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Abstract Influence of northwest (NW) Pacific anticyclone
on the Indian summer monsoon (ISM), particularly over the
head Bay of Bengal and monsoon trough region, is investi-
gated. Strong NW Pacific anticyclone during summer indu-
ces negative precipitation anomalies over the head Bay of
Bengal and Gangetic Plain region. Westward extension of
moisture divergence and dry moisture transport from NW
Pacific associated with anticyclone (ridge) and local Hadley
cell-induced subsidence are responsible for these negative
precipitation anomalies. The impact is maximum when the
anticyclone and Indian Ocean basin warming co-occur. This
contributes significantly to year-to-year variability of ISM.

1 Introduction

Anomalous high-pressure system with an anticyclonic sur-
face circulation over the northwest (NW) Pacific begins to
appear in the lower troposphere during the mature phase
(winter; seasons are defined like those of the Northern
Hemisphere) of El Niño-Southern Oscillation (ENSO;
Zhang et al. 1996; Wang et al. 2000). The central Pacific
warming helps to set up a favorable large-scale environment
for establishment and maintenance of NW Pacific anticy-
clone through effective air–sea interactions (Wang et al.
2000; Lau and Nath 2003). The central Pacific warming in
winter generates the equator-ward flow to the west of the
warming, strengthening the mean northeasterlies in the
Northern Hemisphere, which in turn intensify the evapora-
tive cooling in the NW Pacific (Wang et al. 2000). The sea

surface temperature (SST) cooling generates an anticyclone
to the west due to a Rossby wave response of suppressed
convective heating (Wang et al. 2000). NW Pacific anticy-
clone (wind anomalies) and surface high during winter and
spring are originated and maintained by the positive ther-
modynamic feedback with in situ negative SST anomalies,
suggestive of a local ocean–atmosphere interaction (Wang et
al. 2000; Lau and Nath 2003). However, such a local feed-
back is not applicable for the persistence of summer anticy-
clone as there is very weak (or negative) correlation between
local SST and rainfall. During summer, the NW Pacific
anticyclone is instead induced remotely by the tropical
Indian Ocean (TIO) SST (Xie et al. 2009) and is strongly
correlated with the preceding El Niño (Wang et al. 2000;
Xie et al. 2009).

The tropical Pacific exerts strong influence over TIO
SST variability during the mature phase of El Niño via
teleconnections (Klein et al. 1999; Alexander et al.
2002; Xie et al. 2009). El Niño-induced basin-wide
TIO warming persists from winter to next summer and
substantially impacts the NW Pacific climate (Xie et al.
2009). The persistent TIO warming influences the atmo-
spheric circulation over south Asia during summer fol-
lowing El Niño (Yang et al. 2007).

The westward extension of the NW Pacific anticy-
clone mainly drives the summer rainfall variability in
East Asia (Wang et al. 2000) and the convection over
the western Pacific region. Moisture supply by the
southwesterlies on the northwest flank of the anticy-
clone leads to enhanced precipitation over the northeast
China and Japan (Wang et al. 2000; Chowdary et al.
2011). Stronger convection over the western Pacific
warm-pool region is associated with the eastern flank
of NW Pacific anticyclone (Lu and Dong 2001).
Though the influence of NW Pacific anticyclone on
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the East-Asian summer monsoon is well established, its
impact on the rainfall over the Indian summer monsoon
(ISM) region is not systematically studied in the past.
The present study addresses this issue in detail, focusing
mainly on the rainfall variability over the head Bay of
Bengal and monsoon trough region.

The paper is organized as follows. The following section
outlines the details of different data sets used in the study.
Section 3 presents the dominant mode of variability in the
NW Pacific mean sea level pressure (SLP). Section 4 dis-
cusses the influence of NW Pacific anticyclone on the ISM.
Underlying mechanisms responsible for rainfall anomalies
(in the ISM region) associated with NW Pacific anticyclone
is discussed in Section 5. The summary is provided in
Section 6.

2 Data used

The Center for Climate Prediction merged analysis for pre-
cipitation (Xie and Arkin 1997) and the European Centre for
Medium-Range Weather Forecasts reanalysis Interim (ERA-
Interim; Dee et al. 2011) data are utilized in the study. ERA-
Interim is the recent global atmospheric reanalysis covering
the period from 1979 to the present and has a horizontal
resolution of 1.5° longitude×1.5° latitude with 37 pressure
levels vertically. Monthly means of selected variables such
as SLP, surface winds, three-dimensional specific humidity
and winds are obtained from ERA-Interim reanalysis. The
National Oceanic and Atmospheric Administration/National
Climate data Center Extended Reconstruction SST version 2
(Smith and Reynolds 2004) is used for the ocean analysis.
High-resolution gridded monthly land rainfall data over the
Indian subcontinent is obtained from the Indian
Meteorological Department (1,803 stations) for the period
of 1979–2010 (Rajeevan et al. 2006). Various statistical
techniques such as empirical orthogonal function (EOF),
correlation and regression are carried out in the present
study. In addition to these, vertically integrated moisture
divergence and transport are computed to determine the
associated physical mechanisms. Niño3.4 (TIO SST) index
is calculated as the average SST anomalies over 170°W–
120°W, 5°S–5°N (40°E–100°E, 20°S–20°N ). To remove
the effect of pronounced intra-seasonal variability over the
Indo-western Pacific Ocean, a 3-month running average is
applied for all data over the study period of 1979–2010.

3 Dominant mode of NW Pacific SLP

Figure 1a shows the spatial pattern of summer (JJA;
Jun–July–August) NW Pacific SLP EOF-1, which
exhibits NW Pacific high extending East-Asian land

mass with the largest loading around 20°N and 150°E
(Xie et al. 2009; Chowdary et al. 2011). The anomalous
anticyclone is consistent with the rainfall distribution
over the NW Pacific and suggestive of their local feed-
back (Chowdary et al. 2010). Not only local precipita-
tion but also rainfall over the Indian subcontinent
(mainly over the monsoon trough region) is influenced
by the NW Pacific anticyclone. The correlation pattern
of land rainfall over the Indian subcontinent with the
first principal component (PC-1, hereafter PC; Fig. 1c)
of SLP is displayed in Fig. 1b. The correlation of 0.30
is significant at 90 % confidence level for 32 years
based on two-tailed student t test. The NW Pacific
JJA SLP PC-1 shows positive peaks during 1979,
1980, 1983, 1988, 1992, 1996, 1998, 1999, 2003,
2008, and 2010. Selection of NW Pacific anticyclone
is based on PC being more than half standard deviation.
About 50 % of the above years are following El Niño
events (summers), which strongly support the role of El
Niño in maintaining the summer anticyclonic circula-
tion. The temporal correlation of PC is 0.40 when
correlated (lagged) with NDJ(0/1) [November(0)–
December(0)–January(1)] Niño 3.4, which is significant
at 95 % confidence level. Therefore, it is essential to
examine the impact of NW Pacific anticyclone on the
ISM rainfall when anticyclone is associated with El
Niño (or with TIO warming) and the years when anti-
cyclone is not associated with El Niño/TIO warming. In
this paper, we denote seasons during the developing and
decay years of El Niño with (0) and (1), respectively.

The TIO basin-wide warming increases the tropospheric
temperature via deep convection, emanating a baroclinic
Kelvin wave into the equatorial Pacific (Xie et al. 2009).
The warm Kelvin wave wedge lowers the SLP in the equa-
torial western Pacific, inducing northeasterly surface wind
anomalies over the subtropical NW Pacific (Xie et al. 2009;
Chowdary et al. 2011). The resultant divergence in the
subtropical NW Pacific suppresses convection. Strong TIO
warming associated with El Niño translates into a pro-
nounced development of atmospheric anomalies over the
NW Pacific (Xie et al. 2009) and South Asia (Yang et al.
2007) during JJA(1) though direct influence of El Niño fade
away. This shows that El Niño does have strong influence
on the NW Pacific anticyclone in JJA(1) through the warm
TIO SST anomalies. NW Pacific anticyclone strength is
high in most of the summer following El Niño compared
to other years.

4 Influence of NW Pacific anticyclone on ISM rainfall

The NW Pacific anticyclone affects summer climate in
most of the Indo-western Pacific region. Figure 2a–c
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show correlation of summer precipitation and 850 hPa
winds with the JJA SLP PC, NDJ(0/1) Niño 3.4 and
JJA TIO SST indices, respectively. Correlation with NW
Pacific SLP PC shows enhanced precipitation anomalies
over the maritime continent, west of India, and from
East China to Japan and decrease over the Gangetic
Plain and NW Pacific regions (Fig. 2a). Strong negative
precipitation over the southwest TIO and intensified-
cross equatorial flow are also evident in Fig. 2a. Over
the north Indian Ocean, northeasterly wind anomalies,
associated with the anticyclone are mainly responsible
for the sustained local warming (Fig. 2d; Du et al.
2009; Chakravorty et al. 2012). Correlation with NW
Pacific SLP PC shows that most of the TIO and some
parts of the western Pacific Ocean are covered with
positive SST anomalies. SLP high in the NW Pacific
extend up to the head Bay of Bengal driving suppressed
convection (Fig. 2d).

Negative rainfall over the NW Pacific and positive
over the TIO and the maritime continent are apparent
when correlated with NDJ(0/1) Niño3.4 (Fig. 2b). The
NW Pacific 850 hPa wind correlation closely resembles
the regression of SLP PC (Fig. 1a) which is characterized
by anticyclonic circulation. TIO warming during JJA(1)
is a robust feature when correlated with NDJ(0/1) Niño
3.4 (Fig. 2e). NW Pacific anticyclone center is shifted to
west of its normal position due to the El Niño forcing.

Anomalous anticyclonic wind associated with high pres-
sure over the NW Pacific is seen when correlated with
JJA TIO SST index (Fig. 2c). It is important to note that
SST correlation with TIO SST index displays different
spatial pattern compared to other two indices. Strong
positive correlation is seen over the western and central
TIO, whereas weak correlation prevails in the southeast-
ern TIO. This suggests that the JJA cooling signals in
the southeastern TIO during the Indian Ocean Dipole
(Saji et al. 1999) years compensate the interannual warm-
ing thereby weakening the correlation there (Fig. 2f).
SLP displays similar spatial patterns over the Indo-
western Pacific when correlated with NW Pacific SLP
PC and TIO SST index (Fig. 2f). For further analysis, we
have used correlation with NW Pacific SLP PC and NDJ
(0/1) Niño 3.4 (lagged) indices. The analysis reveals that
rainfall is weak over the head Bay of Bengal and
Gangetic Plain regions and strong over the west coast
of India when correlated with NDJ(0/1) Niño 3.4/NW
Pacific SLP PC during summer. To verify the impact of
decadal or long-term variations in this interannual sig-
nals, we have removed the 9-year running mean from
dataset and no significant changes are noticed (figure not
shown). This indicates that longer variations such as
decadal changes have very less impact on the current
results. Especially, signals over the NW Pacific and north
Indian Ocean regions showed similar patterns.

Fig. 1 a The first EOF of JJA
SLP anomalies (hPa; shaded)
and 850 hPa wind anomalies (in
meters per second; vectors)
regressed against the
corresponding SLP principal
component (PC), b NW Pacific
SLP PC correlation with JJA
rainfall (only over Indian
land mass), and c NW
Pacific SLP PC and NDJ(0/)
Niño 3.4 time series
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5 Possible mechanisms

A partial correlation analysis was performed between
NW Pacific SLP PC and rainfall (850 hPa wind)
anomalies over the Indo-western Pacific after removing
the effect of the preceding El Niño (Fig. 3a). In re-
sponse to SLP high, anticyclonic circulation is strong
over the NW Pacific and extend to head Bay of Bengal
and some parts of Indian subcontinent (correlation is
weak). A ridge extension causes the head Bay of
Bengal and Gangetic Plain region to dry. Negative rain-
fall correlation is apparent over the southwest TIO
(south of 10°S). In contrast, positive rainfall band in
response to NW Pacific high is seen over the equatorial
TIO including maritime continent. SLP spatial pattern is
consistent with rainfall distribution over the NW Pacific
and north Indian Ocean (Fig. 3b). SST is warm only in
some parts of the north Indian Ocean and negative over
the south-central TIO (Fig. 3b). SST correlations in the
equatorial Indian Ocean are weak in response to NW
Pacific high. Strong moisture divergence associated with
anomalous anticyclone is responsible for negative rain-
fall anomalies over the NW Pacific (Fig. 3c). Vertically
integrated moisture divergence extended towards head
Bay of Bengal in association with anticyclone and in-
duced low rainfall in Gangetic plain region (Fig. 3c).
Moisture divergence and transport support the distribu-
tion of rainfall pattern especially over the southwest
TIO and maritime continent.

Partial correlations with NDJ(0/1) Niño 3.4 SST by
removing NW Pacific high influence is shown in
Fig. 3d. Rainfall correlation is positive over the mari-
time continent, eastern Arabian Sea and southwest TIO.
Negative rainfall correlations are seen over the NW
Pacific and some parts of monsoon trough region.
Wind pattern over the north Indian Ocean is similar
to their correlation with NW Pacific SLP PC.
Figure 3d shows evidence of anomalous summer anti-
cyclone over the NW Pacific in response to preceding
El Niño. Over the western TIO, wind anomalies are
northeasterlies to north and northwesterlies to the south
of the equator when correlated (partial) with NDJ(0/1)
Niño 3.4 index. These wind anomalies are against the
mean winds, causing warm SST in this region by
reducing evaporation (Du et al. 2009). TIO is warmer
in response to El Niño during JJA(1). Strong moisture
convergence and warm SST are responsible for en-
hanced rainfall over the western TIO (Fig. 3d and f).
The weak low-level winds do not necessarily represent
the monsoonal convective strength (Park et al. 2010).
Moist processes such as moist stability and moisture
transport associated with the warmer north Indian
Ocean compensate for the wind effect (Yang et al.
2007; Park et al. 2010). Thus, enhanced rainfall over
Western Ghats and Southern peninsular India in JJA(1)
is due to the El Niño-induced TIO warming. Increased
rainfall over maritime continent is also associated with
local SST and moisture convergence (Fig. 3f). On the

Fig. 2 a Correlation of JJA precipitation (shaded) and 850 hPa winds
(vectors) with NW Pacific SLP PC, b same as a but correlation with
NDJ(0/1) Niño-3.4 SST (lagged) and c same as a but correlation with

JJA TIO SST index. d–f same as a–c but for SST (shaded and white
contours) and SLP (black contours). Contours represent correlation
above 0.3
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other hand, strong moisture divergence associated with
anomalous anticyclone over the NW Pacific is respon-
sible for negative rainfall anomalies in this region.
Moisture divergence extended towards head Bay of
Bengal suppresses rainfall over the monsoon trough
region. In general, the moisture transport from adjacent
seas exerts important influences on ISM rainfall.
Figure 3c and f show that wind (transport) anomalies
associated with anomalous westward (northwestwards)
extension of NW Pacific anticyclone are opposite to the
climatological forcing. This helps to reduce the mean
moisture transport over the monsoon trough and head
Bay of Bengal regions. The weak mean moisture trans-
port thereby accounts for the decreased rainfall over the
central and northeast India. The circulation responsible
for dry moisture transport into the continent is associ-
ated with NW Pacific anticyclone.

Figure 4a illustrates climatological JJA Hadley cell
(averaged zonally between 80°E and 100°E) with upward
motions from 10°S to 25°N and subsidence in the region
south of 10°S. During the years of strong anticyclone,

weakening of upward motion over the head Bay of
Bengal (including some parts of Indian land region) and
strengthening over the equatorial region are evident
(Fig. 4b and c). This shows the weakening of large-
scale monsoon Hadley cell. Partial correlation revealed
that strong divergence over NW Pacific causes anoma-
lous convergence over the maritime continent (which is a
positive feedback) and southern Bay of Bengal (Fig. 3c).
Enhanced convection over this region produces upward
motion and resultant subsidence is seen in the region
north of 15°N (Fig. 4b). This further reduces the rainfall
over head Bay of Bengal and some parts of northeast India.
Anomalous divergence supports this claim. Similar circulation
pattern is evident when correlated with NDJ(0/1) Niño 3.4
(lagged). Convection over the east equatorial Indian Ocean is
associated with local warm SSTand NW Pacific high (Fig. 3d
and e). Upward motion in the region south of 10°N and
subsidence in the north are apparent in Fig. 4c. Anomalous
Hadley cells in both cases provide dynamical support for
subsidence over the head Bay of Bengal and enhanced con-
vection in the east equatorial Indian Ocean.

Fig. 3 Partial correlation of
NW Pacific JJA SLP PC (effect
of the preceding El Niño (NDJ
(0/1) Niño-3.4) is removed)
with anomalies of a
precipitation (shaded) and
850 hPa (vectors), b SST
(shaded) and SLP (contour),
and c vertically integrated
moisture divergence (shaded)
and transport (vectors). d–f
same as a–c but correlation
(lagged) with NDJ(0/1)
Niño-3.4 SST index (NW
Pacific anticyclone (JJA SLP
PC) influence is removed)
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Overall, extended moisture divergence from NW
Pacific (associated with anticyclone) and local Hadley
cell-induced subsidence are responsible for negative
precipitation anomalies over the head Bay of Bengal
and monsoon trough region. It is important to note that
both NW Pacific anticyclone and warm TIO SST
anomalies together produce strong impact on ISM rain-
fall than the individual forcing. This is supported by
the total correlation of SLP PC with moisture diver-
gence and local Hadley cell (Fig. 5). Correlation of
NDJ Niño 3.4 also displayed similar strong moisture
divergence and subsidence in the region north 10°N
(figure not shown).

6 Summary

We examined the impact of JJA NW Pacific anticyclone on
the ISM, in particular, over the head Bay of Bengal and
monsoon trough regions. Anomalous NW Pacific anticy-
clone is known to occur during summer after peak phase
of El Niño, which is strongly influenced by El Niño-induced
TIO SST warming (Xie et al. 2009). Local air–sea interac-
tions and central Pacific cooling are important for maintain-
ing the anticyclone when it is not associated with El Niño/
TIO warming (Chowdary et al. 2010). It is observed that
50 % of summer NW Pacific anticyclone years are indepen-
dent of El Niño and TIO warming. Therefore, impact of NW

Fig. 4 a The JJA
climatological horizontal
divergence (in per second) at
different levels (shaded) and
monsoon Hadley cell shown by
the cross-section of meridional
and vertical wind components
(vectors) averaged longitudi-
nally between 80–100°E. The
vertical velocity (10−2Pas−1) is
taken with negative sign. b
Same as in a except for partial
correlation with NW Pacific
JJA SLP PC (effect of the pre-
ceding El Niño (NDJ(0/1))
Niño-3.4) and c same as a
except for partial correlation
NDJ(0/1) Niño-3.4 SST index
(NW Pacific anticyclone (JJA
SLP PC) influence is removed)
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Pacific anticyclone on ISM is investigated using partial
correlation analysis to isolate the individual forcing.

We found that NW Pacific anticyclone co-occurring with
TIO basin-wide warming produce strong impact on ISM.
Two possible mechanisms are identified. One is westward
extension of moisture divergence from NW Pacific associ-
ated with anticyclone (ridge) and second is the subsidence
related to local Hadley cell. Both mechanisms together are
primarily responsible for negative precipitation anomalies
over the head Bay of Bengal and monsoon trough region.
Strong convection over the east equatorial Indian Ocean and
maritime continent causes subsidence in the region north of
15°N through local Hadley cell, providing dynamical
support.

The summer NW SLP PC is highly correlated (r00.57)
with JJA ISM rainfall PC-4 (Fig. 6; corresponding to EOF-
4). The fourth leading mode of the JJA ISM rainfall
accounts for 6.54 % variability which involves a pattern of
precipitation with negative sign in the Gangetic Plain region
and above normal rainfall over peninsular India to the east
of the Western Ghats. Higher modes of ISM rainfall and
their relationship with SST and circulation are examined by
Mishra et al. (2012). It is important to note that the variance
explained by EOF-2 in their study is 9 %. Thus, it is
essential to understand atmospheric patterns related to ISM
rainfall interannual variability though percentage of vari-
ance explained by EOF modes is relatively less. Spatial
patterns of SLP (correlation) and circulation (regression

Fig. 6 a JJA precipitation
EOF-4 (in millimeters per day)
for Indian land mass, b correla-
tion of SLP and regression of
850 hPa wind anomalies (in
meters per second) with rainfall
PC corresponding to (a), and (c)
rainfall PC time series

Fig. 5 Correlation of the NW
Pacific JJA SLP PC with
anomalies of a vertically
integrated moisture divergence
(shaded) and transport (vectors)
and b horizontal divergences
(shaded) and meridional and
vertical wind components
(vectors) averaged
longitudinally between 80 and
100°E (monsoon Hadley cell).
The vertical velocity is taken
with negative sign
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with PC-4) corresponding to ISM rainfall EOF-4 is shown
in Fig. 6b. These patterns are similar to NW Pacific anticy-
clone (Fig. 1a), indicating the importance of its contribution
to interannual variability of ISM rainfall through moisture
divergence and local Hadley cell.
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