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Abstract
In this study, the recent changes in rainfall trend, prominent modes, and interannual variability of Indian summer monsoon
rainfall (ISMR) for the period 1980–2014 is investigated. Rainfall observations showed a decreasing trend during 1980–2000
(period 1) which changed to a significant increasing mode for the period 2001–2014 (period 2). The analysis shows that two
prominent changes in the second period can induce the recent increasing trend of ISMR. The first one is the increased easterly
wind anomalies from the equatorial Pacific associated with recent cooling in the eastern Pacific, and the second one is the
increased cross-equatorial flow in the Indian Ocean as a result of increased land-sea thermal contrast. During the period 2, the
dominant mode of ISMR variability increased and the connection with boundary forcing has intensified. The first mode of ISMR
became strongly related to central and east Pacific SST (El Niño Southern Oscillation (ENSO)) anomalies after 2000, while its
relationship with major SST indices was weak before that. The second mode contributed to around 14% of variability after the
2000s and is strongly related to Indian Ocean Dipole mode. These modes represent the interannual variability of ISMR during
both the periods, and it increases considerably in the second period. Another significant difference between the two periods is that
during period 1, many of the severe monsoon events are independent of ENSO; contrary during period 2, many were associated
with that. Thus along with the significant change in trend, ISMR has stronger interannual variability, which is the prominent
mode of Indian summer monsoon rainfall in the recent period.

1 Introduction

Rainfall during the four months of June to September over the
Indian land region (Indian summer monsoon rainfall (ISMR))
is the major source of water for the millions of people and their
livelihood (Webster et al. 1998). The interannual variability
(IAV) of ISMR is relatively weak, with a standard deviation of
around 10% of the summer mean rainfall (Shukla and Moolay
1987), but is associated with flood/drought-like situation over
the Indian subcontinent, which can determine the socio-
economic situations of the country. The IAVof ISMR largely
depends on major slowly varying boundary forcing such as
sea surface temperature (SST) in the Indo-Pacific region,

Eurasian snow cover/extent, soil moisture variability, etc.
(Charney and Shukla 1981; Webster et al. 1998;
Krishnamurthy and Kinter III 2003). Among these boundary
forcing, variability in the Pacific Ocean associated with El
Niño Southern Oscillation (ENSO) (Walker 1924;
Rasmusson and Carpenter 1983; Webster et al. 1998) and
Indian Ocean Dipole (IOD, Saji et al. 1999; Ashok et al.
2001, 2003; Behera et al. 2006) is the mostly studied factor.
The positive phase of ENSO (El Niño) is associated with the
eastward extension of the western Pacific warm pool to central
equatorial Pacific and thus weakening the meanWalker circu-
lation (Rasmusson and Carpenter 1983). This will induce
anomalous descend over western Pacific and the eastern
Indian Ocean extending to Indian landmasses and accounts
for the below normal ISMR (Rasmusson and Carpenter
1983; Lau and Nath 2000; Pillai and Annamalai 2012). The
opposite situation is associated with the negative phase of
ENSO (La Niña). IOD, which has warm (cool) western equa-
torial Indian Ocean and cool (warm) eastern equatorial Indian
Ocean during its positive (negative) phase, influences the
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ISMR through the modification of local Hadley circulation
(Behera et al. 2006).

Meanwhile, studies like Krishna Kumar et al. (1999, 2006)
have shown that ISMR interannual variability and its relation-
ship with external SST forcing have changed with time. The
strong simultaneous relationship between ENSO and ISMR
weakened during the later part of twentienth century, while the
weak ISMR-IOD relationship gained significant strength
(Ashok et al. 2004) resulting in decadal modulation of
ISMR-tropical SST relationship (IOD and ENSO).
Nevertheless, ISMR also observed to have alternating epochs
of above-normal and below-normal conditions, each lasting
about two to three decades (Parthasarathy et al. 1994;
Kripalani and Kulkarni 1997; Krishnamurthy and Goswami
2000). For example, the study by Kripalani and Kulkarni
(1997) showed that the ISMR time series remained below
normal during 1901–1930 and 1961–1990 period and above
normal during 1871–1900 and 1931–1960 period. If this de-
cadal modulation is natural, ISMR should be in an above-
normal epoch after the 1990s, but reverse situation occurred
in nature.

However, studies on the ISMR variability in the recent
global warming period have different views. Wang et al.
(2013) showed that the northern hemisphere summer mon-
soon rainfall and large-scale circulations intensify after 1978.
Goswami et al. (2006) also pointed out that global warming
will result in the increased frequency of extreme rainfall
events over the Asian region. Model intercomarison study of
Turner and Annamalai (2012) reported that monsoon rainfall
in India is likely to increase in the future. However, studies
like Zhou et al. (2008), Guhathakurta and Rajeevan (2008),
Tokinaga et al. (2012), and Krishnan et al. (2013) indicated
that the monsoon rainfall and large-scale circulations are
weakening over the South Asian region since the 1950s. It is
also showed that even though the extreme rainfall events have
increased over some regions (Goswami et al. 2006), the fre-
quency of moderate-to-heavy rainfall events has decreased
over the subcontinent (Krishnan et al. 2013). Besides, several
recent studies based on the Coupled Model Intercomparison
Project Phase 5 (CMIP5) indicate a significant weakening of
the large-scale Asian summer monsoon circulation, especially
in the middle to the upper atmosphere (Ma and Yu 2014).

Many recent studies discuss the coupled relationship be-
tween the Indian Ocean and monsoon, which can be a poten-
tial reason for the recent weakening of ISMR in the late twen-
tieth century (Swapna et al. 2014; Roxy et al. 2015). Roxy
et al. (2015) showed that recent warming in the Indian Ocean
played a major role in the weakening of the monsoon
circulation and rainfall over central Indian subcontinent. But
Swapna et al. (2014) earlier showed opposite relationship as
the weakenedmonsoon in the recent period is the cause for the
recent warming in the tropical Indian Ocean. They argued that
the weakening of the summer monsoon cross-equatorial flow

increased the SST warming in the central equatorial Indian
Ocean. Another recent study by Arora et al. (2016) showed
that in the recent period after 2000, Indian Ocean warming is
responsible for the hiatus in the Pacific Ocean SST, which
leads to decreased SST in the tropical east Pacific regions.
Recently, Jin and Wang (2017) using different types of ob-
served summer rainfall data showed that ISMR had weaken-
ing trend in the last period of twentieth century, while in the
early twenty-first century, the trend is changed to increasing
trend and they proposed the moisture changes in the pre-
monsoon season as the reason for the increasing trend.

The present study is built on these previous observational
studies (Jin and Wang 2017; Arora et al. 2016; Swapna et al.
2014). Major purpose of this study is to investigate the mech-
anism behind this increasing trend in summer monsoon rain-
fall observed over the Indian region in the recent period and
relate it to the similar changes in the tropical ocean-
atmosphere system. Also, the present study analyzes the
changes in the prominent mode and interannual variability
of ISMR during these two epochs of different ISMR trend
and highlights the reason behind these changes.

2 Data and methodology

The present study uses Indian land region rainfall data from
the University of Delaware (Willmott andMatsuura 2001) and
the India Meteorological Department (IMD) (Rajeevan et al.
2006). As these datasets have only land rainfall, Global
Precipitation Climatology Project (GPCP) monthly rainfall
dataset (Adler et al. 2003) is also used in the study. The study
also uses the Met Office Hadley Centre’s sea ice and sea
surface temperature dataset (HadISST1) (Rayner et al.
2003), NCEP/NCAR Reanalysis1 specific humidity data and
datasets at 850 hPa for zonal (u) and meridional (v) compo-
nents (Kalnay et al. 1996), and the University of Delaware Air
Temperature data (Willmott and Matsuura 2001). All the
datasets are used for the summermonsoon season (JJAS) from
1980 to 2014. The study period is further subdivided into two
distinct periods. The first period is from 1980 to 2000 (period
1), and the second period is from 2001 to 2014 (period 2).

Trend analysis of monthly precipitation anomaly over the
Indian region for the two periods is carried out, and the results
are analyzed. The trend of SST and wind anomalies was
depicted over Indo-Pacific region (30° N–° S, 40° E–90°
W). The composite analysis is done using GPCP rainfall data,
SST, andwind datasets over the same region. This can be quite
useful for exploring the large-scale impacts of teleconnections
from modes of atmospheric variability such as El Niño. To
study the prominent patterns of ISMR, empirical orthogonal
function (EOF) analysis (principal component analysis) has
been done. The correlation of PC values of ISMR with
Niño3 index (5° N–5° S, 150° W–90° W, Trenberth 1997)
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and EMI index (EMI = [SSTA]A – 0.5 × [SSTA]R – 0.5 ×
[SSTA]c, where the brackets in the equation represent the area-
averaged SST anomaly over each of the region A (10° S–10°
N, 165° E–140° W), B (15° S–5° N, 110° W–70° W), and C
(10° S–20° N, 125° E–145° E), respectively (Ashok et al.
2007), and the Indian Ocean Dipole Mode Index (IODMI)
(SSTA difference between the western (10° S–10° N, 50° E–
70° E) and southeastern (10° S to equator, 90° E–110° E)
regions of the tropical Indian Ocean (Saji et al. 1999) are
calculated. These results are used to assess the influence of
canonical ENSO, Modoki, and IOD on ISMR pattern in the
two periods. The PC values of rainfall are regressed with SST
anomalies, GPCP rainfall, and wind anomalies to identify the
large-scale ocean-atmosphere patterns associated with ISMR.

3 Results and discussion

3.1 Observed trend of ISMR and other variables
before and after 2000

In the present section, we try to understand the observed trend
of ISMR and try to relate it to the other variables, such as Indo-
Pacific Ocean SST, land-sea temperature difference, lower
level circulation, and moisture availability, which are related
to the ISMR variability on an interannual timescale. Figure 1 a
and b show the anomaly time series of ISMRwith two periods
from 1980 to 2000 (period 1) and 2001 to 2014 (period 2),
respectively, with linear trend marked in each figure. ISMR
has a decreasing trend with a value of 0.05 per year during first
phase, and in the second period, the rainfall is showing an
increasing trend of 0.12 per year, which is in accordance with
Jin and Wang (2017). Figure 1 c and d show the time series of
JJAS SSTanomaly over the tropical Indian Ocean (30° S–30°
N, 40° E–120° E) and Pacific Ocean (30° S–30° N, 130° E–
270° E) for the two epochs, respectively. Both the tropical
Indian Ocean and the Pacific Ocean had a weak increasing
trend in period 1 (Fig. 1c, 0.008 and 0.010 per year,
respectively). Meanwhile, after 2000, the drastic change oc-
curred in the SST over the two oceans (Fig. 1d), in which the
Pacific Ocean is having a significant decreasing trend (0.005
per year) whereas the Indian Ocean is heating rapidly (increas-
ing trend of 0.011 per year). Thus, the warming tendency of
tropical Indian Ocean increased, and the Pacific Ocean
attained a cooling trend after 2000. These ocean changes prob-
ably affect ISMR through circulation. Figure 2 shows surface
temperature over the Indian Ocean and Indian land region
(10° N–35° N, 70° E–95° E) and 850-hPa wind trend over
the Indo-Pacific region (30° N–30° S, 40° E–90° W), along
with specific humidity over Indian region (10° N–35° N, 70°
E–95° E) for the two epochs under investigation. Land tem-
perature over the Indian monsoon region has similar warming
trend (0.005 per year) as the Indian Ocean during 1980–2000

time (Fig. 2a), while it has more warming trend (0.025 per
year) compared with the Indian Ocean warming in period 2
(Fig. 2b). Thus after 2000, Indian land surface warms more
compared with the Indian Ocean providing a notable land-sea
thermal contrast and drives the circulation towards the mon-
soon region. The spatial trend of 850-hPa wind in both the
periods indicates that in period 1, there is weak easterly trend
in the western Pacific Ocean and easterlies in the equatorial
Indian Ocean (Fig. 2c), whereas in the next period, there is
strong easterly trend in the Pacific and extending to monsoon
region with strong cross-equatorial trend from the Indian
Ocean to Indian land region (Fig. 2d). Associated with these
wind patterns, moisture advection and moisture convergence
over the monsoon region are found to be increased in period 2
(the trend is 0.023 per year) compared with earlier period
(decreasing trend of 0.014 per year) (Fig. 2e, f).

Thus, we can arrive at the possible cause for these two
different trends of ISMR during the two periods. During the
first period, SST over the Indian Ocean is high and the land
temperature is relatively low. This leads to a reduction in land-
sea thermal contrast and weakens the wind flow towards the
land region. SST over the Pacific Ocean is also having an
increasing trend, which is responsible for the reduction in
easterly flow from there. Since there is a huge reduction in
moisture supply from both the Indian Ocean and the Pacific
Ocean to the Indian land region, ISMR is having a decreasing
trend in the first period. However, both SST and air tempera-
ture over the Indian region are having a highly positive trend
and significant meridional gradient also during the second
period. This enhances the cross-equatorial flow from the
Indian Ocean to monsoon region, providing a sufficient
amount of moisture. SST trend over the Pacific is being re-
duced and is favoring the circulation from the eastern Pacific
to monsoon region. Due to the combined effect of these
changes in the Indo-Pacific region, ISMR is showing a signif-
icant increasing trend during the second period. Hence, we
can evidently conclude that the temperature gradient and
strong cooling over the Pacific Ocean are the two most impor-
tant mechanisms behind the increased ISMR during the sec-
ond period.

3.2 Recent changes to the prominent modes of ISMR

The above analysis confirmed that the change in ISMR trend
is associated with ocean-atmospheric changes in the tropical
Indo-Pacific region. An earlier study by Pillai et al. (2019) has
shown that major modes of tropical Pacific SST have under-
gone changes around the period 1998 reducing the co-
occurrence of ENSO and IOD. Thus as the two periods con-
sidered for this study are also fairly matched with the changes,
the variability of the prominent mode of ISMR and their in-
terannual variability in the two epochs are discussed here.
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To understand the prominent patterns of ISMR, EOF anal-
ysis of the land rainfall over the Indian region is performed for
the two selected study periods and is provided in Fig. 3.
During period 1, EOF1 with 19% of total variability has pos-
itive loading in the western part and negative loading in the
eastern central part of India (Fig. 3a). Meanwhile, in period 2,
variability increases to 26% with positive loading over the
majority of Indian land region (Fig. 3b). The EOF time series
(PC1) is strongly related to EMI (cc = 0.60) and Niño3 (cc =
0.51), and the correlation with IOD index is 0.36 in period 2,
while the relationship with tropical SST was weak during the
first period (Table 1). At the same time, EOF2 (11% variabil-
ity) with positive loading in the central and southern Indian
region (Fig. 3c) also has not much relationship with the SST
indices up to 2000. During 2001–2014 period, its variability
increases to 14% with dipole loading (Fig. 3d) and a correla-
tion of 0.53 with IOD index. EOF3 with north–south dipole

rainfall loading explains around 10% variability in both the
periods (Fig. 3e, f) and has a correlation of 0.47 with EMI
index after 2000. EOF4 with 8% of total variability has a
correlation of 0.56 with IOD in period 1 (Fig. 3g) and 0.35
with Niño3 in period 2 (Fig. 3h). Thus in period 1, major
variability of ISMR (EOF1 and EOF2) has not much relation-
ship with tropical SST anomalies, while in period 2, EOF1 is
related to ENSO flavors and EOF2 to Indian Ocean SST
anomalies. The ocean-atmospheric variations associated with
these prominent modes are discussed below.

Fig. 1 Standardized anomalies of ISMR (mm/day) for a 1980–2000 pe-
riod and b 2001–2014 period. c and d same as a and b, respectively, but
for SST (°C) averaged over tropical Indian Ocean (black line) and Pacific

Ocean (red line). The straight line in each panel indicates the linear trend
corresponding to the respective time period

�Fig. 2 Time series of standardized anomalies of surface temperature (°C)
over Indian land region (black line) and over tropical Indian Ocean (red
line) for a period 1 and b period 2. c and d are the spatial pattern of linear
trend of 850-hPa wind (m/s) during these periods, respectively. e and f are
same as a and b, but for specific humidity averaged over Indian land
region
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3.3 SST and circulation changes associated with major
modes of ISMR

Figure 4 shows the spatial pattern of SST, rainfall, and 850-hPa
wind anomalies obtained by the regression of ISMRPC1 of both
the periods. Table 1 also shows the correlation of these PCs with
different SST indices over the Indo-Pacific region. During first
period, the SST anomalies were weakly negative in the central
Pacific and warm in the entire tropical Indian Ocean and western
Pacific (Fig. 4a). Thus, the SST relationship with PC1 is non-
significant for all the SST indices in Table 1. The associated wind
pattern has easterly anomalies in the central Pacific and cyclonic
circulation in the western Indian Ocean region. The cyclonic
circulation in the western Indian Ocean is associated with in-
creased rainfall over the western and southern parts of the coun-
try, and there is negative rainfall in the northeastern part of the
country (Fig. 4c). Meanwhile, during second epoch, the cold
SSTanomalies in the central Pacific are stronger and extend both
eastward and northward. Indian Ocean SST anomalies have op-
posite phase in both the periods (Fig. 4a, b). There are increased
easterly wind anomalies from central Pacific to Indian land re-
gion and have increased cross-equatorial flow in the Indian
Ocean leading to increased convection over the monsoon region
(Fig. 4d). Thus as seen from Table 1, latter period is associated
with SSTanomalies in the tropical Pacific and Indian Oceanwith
strong La Niña like wind from the Pacific and cross-equatorial
flow from the monsoon region leading to stronger ISMR.

The ocean-atmosphere parameters associated with PC2 of
ISMR for both the periods are provided in Fig. 5. Here, there
are weak SSTanomalies (Fig. 5a) and circulation during period
1 with weak convection over monsoon region (Fig. 5c). But in

period 2, there is strong cooling in the eastern Indian Ocean
(Fig. 5b) with easterly wind anomalies converging in the cen-
tral Indian Ocean and northeastern part of India, making strong
north–south dipole rainfall pattern over the monsoon region
(Fig. 5d). The corresponding wind also has easterly wind
anomalies in the eastern Indian Ocean converging in the
south-central region, indicating the formation of dipole like
SST and rainfall anomalies over the Indian Ocean and dipole
anomalies over the monsoon region as indicated by the signif-
icant PC2-IOD correlation during the second period.

Thus, it is clear that the major modes of Indian summer mon-
soon rainfall are weakly related to SST anomalies during 1980–
2000 period, while during the second period, EOF1 is strongly
linked with central and east Pacific SST anomalies and PC2 is
linked to Indian Ocean SST anomalies. The time series of PC1
coincides with the strong and weak monsoon years based on the
JJAS ISMR index. To confirm themajormode of ISMR, a strong
minus weak monsoon year composite of rainfall, 850-hPa wind,
and corresponding SST anomalies are plotted in Fig. 6. The
corresponding SST pattern has cool SSTanomalies in the central
Pacific during period 1 (Fig. 6a), and it extends to the eastern
Pacific in the second period (Fig. 6b). Thus in the second period,
the easterly wind anomalies from the central Pacific are stronger
(Fig. 6d), and both the periods have increased rainfall over the
monsoon region. The strong-weak rainfall composite and corre-
sponding SSTand circulation anomalies have close resemblance
with the spatial pattern of rainfall, SST, and circulation induced
by the first prominent mode of ISMR in both the periods, indi-
cating that extreme events are also modified in both the epochs,
with ISMR having stronger dependence on central and east
Pacific SST in period 2 compared with period 1.

The standard deviation (SD) of ISMR indicates that ISMR
interannual variability increased by around 42% in the recent
period (SD of ISMR is 1.32 in period 1 and 1.74 in period 2).
Moreover, the ISMR interannual variability is strongly associated
with SST anomalies in the tropical Pacific during this time. The
correlation between ISMR and Niño3 index is increased from −
0.22 of 1980–2000 to − 0.76 in the 2001–2014 periods. It is also
known from the years used for the composite in Fig. 6 that,
during 1980–2000 period, out of the four weak years (1982,
1985, 1986, and 1987), only 1982 and 1987 are associated with
El Niño and in the four strong years (1983, 1988, 1990, and
1994), only 1988 is associated with La Niña. Meanwhile, in
the second period, weak years such as 2002 and 2009 are with
strong El Niño and 2004 and 2014 are with weak El Niño in the
Pacific and in the strong years such as 2007 and 2010 are with La
Niña and 2006 and 2013 are independent of La Niña in the
Pacific. Thus, more number of extreme ISMRyears is associated
with ENSO in the Pacific confirming the EOF1 pattern and the
composite pattern in Fig. 6. Thus along with the increase in
ISMR trend, major modes of ISMR variability and its relation-
ship with SST boundary forcing are increased in the present
decade. But the number of strong andweak ISMRyears is almost

�Fig. 3 Spatial loading of prominent modes (EOFs) of JJAS ISMR a
EOF1 for first period and b same for second period. c and d are same
as a and b, but for EOF2, e and f for EOF3 and g and h for EOF4. The
percentage value in bottom right corner of each panel represents the
variability explained by that EOF during the period

Table 1 Correlation of time series of prominent modes (PCs) of ISMR
with EMI, IOD, and Nino3 indices during the periods 1980–2000 and
2001–2014

Period Correlation with

EMI IOD Nino3

1980–2000 EOF1 0.23 0.06 0.1

EOF2 0.17 0.08 0.09

EOF3 0.24 0.03 0.16

EOF4 0.06 0.56 0.47

2001–2014 EOF1 0.6 0.36 0.51

EOF2 0.09 0.53 0.22

EOF3 0.47 0.15 0.13

EOF4 0.07 0.06 0.35
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a b

c d

Fig. 4 JJAS season anomalies obtained by regression of first mode of ISMR (PC1) of a SST (°C) during period 1, b same as a, but for period 2, c rainfall
(mm/day, shaded) and 850-hPa wind (m/s, vector) for period 1, d same as c, but for 2001–2014 period

a b

c d

Fig. 5 JJAS seasonal anomalies of regression of second mode of ISMR
(PC2) of SST (°C) a during 1980–2000 and b during 2001–2014. c
Rainfall (mm/day, shaded) and 850-hPa wind (m/s, vector) for 1980–

2000, d same as c, but for 2001–2014 period obtained by regression of
second mode of ISMR (PC2) during these two periods



equal in both the epochs, even with the positive trend in the
second period. But in the second period, as ISMR relationship
with Niño3 increases and the east Pacific itself has La Niña like
background change, it may positively contribute to an above-
normal condition for ISMR.

4 Summary and conclusion

The present study verifies the reported change in ISMR trend
cantered on the beginning of twenty-first century (Jin and Wang
2017) and confirms the similar changes occurred in the processes
controlling the interannual variability of ISMR. The study points
out that equatorial Pacific SST reversed to a cooling trend from
the early 2000s, while the warming trend in the equatorial Indian
Ocean is intensified. These changes induced an easterly wind
trend in the equatorial central Pacific to monsoon region and
cross-equatorial flow during period 2. In the second period,
Indian land surface is warming faster than the Indian Ocean
region inducing a strong land-sea thermal contrast associated
with stronger cross-equatorial wind towards themonsoon region.

All these changes favor the increased monsoon trend during the
second period compared with the first period, and thus, the study
verifies the increasing trend of ISMR in the recent period.

The changes in major variability of ISMR and the factors
responsible for that are also analyzed in the study. The major
two modes have increased variability in the period 2 with
EOF1 strongly controlled by SST anomalies in the central and
eastern Pacific and EOF2 by the dipole anomalies of equatorial
Indian Ocean.Meanwhile, the role of SSTanomaly in EOF1 and
EOF2 was limited in period 1 with EOF1 having a weak corre-
lation with central Pacific SSTanomalies. The EOF1 of ISMR is
associated with weak SST anomalies in the central Pacific and
weak circulation over the monsoon region. Meanwhile, during
period 2, EOF is strongly dependent on central and east Pacific
SSTwith strongwind anomalies fromboth the Pacific and Indian
Ocean region with stronger variability. EOF2 has strong dipole
pattern of SST in the Indian Ocean after 2000, and so, the major
modes dependmore on the tropical SST forcing during that time.
Further analysis confirms that EOF1 pattern corresponds to
strong and weak ISMR rainfall and corresponding SST and cir-
culation features, and the interannual variability of ISMR is also
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Fig. 6 Strongminus weak Indian summer monsoon year composite anomaly of SST (°C) during a period 1 and b period 2. c and d are rainfall (mm/day,
shaded) and 850-hPa wind (m/s, vector) corresponding to 1980–2000 and 2001–2014 periods, respectively



modified during both the periods and is stronger in the period 2
compared with period 1. Thus, the present study accounts the
observed trend, changes in major modes of ISMR variability and
its interannual variability during the last period of twentieth cen-
tury and early twenty-first century, and it confirms that these
changes are dependent on the changes in the association of
ISMR with other external forcing factors in both the periods.
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