean of December−January−February (DJF) to March−
April−May (MAM) but do not extend to the summer
months of May−June−July (MJJ). Similarly, an emerging
summer El Niño is defined as an El Niño year having a
three-month running mean of ONI values greater than 0.5
from June−July−August (JJA) to August−September−October (ASO). An emerging summer El Niño is otherwise
termed as the warm phase of ENSO with the Indian summer
monsoon. The years with overlapping cases of an exhausted
spring El Niño extending into the summer season are
excluded from the present study. The exhausted spring El
Niño years are 1951, 1953, 1957, 1958, 1965, 1969, 1987,
1991, 2002, 2004 and 2009. Similarly, Concurrent emerging
summer El Niño years are 1956, 1983,1995 and 2010.
Standardized anomalies in terms of SST and rainfall are
used to extract the prominent signals in the two sets of composites for intercomparison, which exhibits large dispersion.
The standardization of SST and rainfall is accomplished by
dividing the respective anomalies by the corresponding standard deviations. The composite standardized anomaly of
SST during June−July−August−September (JJAS) after an
exhausted spring El Niño and concurrent emerging summer
El Niño during the JJAS season is presented to reveal the distinct spatial variability in the background SST fields. A ttest applied to the standardized SST anomalies is used to identify the regions having prominent differences that are significant at a confidence level of 90% or greater. The SST is
obtained from the Extended Reconstructed SST version 4
(ERSSTv.4) data set (Huang et al., 2015, 2016; Liu et al.,
2015). The composite standardized rainfall anomaly during
the two distinct El Niño categories is derived from the India
Meteorological Department (IMD) gridded daily rainfall
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recently demonstrated that precipitation anomalies during
the developing summer are nearly opposite to those during
the decaying period across East Asia. Over the East Asian
region, researchers have depicted numerous perspectives on
the development and decay of El Niño and its implications
on the China region. Some investigations looked into the relationship between circulation patterns associated with El
Niño and rainfall in East Asia (Cao et al., 2017; Huang and
Wu, 1989). Others attempted to investigate the relationship
using metrics such as water vapor transport and model studies
over East Asia (Huang and Wu, 1989; Li et al., 2019).
We investigate the unique reaction of ISMR to
exhausted spring El Niño and concurrent emerging summer
El Niño events. The analysis was carried out using standard
metrics such as the Hadley and Walker circulations, vertically
integrated moisture flux transport (VIMFT), wind shear,
and associated atmospheric dynamics. It is of interest to examine the impact of a spring El Niño on the approaching monsoon since it may aid in the long-term forecast of regional
ISMR variability as a potential predictor.
One of the explanations for the decrease in ISMR in
response to the anomalous warming (El Niño) in the central
and eastern Pacific is the eastward shift of the ascending
branch of the Walker circulation and increased subsidence
over the Indo-West Pacific region (Shukla and Wallace,
1983; Palmer et al., 1992; Ju and Slingo, 1995; Soman and
Slingo, 1997; Pokhrel et al., 2012). Modulation of the
regional Hadley cell by ENSO has also been widely studied
(Held and Hou, 1980; Seager et al., 2003; Feng and Li,
2013; Nguyen et al., 2013). Model studies have shown that
El Niño induces strengthening and an equatorward shift in
the Hadley cell circulation (sinking limbs are confined
within 10°–20° of latitude in both hemispheres). In contrast,
La Niña causes a weakening of the Hadley cell circulation
(Dogar et al., 2017). Krishnamurthy and Goswami (2000)
studied the inter-decadal variability of ISMR in relation to
the warm and cold phases of ENSO. They showed that the
reduction in ISMR associated with the warm phases of
ENSO is in response to an anomalous regional Hadley circulation with ascending motion near the equator and descending
motion over the Central Indian latitudes. An attempt is
made to understand the interaction between Hadley and
Walker circulations during ENSO phases occurring at different times and their impact on ISMR.
Webster and Yang (1992) devised a monsoon circulation
index known as the Webster-Yang Index (WYI), a measure
of the vertical wind shear in the South Asian region for determining the strength of monsoon circulation. Thus, variability
in wind shear over the South Asian region can be considered
as the dynamical index best suited for examining the interannual variability in ISMR. It is well known that VIMFT represents the moisture availability over a region and is determined mainly by the transport of moisture by Low-Level Jet
(LLJ) over the Indian region during the monsoon season
(Sahana et al., 2015; Pathak et al., 2017; Patil et al., 2019).
The upper-level divergence associated with the Tropical Easterly Jet (TEJ) and its role in determining the prominent

3

4

MODULATION OF INDIAN SUMMER MONSOON BY NIÑO-3.4 SST

∫
VIMFC =

( qu
qv )
∂ x + ∂ y dp ,
∂
∂
1000
300

significant at a confidence level of 99% or higher in both scenarios. Similarly, a significant wind shear vector anomaly is
overlaid. To understand the role played by TEJ, the upperlevel wind composite anomaly at 200 hPa is computed, and
locations with statistically significant anomalies at the 99%
confidence level or greater are highlighted. Upper-level
winds (vectors) at 200 hPa, whose anomalies have a significance of 90% or greater, are also identified and overlaid in
both cases. Furthermore, the 200 hPa velocity potential overlaid with divergent winds to determine the upper-level divergence/convergence attributed to possible ascending/descending motions beneath it. Converging winds at 200 hPa and sinking air underneath them characterize the centers of regions
with a positive velocity potential anomaly. Similarly, diverging winds at 200 hPa and rising air motion are seen beneath
negative velocity potential anomaly regions. Significant
regions are identified for the anomaly composites of all variables and are highlighted in the corresponding figures.

3.
3.1.

Results and discussion.
Sea surface temperature variability

S

The SST pattern after the exhausted spring El Niño is
characterized by an unusual statistically significant decrease
in the SST over the Niño-3.4 region, as shown in Fig. 1a. A
large area of significant negative anomalies over central and
northern equatorial Pacific near 20º N is noticeable. The cooling over the Niño-3.4 region is attributed to a La Niña-like situation. However, the SST cooling is not significant over the
entire Niño-3.4 region. Warming is mainly visible over the
entire Indian Ocean, most significantly over the eastern equatorial Indian Ocean and maritime continental region. On the
other hand, the western equatorial Pacific Ocean remains
warmer, as evidenced by the anomalies. The anomalous positive significant SST over the Indian Ocean lasts from June
to September. The warming over the western Indian Ocean
region during the monsoon season has ramifications for the
behavior of monsoon rainfall. In comparison to previous
instances of monsoon SST hikes, Indian Ocean surface
waters are relatively cooler (Fig. 1b). The northern portion
of the western equatorial Indian Ocean is observed to host a
warm SST pool. The large area, including the Niño-3.4
region, shows a significant increase in SST, indicative of
the concurrently emerging summer El Niño during the JJAS.
In this analysis, the combined influence of a positive IOD
and a concurrent El Niño during the JJAS season has been
excluded. The combined influence of positive IOD and El
Niño exhibits a similar SST pattern as that of a concurrently
emerging El Niño in the equatorial Pacific but distinct over
the Indian Ocean (Fig. A2a in the appendix). The SST over
the region during the JJAS season plays an integral role in
modulating spatial and temporal variability of the monsoon.

ES

data (Pai et al., 2014) from 1950 to 2010 at a grid resolution
of 0.25° × 0.25°, during the JJAS season. A t-test is performed
to identify the prominent regions showing statistically significant anomalies (at the 90% confidence level or higher) in
each composite. Standardized rainfall anomaly analysis
revealed fascinating results over the rain shadow of South
Peninsular India's (SPI) homogeneous rainfall region (8–
19°N and 74–84°E). In the SPI region, we further explored
the relationship between standardized anomaly of Niño-3.4
Sea Surface Temperature and ISMR during both types of El
Niño. We have conducted our analysis by making use of the
ERSSTv.4 SST data and the IMD gridded daily rainfall data,
as mentioned above. It is found that the rainfall response
over the Indian region to positive IOD years concurrent
with an emerging summer El Niño is distinct from the pure
emerging summer El Niño composite (see Fig. A1 in the
appendix). To remove the combined influence of positive
IOD concurrent with emerging summer El Niño, such years
have been excluded from emerging summer El Niño composites considered in this study. The years thus excluded are
1963, 1972, 1982, and 1997. The SST anomaly corresponding
to positive IOD concurrent with developing summer El
Niño is almost similar to developing summer El Niño with a
slightly higher positive anomaly over the western Arabian
Sea during positive IOD years.
To understand the role played by the moisture transport
driven by changes in the circulation pattern associated with
the different ENSO phases over the region, the vertically integrated moisture flux convergence (VIMFC) during each
phase is calculated as shown below:
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where q is the specific humidity, and u and v are the zonal
and meridional components of the wind. A t-test is carried
out on the composite anomalies of both cases to identify the
regions significant at the 99% confidence level. Furthermore, the 850 hPa wind anomalies that are significant at the
90% confidence level have been found using a t-test and are
overlaid over the respective composite anomalies. Wind and
humidity data are obtained from NCEP-NCAR Reanalysis 1
at a resolution of 2.5° × 2.5° (Kalnay et al., 1996).
To understand the dynamic response of the two contrasting El Niño types on ISMR, we examined the Hadley and
Walker circulations using zonal (u) and meridional (v) components of the wind and pressure-vertical velocity (omega).
The orientation and strength of circulation features, such as
the LLJ and TEJ, are analyzed using zonal wind data at the
lower and upper levels. In terms of vertical velocity
anomaly, statistically significant regions are highlighted
with a confidence level of 90% or higher. To understand the
strength of monsoon circulation with respect to the two
ENSO categories, the zonal wind shear is taken as the difference between zonal wind averaged at the pressure levels of
1000–850 hPa and 200–100 hPa. A t-test is used to identify
locations with composite shear anomalies that are statistically

3.2.

Spatial rainfall variability

We find that the ISMR following an exhausted spring
El Niño is characterized by significant positive anomalies

KUMAR KRISHNA ET AL.

decrease over western India, which contains small embedded
pockets of significant increases in rainfall (Fig. 2b).
In the following sections, we further examine the thermodynamic and dynamic response to these two contrasting
types of El Niño events on the seasonal distribution of
ISMR

ES
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over the rain shadow regions of peninsular India and northcentral and western India, along with negative rainfall anomalies over the core monsoon regions of central India and the
west coast (Fig. 2a). On the contrary, the emerging summer
El Niño is characterized by a negative rainfall anomaly over
most of the Indian land region, with a statistically significant

PR

Fig. 1. Panels (a) and (b) show the standardized anomaly composite of Sea Surface Temperature (SST) for JJAS after
an exhausted spring El Niño and during a concurrent emerging summer El Niño, respectively. The color shades
represent the standardized SST anomalies, and regions with black dots represent the areas where the anomaly is
significant at a confidence level of 90% or higher.
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Fig. 2. Panels (a) and (b) illustrate the composite standardized rainfall anomaly during JJAS (June-July-AugustSeptember) following an exhausted spring El Niño and concurrently emerging summer El Niño events, respectively.
The hatched areas in the figure represent regions where values are statistically significant at a 90% confidence level
or higher.
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Simultaneous temporal evolution of SST and
rainfall

It is obvious from Fig. 3a that the presence of an El
Niño event before the start of the Indian summer monsoon
can be identified by the standardized SST anomaly over the
Niño-3.4 region depicted by the bars. Evidently, El Niño
does not extend into the summer monsoon season. The
green line indicates seasonal rainfall during the summer monsoon period in the SPI region. During the summer monsoon,
the excessive seasonal rainfall is an interesting aspect that
deserves to be examined more with respect to an exhausted
spring El Niño. It is clear from Fig. 3b that rainfall in the
SPI region decreases when El Niño occurs concurrently
with the summer monsoon. The presence of positive rainfall
peaks in the post-monsoon season supports the result from
previous analyses that have suggested that El Niño events
favor higher rainfall over the SPI during the season (e.g.,
Khole and De, 2003; Geethalakshmi et al., 2009).
3.4.

Hadley and Walker circulations
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Figure 4a outlines the anomalous Hadley circulation
over Indian longitudes (60–90°E) during JJAS following an
exhausted spring El Niño. Shading in the figure represent negative pressure vertical velocity (omega) anomalies, and vectors represent the meridional overturning circulation generated by using meridional and vertical wind components.
The Hadley circulation over the Indian region during the monsoon season following an exhausted spring El Niño is characterized by significant anomalous ascending motions
between 10°S and 10°N extending aloft up to 200 hPa. The
two cores of these ascending motions are located near 5°S
and 7°N. The more intense and significant ascending core is
over the land and positioned at around 7°N. An ascending
core of Hadley circulation near 20°N (at its conventional position) is also evident, but its intensity is relatively weak. An

interesting feature inherent to the Hadley circulation is that
the conventional descending motion over the southern tip of
India is replaced with an anomalous significant ascending
motion during the JJAS seasons following an exhausted
spring El Niño. A section of the Hadley circulation located
between 10°N and 30°N contains embedded weak ascending
motions at around 20°N and weak descending motions on
either side. However, the descending branch south of 20°N
is present only between the middle and upper troposphere
and has a weak ascending motion below 500 hPa. Hence the
monsoon Hadley circulation after the exhausted spring El
Niño is characterized by ascending motion extending from
10°S to 20°N favoring convection and justifies the significant positive rainfall anomaly (Fig. 1a) seen over the eastern
part of the southern peninsula. The LLJ core, found near
850 hPa, at around 10°N, extends northward up to 20°N. In
contrast, the TEJ core stays close to 7°N, and the core speed
extends southwards beyond the equator and descends to
lower levels at approximately 10°S during JJAS seasons following the exhausted spring El Niño events.
Figure 4b shows that, unlike in the previous case, the
Hadley circulation during the emerging summer El Niño is
characterized by two strong and significant descending
cores around 5°S and 20°N (highly significant) with weak
and wide ascending motions between the equator and 20°N.
However, the ascending motion mostly extends up to the
upper troposphere. Compared to exhausted spring El Niño
events, dominant descending cores over the core monsoon
region are responsible for suppressed convection and the negative anomaly in seasonal rainfall. The weak ascending anomalies are insufficient to overcome the descending air to
enhance the rainfall over pockets of southwest interior India
during the emerging summer El Niño. The core speed of
LLJ is found between 8°N and 15°N and is centered near
12°N, slightly to the north, compared to that of exhausted

S

3.3.

MODULATION OF INDIAN SUMMER MONSOON BY NIÑO-3.4 SST
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Fig. 3. Panels (a) and (b) depict the composite temporal evolution of SST and rainfall during years of an exhausted
spring El Niño and a concurrently emerging summer El Niño, respectively. The bars represent standardized SST
anomalies, and the green line represents standardized rainfall anomalies.
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Fig. 4. Anomalous Hadley circulation (averaged between longitudes 60°E and 90°E) during the Monsoon (a) after an
exhausted spring El Niño, (b) during a concurrent emerging summer El Niño. The anomalous Walker circulation
(averaged between the latitudes of 0 to 20°N) during the monsoon, (c) after an exhausted spring El Niño, and (d)
during a concurrent emerging summer El Niño. Shaded (colored) regions represent the composite of vertical velocity
anomalies, and the vectors depict the circulation anomalies. Anomaly composites, significant at the 90% confidence
level, are also included in the figure. The green and violet contours in Figs. 4a and b represent the westerly and
easterly winds, respectively.

IN

spring El Niño events. The TEJ core speed is observed
around 7°N, roughly at 150 hPa, similar to the exhausted
spring El Niño case in the upper levels. Though the TEJ
core is found at 7°N, it is not descending to lower levels at
10°S as seen during the JJAS period following the
exhausted spring El Niño, which affects the orientation of
the vertical shear zone and thereby influences the spatial distribution of rainfall.
It is evident from Fig. 4c that strong and significant
anomalous descending motion occurs across a longitudinal
range from 150°E to 100°W. Similarly, descending anomalies
are found to the west of 50°E. A strong ascending branch
appears between 50°E and 90°E, with its core with significant
ascending anomalies located at around 80°E. Another ascending core is found at around 120°W. Strong ascending anomalies between 60°E and 100°E are found over the same

region of the southern ascending branch of the Hadley circulation, as discussed in the previous section. Comprehensively,
anomalous ascending motion can be identified as a combined
effect of ascending motion constituted by the Hadley and
Walker circulations. The core of these combined ascending
anomalies is strikingly situated between 10°S to 10°N and
60°E to 110°E. This characteristic distribution of vertical circulation observed during JJAS following exhausted spring
El Niño events well supports the excess seasonal rainfall
over the SPI region. Such anomalous ascending motions of
the Walker circulation over the equatorial Indian Ocean can
potentially change the characteristics of Hadley circulation
over the Indian region, which, in turn, controls the ISMR variability. A previous study by Krishnamurthy and Goswami
(2000) also illustrated similar results. As part of the Walker
circulation, a core of strong and significant descending
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3.5.

VIMFC and wind shear

(a)
30N
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The moisture transport in response to the changes in
Hadley and Walker circulations is examined using VIMFC
and wind patterns. Figure 5a illustrates the VIMFC (shading)
and 850 hPa wind (vectors) that are statistically significant
at the 99% confidence level during the JJAS season following an exhausted spring El Niño event. Significant positive
moisture convergence anomalies are found over peninsular
India and cover a vast area over the equatorial Indian Ocean
(Fig. 5a). It is vital to note that significant negative anomalies
of moisture convergence exist over north-central India, the
Bay of Bengal, and northeast India. This pattern corresponds
well to the descending anomalies of the Hadley circulation
over the central Indian region. Prior studies have documented
that the LLJ supplies the principal amount of moisture to
the area with core speeds generally located over the southeast
Arabian Sea and southern peninsular India (Joseph and
Sijikumar, 2004; Patil et al., 2019 and others). However, during the JJAS season following the exhausted spring El Niño,
the core of LLJ is located further southward. Hence, the
anomalous enhancement of VIMFC is achieved through the
supply of moisture accomplished by the combined Hadley

and Walker ascending limbs, unlike in normal monsoons.
The significant increase in moisture availability over the eastern Arabian Sea, with seasonal winds mostly shifted to the
south of its normal position and blowing parallel to India's
west coast, results in below-normal monsoon rainfall over
the west coast. Recent studies have shown that reorientating
the LLJ from its normal position and displacing it to the
south results in a widespread decrease in summer monsoon
rainfall over the west coast of India (Sreenath and Abhilash,
2021).
Figure 5b describes the anomaly of VIMFC and the
850 hPa wind during an emerging summer El Niño. In contrast
to the previous case, the emerging summer El Niño during
the monsoon season is characterized by a negative rainfall
anomaly over most of the Indian land region with an anomalous departure in moisture in east India. Some pockets of central-eastern and southwest regions of India have a deficiency
in moisture availability. The inadequate moisture availability, along with the combined influence of descending
branches of Hadley and Walker circulations, suppresses rainfall over the west, central, and southern parts of India.
Notably, the LLJ splits into two, with the southern branch
flowing south of the peninsula, whereas the northern branch
flows directly over the central Indian region. However, a
lack of moisture aggravated by the anomalous descending
motions of the Walker and Hadley limbs significantly
decreased the seasonal monsoon rainfall.
Webster and Yang (1992) proposed that the vertical
wind shear over South Asia during summer is an ideal dynamical index for evaluating the inter-annual variability of
ISMR. Here, we examine the dynamical response to the two
classes of El Niño and its association with ISMR.
Figure 6a presents anomalies of vector wind shear and
zonal wind shear between lower (1000–850 hPa) and upper
(200–100 hPa) layers during JJAS that follow an exhausted
spring El Niño. It is found that a strong easterly wind shear
(with 99% confidence) dominates over an elongated region
from the Western North Pacific to the Central Arabian Sea
across peninsular India during the JJAS season following an
exhausted spring El Niño. This enhancement of easterly

S

motion is located between 160°E and 165°W.
Figure 4d illustrates the anomalous Walker circulation
during an emerging summer El Niño. Color shades, vectors,
and contours are the same as in Fig. 4c. Vertical velocity portrays the characteristic feature of a classical El Niño in
which significant ascending motion dominates over a longitudinal range of 150°E to 120°W with ascending cores found
over 150°W in the eastern equatorial Pacific Ocean. The
descending motion mostly appears between 90°E and 120°E,
with core descending motion located around the maritime continent and over Indian longitudes. Two weak cores of descending motions are found around 60°E and 70°E. The descending
motion around 70°E has not intruded into the lower levels.
This also suggests that the Walker circulation reinforces the
descending branch of regional Hadley circulation and suppresses the overall convection and hence the rainfall over
the Indian longitudes.
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Fig. 5. VIMFC anomalies during monsoon season overlaid by wind at 850 hPa (a) after an exhausted spring El Niño
and (b) during a concurrent emerging summer El Niño. The shaded (colored) area in the figure represents VIMFC
composite anomalies overlaid with 850 hPa wind vectors that are significant at the 90% confidence level or more.
The dotted area represents VIMFC anomalies significant at the 99% confidence level.
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shear may result from the typical TEJ orientation in
response to the exhausted spring El Niño. Hence, it is worthwhile to examine the position and intensity of TEJ, which
largely determines the upper-level divergence pattern.
Unlike the case of an exhausted spring El Niño, weak easterly
shear over a larger area is observed to the west of 85°E
longitude during emerging summer El Niño (Fig. 6b). The
easterly shear vector is significant at 99% confidence level
and is found north of 15°N. This suggests that the presence
of weak easterly shear over the Indian landmass and the Arabian Sea is unfavorable for normal to above-normal seasonal
rainfall over the southern peninsular region. In addition to
this weak easterly wind shear, the dominance of the descending limb of the regional Hadley circulation, reinforced by
that of the Walker cell over the Indian subcontinent,
explains the reduced convective activity and hence the
deficit ISMR.
TEJ and upper-level divergence

Figure 7a illustrates the zonal wind anomaly at a 99%
confidence level and zonal composite wind at 200 hPa during
JJAS following an exhausted spring El Niño. It is observed
that the maritime continental region has below-normal east-

(b)
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ES
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3.6.

erly winds. Strong and above normal easterly anomalies are
present over central India around 22°N latitude and extending
to the China peninsula. Another region where significant
above-normal easterly winds are found is over the Western
Equatorial Indian Ocean region near the African coast.
Anomalous anticyclonic flow over Tibet pushes the TEJ further south, resulting in the establishment and positioning of
TEJ over SPI and its further extension up to the Western
Equatorial Indian Ocean. The high wind speed on the forward
side of TEJ enhances the upper-level divergence. This upperlevel divergence, together with lower-level moisture convergence in the southeast Arabian Sea, favors convection over
the eastern portion of the southern peninsula. This specific orientation of TEJ is also responsible for the strong elongated
easterly zonal shear zone extending from the maritime continent region to the central Arabian Sea (Fig. 6a).
Figure 7b illustrates the upper-level wind anomaly at
the 99% confidence level and the zonal wind composite at
200 hPa during the monsoon, corresponding to an emerging
summer El Niño. The upper-level wind depicts below-normal
easterly wind over the entire Southeast Asian region. Over
the Indian subcontinent and North Arabian Sea extending to
the Middle East region, easterly wind speed remains
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Fig. 6. Shaded (colored) region portrays wind shear anomalies during monsoon season (a) after an exhausted spring
El Niño and (b) during a concurrent emerging summer El Niño event. The wind vectors are drawn only over the
regions where wind composite anomalies are statistically significant at the 90% confidence level or more. Over the
regions where shear composite anomalies exist, black dots represent those areas significant at the 99% confidence
level.
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significant at the 99% confidence level.
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anomaly of velocity potential and divergent winds during an
emerging summer El Niño. From Fig. 8b, it can be seen that
the core of negative velocity potential has been replaced by
a core of a significant anomalous positive velocity potential
over the equatorial Indian Ocean, near 90°E. The upperlevel convergence overlaid with a positive velocity potential
anomaly is attributed to the descending motion discussed previously in the Walker circulation’s regional effect, as seen
in Fig. 4d. The Walker circulation seems relatively weaker
during the emerging summer El Niño. The descending limb
of Walker circulation is positioned over the equatorial
Indian Ocean near 90° E, and the ascending limb located at
150°W appears to be strong, as indicated by the upper-level
divergence of wind and negative velocity potential
anomaly.

4.

Conclusions

The present study reports the distinct regional monsoon
rainfall response to an exhausted spring El Niño and emerging summer El Niño events. The spatial distribution of JJAS
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reduced. From Fig. 8b, it is clear that a weaker-than-normal
TEJ is more prominent over the Central Bay of Bengal and
north of 10°N over Indian longitudes. In other words, the
southward extension of TEJ is limited. This specific orientation of TEJ is primarily responsible for the weaker easterly
shear over the Indian region, as seen in Fig. 7b.
A wide region of significant negative velocity potential
anomalies is present over the equatorial India ocean West of
110°E as seen during JJAS followed by an exhausted spring
El Niño (Fig. 8a). This anomaly in velocity potential covers
a large area, including the southern tip of the Indian peninsula. A wide region of intense upper-level divergence, centered at 90°E, is also depicted. As a result, strong ascending
motion lies underneath the area shown in Fig. 8a, which is
also evident in Fig. 7a regarding the Walker and Hadley circulation anomalies discussed in the previous sections. Likewise, a very large area of positive velocity potential anomalies
over the equatorial Pacific east of 120° E is overlaid by a
large area of strong upper-level convergence. Thus, Fig. 8a
captures the east-west Walker circulation and its ascending
and descending motions very well. Figure 8b represents the

Fig. 8. The anomaly composite of velocity potential and divergent wind during JJAS after an exhausted
spring El Niño (a) and (b) a concurrent emerging summer El Niño. The color contours are the velocity
potential anomaly, and the vectors represent the divergent wind anomaly. The red lines in the figure represent
the zero velocity potential contour. Dotted areas in the figure are velocity potential anomalies significant at
the 95% confidence level.
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(a)

S

The dynamic response to an exhausted spring El Niño
and an emerging summer El Niño event ultimately induces
a distinct spatial distribution of monsoon rainfall that is
schematically presented in Figs. 9a and 9b, respectively.
The divergence, due to increasing wind speed (Fig. 5a) in
the forward direction of TEJ over Southern Peninsular India,
favors low-level moisture convergence in the southeast Arabian Sea (Fig. 5a). The strong wind on the forward right
side relative to the specific orientation of the TEJ and positioning of LLJ produces a narrow shear-zone region over the
Southern Peninsula. Along with the unique orientation of
the TEJ, LLJ, and vertical wind shear, the ascending motion
due to the combined influence of Hadley and Walker circulation is attributed to the above-normal rainfall over the eastern
part of the southern peninsula. This modulation in the circulation pattern during the JJAS season is immediately followed
by an exhausted spring El Niño, as evident from the velocity
potential anomalies and divergent winds. On the other hand,
a weaker TEJ with its position to the north of Peninsular
India, along with weak low-level convergence and strong
descending motion due to effects of the Hadley and Walker
circulations, suppresses the seasonal monsoon rainfall over
the Indian region during an emerging summer El Niño.
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ES

rainfall over the Indian region following an exhausted
spring El Niño is characterized by a significant enhancement
of rainfall over the eastern part of the SPI and a reduction in
mean rainfall over the core monsoon zone. Several factors
are attributed to the anomalous increase in seasonal monsoon
rainfall over the SPI region following an exhausted spring
El Niño. The most important manifestations of the background monsoon state are the ascending anomalies related
to Hadley circulation between 10°S to 10°N over the Indian
longitudes, which is reinforced with ascending anomalies
associated with the Walker circulation between 60°E and
120°E and its core located between the Indian longitudes
and maritime continent region. The central Indian region
has a negative rainfall anomaly, possibly resulting from a
lack of moisture availability and the descending anomalies
depicted from the Hadley circulation pattern over the region.
The west coast also experienced reduced rainfall during this
period due to the specific orientation of the LLJ, with a
strong LLJ core found south of 15° N.
An emerging summer El Niño is characterized by
reduced seasonal rainfall over a vast area covering central
India and extending to the Himalayas. Some pockets of the
southwest coast of India and northeast India received abovenormal seasonal rainfall. A weaker LLJ, along with a
weaker TEJ whose orientation is skewed northward of its normal position, is present in this case, noting that the proximity
and strength of these features are impotnt – to facilitat the
low-level moisture convergence and upper-level divergence
needed for above-normal rainfall. The descending anomalies
of the Hadley and Walker circulations over the Indian land
region further inhibit convection.
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APPENDIX
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Fig. A1. Composite STD anomaly of rainfall when monsoon coincides with
Concurrent Emerging Summer El Niño and positive IOD.

PR

Fig. A2. Composite of SST anomaly during monsoon with Concurrent Emerging Summer El Niño and positive IOD.
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