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ABSTRACT

The influence of the tropical Indo-Pacific Ocean heat content on the onset of the Bay of Bengal summer
monsoon (BOBSM) onset was investigated using atmospheric data from the NCEP and ocean subsurface
temperature data from the Japan Metorology Agency (JMA). Results showed that the onset time of the
BOBSM is highly related to the tropical Pacific upper ocean heat content (HC), especially in the key region
of the western Pacific warm pool (WPWP), during the preceding winter and spring. When the HC anomalies
in the WPWP are positive (negative), the onset of the BOBSM is usually early (late). Accompanied by the
variation of the convection activity over the WPWP, mainly induced by the underlying ocean temperature
anomalies, the Walker circulation becomes stronger or weaker. This enhances or weakens the westerly over
the tropical Indian Ocean flowing into the BOB in the boreal spring, which is essential to BOBSM onset. The
possible mechanism of influence of cyclonic/anti-cyclonic circulation over the northwestern tropical Pacific
on BOBSM onset is also discussed.
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1. Introduction

Coupled by atmospheric and oceanic variability,
the Asian monsoon system is one of the most complex
weather and climate phenomena on Earth. It produces
large amounts of rainfall in the tropics and subtropics,
the variability of which is extremely difficult to pre-
dict over any timescale. On a global level, the energy
it releases influences both atmospheric and oceanic
circulations through teleconnection. In the Far East
and South Asia, the seasonal transition from winter
to summer is characterized by abrupt changes in gen-
eral circulation and weather patterns (Murakami and
Matsumoto, 1994), and this usually occurs in May and
June in association with the onset of the Asian mon-
soon (Krishnamuti et al., 1985; Hirasawa et al., 1995).
The onset of the Asian summer monsoon (ASM) in-

dicates the beginning of the rainy season, and study-
ing it is important for understanding the variability
of the Asian monsoon. In addition, small variations
in the timing and quantity of monsoon rainfall may
potentially be significant in terms of consequences for
society (Webster et al., 1998).

Recently, a number of studies have suggested that
ASM onset occurs firstly over the eastern coast of
the Bay of Bengal (BOB), about 10–15 days before
that over the South China Sea (SCS) (He et al., 1996;
Wu and Zhang, 1998a, b, 1999; Qian and Yang, 2000;
Wang and Qian, 2000; Xu and Chan, 2001; Xu et al.,
2001; Mao et al., 2002a, b; Wang and LinHo, 2002; Liu
et al., 2003a, b; Duan et al., 2004; Mao and Wu, 2006).
A strong trough appeared over the BOB before the on-
set of the SCS summer monsoon (SCSSM) during 1997
and 1999 (Lau et al., 1998, 2000), and BOB summer
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monsoon (BOBSM) in 1989 generated favorable con-
ditions for SCSSM onset (Wu and Zhang, 1998a, b,
1999). Studies by Liu et al. (2003a, b) showed that
the vigorous convection over the BOB during and af-
ter BOBSM onset in 1998 led to the development of a
westerly and convection over the northern SCS due to
a Rossby wave response, and that condensation heat-
ing over the northern SCS induced the overturning
of the temperature meridional gradient over the SCS;
hence, the onset of the SCSSM.

Since the 1950s, a number of scientists have stud-
ied the influence of the Tibetan Plateau on the ASM
(e.g. Ye and Gu, 1955; Flohn, 1957; Ye and Zhang,
1974; Luo and Yanai, 1983; Zhang and Tao, 2001;
Liu et al., 2002; Mao and Wu, 2006). Wu and Zhang
(1998a, b, 1999) declared that BOBSM onset is related
to the mechanical and thermal forcing of the Tibetan
Plateau. Some studies have claimed that BOBSM on-
set is associated with the meridional air temperature
gradient at the middle and upper levels in the tropo-
sphere (Mao et al., 2002a, b; Duan et al., 2004; Mao
and Wu, 2006). The springtime mean air tempera-
ture over the Tibetan Plateau could provide a clue for
predicting BOBSM onset qualitatively, because of the
significant correlation that has been shown to exist be-
tween them (Duan et al., 2004). Mao and Wu (2007)
suggested that the strong precursor signals around the
Tibetan Plateau may be partly caused by local snow
cover anomalies, and that an early (late) BOBSM on-
set is preceded by less (more) snow accumulation over
the Tibetan Plateau during the preceding winter.

Wu and Zhang (1998a, b, 1999) also suggested that
the time of BOBSM onset is determined when the fa-
vorable phases of different low-frequency oscillations
are locked over the East Asian monsoon area. These
oscillations include the warm phase of the eastward-
propagating two-to-three-week oscillation (TTO) of
upper-layer temperature in middle latitudes, the rising
phase of the northward-propagating Madden–Julian
oscillation (MJO) of the southern tropical divergence,
and the rising phase of the westward-propagating TTO
of the western Pacific divergence.

Most previous studies have concentrated on exam-
ining the impact of atmospheric conditions on BOBSM
onset. However, knowledge of the role of oceanic vari-
ability is very poor. The pioneering works by Mao and
Wu (2006, 2007) revealed a teleconnection between
BOBSM onset and Pacific ENSO. They interpreted
this teleconnection as changes in middle and upper
tropospheric air temperature over the tropical Indian
Ocean and Asian sector, which result from changes in
Walker circulation and local Hadley circulation. In
their study, SST, one type of air–sea coupled variabil-
ity, was representative of the oceanic signal. However,

compared with the SST field, the ocean heat content
(HC) can better represent the oceanic variability be-
cause of its stability. SST may be influenced by many
factors, such as ocean currents, wind and rainfall, at
different scales. In contrast, HC is influenced mainly
by larger-scale factors and interannual signals. In ad-
dition, HC can reflect the coupled relationship between
large-scale oceanic and atmospheric waves. The sub-
surface variability in the ocean not only reflects the
influences of SST on the atmosphere, but also coveys
the feedback of atmospheric signals to SST (Yan et al.,
2010).

The aim of this study was to identify the influence
of HC on BOBSM onset. The rest of the paper is
organized as follows. Section 2 describes the datasets
and methods. The BOBSM onset index defined in this
paper is introduced in section 3. The relationship be-
tween BOBSM onset and tropical HC, as examined
by correlation analysis and composite analysis, is de-
scribed in section 4. The possible physical mechanism
of the western Pacific warm pool (WPWP) influencing
BOBSM onset is elucidated in section 5. And finally,
section 6 presents the conclusions of the study.

2. Data and methods

The data used for this study were taken from the
NCEP/DOE Reanalysis II dataset. For a detailed de-
scriptions of the dataset, please refer to Kanamitsu et
al. (2002). We used monthly and daily wind fields from
January 1979 to May 2012, with 17 pressure levels in
the vertical direction. The horizontal resolution of the
dataset is 2.5◦ × 2.5◦, covering the global region. The
climatology of the period 1979–2010 was calculated
and subtracted from the individual months to obtain
the monthly anomalies. Velocity potential data from
the NCEP/NCAR Reanalysis I dataset were also used.
For a detailed description of this dataset, please refer
to Kalnay et al. (1996). In this dataset, there are 28
σ levels in the vertical direction, and the horizontal
resolution is the T62 global spectral grid. Data are
available from 1948 to present.

Daily interpolated outgoing longwave radiation
(OLR) data, provided by the National Oceanic and
Atmospheric Administration, were also used (Lieb-
mann and Smith, 1996). These data cover the global
ocean with a horizontal resolution of 2.5◦×2.5◦, and
are available from January 1979 to May 2012.

Ocean temperature reanalysis data from the His-
torical Ocean Temperature Analysis dataset of the
Japan Meteorological Agency (JMA) were utilized
(Ishii et al., 2003, 2005, 2006). These data cover the
global ocean from 90◦S to 90◦N with a horizontal res-
olution of 1◦ × 1◦. There are 16 depth levels from the
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Fig. 1. BOBSM onset indexes over 1979–2012.

surface to 700 m, and the data are available from 1945–
2010. To check the HC derived from the JMA reanal-
ysis data, we also employed Expendable Bathyther-
mograph (XBT) data provided by the Joint Environ-
ment Data Analysis Center (JEDAC), Scripps Insti-
tution of Oceanography (SIO). These data were from
1955–2003 and have a resolution of 5◦(lon.)×2◦(lat.).
They include ocean temperature at 11 vertical lev-
els for the upper 400 m, and by comparing the up-
per ocean HC (0–400 m) fields over the period 1955–
2003 obtained from the JMA and JEDAC, we found
that the two sets of data almost coincide with each
other (not shown). Since the JMA data cover a longer
period, they were our principal source of information
for the present study. In addition, we also used real-
time subsurface ocean temperature data at a mooring
site (2◦N, 137◦E) in the western Pacific to further cor-
roborate the reliability of the ocean temperature data
from JMA. These data were recorded as part of the
TAO/TRITON array project from January 1993 to
April 2012. Hereafter, HC refers to upper ocean heat
content summarized from the surface to 400 m.

Correlation analysis was used to illustrate the po-
tential relationship between two variables. Composite
analysis, which is a common method to present the
responses associated with a certain climate condition
by averaging the data over a given time period, was
also used.

3. BOBSM onset index

Since the monsoon is characterized by alternating
dry and wet conditions and annual wind reversal, its
onset can be decided by rainfall or seasonal changes
in surface wind. Rainfall is a traditional variable to
define monsoon onset. However, systematic rainfall
observations are not available over the ocean. OLR
is an alternative, and Xie and Arkin (1998) showed
that OLR and rainfall are closely related in the trop-
ics. However, locally, the dry–wet transition and wind
change do not always occur at the same time. The

850-hPa westerly over the BOB have been shown to
begin much earlier than deep convection (Murakami
and Matsumoto, 1994), especially when the westerly
there relate to mid-latitude systems before the com-
mencement of summer monsoon. It is good practice
to use combined measures of OLR and low-level winds
when defining monsoon onset. Therefore, in this study,
we defined the onset time as the first pentad during
spring in which OLR and westerly winds averaged for
the area (5◦–15◦N, 90◦–100◦E) satisfied the following
conditions: (a) pentad OLR changed from higher to
lower than 230 W m−2, and sustained for more than
two pentads; (b) the continuous pentads of the west-
erly winds at 850 hPa were longer than two pentads;
and (c) the westerly flow was mainly from the equato-
rial Indian Ocean.

Figure 1a displays the time series of BOBSM on-
set index from 1979–2012 defined under these criteria.
The average BOBSM onset time was pentad 26. This
definition was different from that suggested by Mao et
al. (2002b), who proposed a definition of BOBSM on-
set based on daily mean temperature meridional gradi-
ent in the mid–high troposphere (200–500 hPa) tran-
siting from below to above zero. Compared with the
index defined by Mao et al. (2002b), which was given
in Mao and Wu (2006), we found that during 1980–
2001, the two indexes almost coincide with each other,
except for the years 1982 and 1991. In contrast to
the definition of onset by Mao et al. (2002b), the def-
inition proposed in this paper is more straightforward
and simple.

4. Relationship between BOBSM onset and
tropical ocean HC

4.1 Correlation analysis

The relationship between BOBSM onset and HC
in the tropical Indo-Pacific from the previous October
to May over the period 1979–2010 was studied by cor-
relation analysis. The results are displayed in Fig. 2,
in which a distinct tripolar pattern can be seen. Sig-
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Fig. 2. Lagged correlation maps between BOBSM onset and heat content (HC) in the Indo-Pacific Ocean
from the preceding October to May (1979–2010). Values with confidence level above 99% are shaded.

nificant positive correlations (exceeding the 99% confi-
dence level) were observed in both the western tropical
Indian Ocean and Pacific cold tongue region, whilst
between them the relationship was negative, mainly
in the WPWP. The relatively higher correlation co-
efficients present in the tropical Pacific Ocean, last-
ing from the previous autumn to the spring, imply a
profound influence of the tropical Pacific on BOBSM
onset. Moreover, the largest value appears for the pre-
vious April. Zhang and Levitus (1996) revealed that
subsurface thermal patterns, characterized by a promi-
nent seesaw structure with opposite anomaly polar-
ity in the equatorial and off-equatorial tropical North
Pacific regions, relates to ENSO. The pattern in the
tropical Pacific shown in Fig. 2 is similar to that sug-
gested by Zhang and Levitus (1996). Yu and Qiao
(2003) also confirmed the importance of HC in the
ENSO cycle. This indicates that early (late) onset of
BOBSM generally occurs in a decaying stage of a La
Niña (El Niño) event. We repeated the same corre-
lation analysis with the Scripps JEDAC heat content
data over the period 1979–2003 and obtained similar
results. As shown in Fig. 3a, an out of phase rela-
tionship appeared between BOBSM onset dates and
April HC anomalies in the WPWP region. The corre-

lation coefficient between April HC averaged in the re-
gion (0◦–14◦N, 135◦–150◦E) and BOBSM onset index
was −0.72 over the period 1979–2010, exceeding the
99% confidence level. Meanwhile, the correlation coef-
ficient between April HC at the location (2◦N, 137◦E)
from TAO/TRITON data and BOBSM onset index
during the period 1993–2012 reached −0.74, exceed-
ing the 99% confidence level. Since the real-time HC
data at (2◦N, 137◦E) from the TAO/TRITON dataset
were available, we were able to use them to predict
BOBSM onset. In addition, the correlation between
April HC anomalies averaged in the eastern Pacific
region of (5◦S–5◦N, 220◦–240◦E) and BOBSM onset
reached as high as 0.82 (Fig. 3b). This provided fur-
ther evidence that BOBSM onset relates to ENSO.

Although the highest correlation coefficients be-
tween BOBSM onset and HC were observed in the
eastern tropical Pacific, the western Pacific is located
much nearer to the Asian continent. Furthermore,
since the western Pacific region is a major heat source,
ASM onset still relates closely to the heating transi-
tion over the western Pacific region (Chen et al., 1983;
Huang et al., 2006 and reference therein). Moreover,
over the interannual timescale, from the standard de-
viation field of HC variability, we can see that HC vari-
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Fig. 3. (a) Time series of the April HC anomaly in the WPWP and the
anomalous BOBSM onset index. The solid line with open circles is the
BOBSM onset index. The dash-dotted line with asterisks indicates up-
per 400 m HC averaged in the region (0◦–14◦N, 135◦–150◦E), derived
from JMA ocean temperature data. The dashed line with open circles
denotes upper 400 m HC at (2◦N, 137◦E). (b) Time series of the upper
400-m HC anomaly in the eastern Pacific (EP), averaged in the region
(5◦S–5◦N, 220◦–240◦E) and derived from JMA ocean temperature data
(dash-dotted line with asterisks), and the anomalous BOBSM onset in-
dex (solid line with open circles). All the indices are normalized by the
standard deviation.

Fig. 4. Standard deviation of the 400-m HC during 1979–2010. Units:
◦C m.

ation over the WP was much higher than that over the
eastern Pacific (Fig. 4). This implies that BOBSM on-
set is influenced more by the WPWP. The significant
correlations in the WPWP were confined to north of
equator during the previous fall and winter. From late
winter on, the significant correlation region starts to
extend to the southern hemisphere, and has some de-
gree of symmetry about the equator during spring. In
the next subsection, we will demonstrate that the vari-
ation of the convective activity in this region, which
is modulated by the underlying ocean temperature, is

the key for the early or late onset of the BOBSM.

4.2 Composite analysis

According to the above correlation analysis results,
we know that if HC anomalies in the WPWP re-
gion are negative (positive) in the previous winter and
spring, BOBSM onset is usually later (earlier) than
the mean. During 1979–2012, early BOBSM onset
years with positive HC anomalies in the WPWP re-
gion included 1984, 1985, 1988, 1996, 1999, 2000, 2001,
2002, 2006, 2008, 2009, 2011, and 2012; while the late
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Fig. 5. Composite BOBSM onset warm-minus-cold year differences
of upper 400-m HC (Units: ◦C m) during (a) December–January–
February (DJF) mean, and (b) March–April–May (MAM) mean. Shad-
ing denotes regions where t-test significance is at the 98% confidence
level.

BOBSM onset category, with negative HC anomalies
in the WPWP region, comprised the years 1980, 1981,
1982, 1983, 1987, 1991, 1992, 1993, 1995, 1997, 1998,
2003, and 2010. By comparing with the Niño3 index
(not shown), we can conclude that the tropical Pa-
cific Ocean is in the decaying stage of La Niña for the
first category of years, while the second category com-
prises those years during which the decaying phase of
El Niño events is taking place. This again confirms
that BOBSM onset is closely associated with ENSO
variability, within which the WP plays an important
part. However, not all early (late) BOBSM onset years
corresponded to a warm (cold) WPWP. There were
two exceptions. In 1979, BOBSM onset was later than
the mean, whereas WPWP was warmer than normal
in the previous winter and spring. In contrast, dur-
ing 1994, BOBSM onset was earlier than the mean,
but WPWP was colder than normal. In order to find
how the WPWP affects BOBSM onset, we conducted
composite analysis based on different situations of the
WPWP. Limited by the coverage of the JMA HC data,
we selected 12 major warm WPWP events (1979, 1984,
1985, 1988, 1996, 1999, 2000, 2001, 2002, 2006, 2008,
and 2009) and 14 major cold WPWP events (1980,
1981, 1982, 1983, 1987, 1991, 1992, 1993, 1994, 1995,
1997, 1998, 2003, and 2010) for the composite anal-
ysis. For convenience, these two groups of years will
below be termed the composite warm and cold events,
respectively. In addition, because ENSO events gen-
erally peak during boreal winter, and the correlations
between BOBSM onset and HC in the preceding win-
ter to spring are much larger than those in the pre-

ceding fall, below we focus mainly on the discussion of
atmosphere–ocean variability in the previous winter to
spring.

The composite warm-minus-cold (cold-minus-
warm) differences simply represent anomalies associ-
ated with early (late) BOBSM onset, because the HC
anomalies related to early and late BOBSM onset have
opposite polarities. Figure 5 displays the composite
warm-minus-cold differences of HC anomalies from the
previous winter to spring. We can see that the anoma-
lous HC pattern resembles the structure of the correla-
tion maps in Fig. 2. This further confirms the relation
between BOBSM onset and the oceanic variability re-
vealed by the above correlation analysis.

To illustrate the lower troposphere during early
and late events, we present, in Fig. 6, the composite
850-hPa wind field from pentads 22–27 during early
events (left panel) and late events (right panel). Dur-
ing early events, BOBSM onset occurred in late April,
pentad 24, whereas it took place in mid May during
late cases. The tropical Indian Ocean westerly flowed
into the eastern coastal region of the BOB as early
as pentad 23, resulting in an early onset of BOBSM.
However, the right panel figures in Fig. 6 show that
the westerly did not enter the BOB until pentad 27.
Another remarkable difference is the convection activ-
ity over the eastern Indian Ocean–western Pacific (EI–
WP) region. The convection activity in the EI–WP
was severe as early as pentad 22 for the early events,
while it was very weak all the time before BOBSM
onset.

The question is, how do the oceanic variability and
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Fig. 6. Composite patterns of wind field at 850 hPa (vector) and OLR (shaded; lower than 230 W m−2)
for WPWP warm years (i.e. early BOBSM onset years; left panels) and cold years (i.e. late BOBSM onset
years; right panels) from pentad 22–27. The wind scale is given at the bottom of the figure (Units: m s−1).
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Fig. 6. (Continued)

BOBSM onset connect with each other? By comparing
the wind and OLR fields in the early and late BOBSM
onset events, we can conclude that the strength of the
westerly over the BOB, as well as its time of establish-
ment, was a main factor controlling BOBSM onset.
In addition, the convection activity over the EI–WP
region also influenced BOBSM onset significantly. Ac-
cording to the above results, we anticipate that, from
the viewpoint of tropical oceans, the variation in HC in
the WPWP plays the most important role in BOBSM
onset. It can affect the convection activity over the
EI–WP region, and thus the westerly over the tropical
Indian Ocean. This may be one of the primary ways
in which the WPWP influences BOBSM onset. In or-
der to investigate this hypothesis, we performed the
following composite analysis.

5. Possible mechanism of the effect of tropical
western Pacific HC on BOBSM onset

To elucidate the possible physical mechanism in-
volved in the effect of the WPWP on BOBSM on-
set, we examined the wind field of overlying atmo-
spheric circulation by composite analysis. Figures 7–9

display the composite warm-minus-cold differences for
850-hPa winds, winds at 200 hPa, and vertical veloc-
ity at 500 hPa during the preceding winter and spring,
respectively. Figure 10 shows the same, but for the ve-
locity potential anomaly at the lower (0.84 σ-pressure)
and upper (0.21 σ-pressure) troposphere levels. Fig-
ure 11 shows the same again, but for the net heat flux
during the preceding winter and spring, in which a
negative value means the ocean is losing heat to the
atmosphere.

5.1 Role of the WPWP through affecting the
Walker circulation

During winter time, in response to the ocean tem-
perature warming in the WPWP (Fig. 5a), a pair of
anomalous surface cyclones forms over the southern
and northern Indian Ocean (Fig. 7a). The one in
the northern hemisphere resides in the South Asia–
northern Indian Ocean region. The one to the south
of the equator stretches from the east of Madagas-
car to the west coast of Australia. An anomalous
westerly prevails along the equator over the Indian
Ocean, while an anomalous easterly dominates along
the equatorial western-central Pacific between 140◦E
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Fig. 7. Composite BOBSM onset warm-minus-cold year differences of 850-
hPa wind anomaly during (a) DJF mean, (b) March, (c) April, and (d) May.
The wind scale is given at the bottom of the figure (Units: m s−1). Shad-
ing indicates regions where both of the wind components pass the 98% t-test
significance level.
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Fig. 8. Same as Fig. 7, but for 200-hPa wind anomaly.

and 140◦W. Besides, equatorial central Pacific cool-
ing can also induce a nearby anticyclonic response to
the northwest and southwest of the cooling, contribut-
ing to the equatorial easterly anomalies between 140◦E
and 140◦W (Fig. 7a). In the upper troposphere (200
hPa), a pair of large anomalous anticyclones exists over
the southern and northern Indian Ocean, with a sig-
nificant anomalous easterly from the western tropical

Pacific to the central Indian Ocean along the equator
(Fig. 8a). In contrast, two cyclonic gyres, symmetri-
cal with the equator and just over the counterpart at
850 hPa, dominate the tropical Pacific. An anomalous
westerly prevails along the equator.

These characteristics of the anomalous atmo-
spheric circulation show the structure of Walker cir-
culation. This suggestion can be partially supported
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Fig. 9. Composite BOBSM onset warm-minus-cold year differences of
500-hPa vertical velocity anomaly (Units: 0.01 Pa s−1) during (a) DJF,
(b) MAM. Shading denotes regions of the t-test significance at the 98%
confidence level.

by the composites of velocity potential at lower and
upper troposphere levels, as well as the vertical veloc-
ity at 500 hPa. The maps are depicted in Figs. 9 and
10. The vertical motion features at 500 hPa (Fig. 9a)
are consistent with the velocity potential at the upper
troposphere (Fig. 10b). The latter is characterized by
a dipole pattern with a center of convergence in the
EI–WP and a center of divergence over the eastern
Pacific, coincident with enhanced upward and down-
ward motions in these regions (Figs. 10a, b), respec-
tively. The counterpart in the lower troposphere also
exhibits a dipole structure (Fig. 10a), but with diver-
gence in the EI–WP region and convergence over the
equatorial eastern Pacific. Both the anomalous ver-
tical motion at 500 hPa (Fig. 9a) and velocity poten-
tial fields (Figs. 10a, b) show an almost similar pattern
that is depicted in the anomalous HC field (Fig. 5a).

The anomalous upward motions are found to be
completely coherent with the WPWP region where the
HC anomaly is positive. The downward motion evi-
dently overlays the negative HC anomaly with a slight
westward shift in the central equatorial Pacific. These
observations indicate that the anomalous atmospheric
circulations shown in the composite maps likely stem
from adiabatic ascent and descent caused by the ocean
temperature anomalies. The anomalous ocean tem-
perature forcing in the WPWP produces additional
diabatic heating to the troposphere through enhanced
heat fluxes at the air–sea interface. This is evidenced
by the composite net heat flux shown in Fig. 11a. In
the WPWP, when the HC is positive, the ocean re-

leases heat into the atmosphere. In this region, any
potential energy generated by the diabatic heating can
immediately convert to kinetic energy. Upward mo-
tion can also be intensified by the low-level wind con-
vergence and enhanced diabatic heating, resulting in
a strong ascending branch of the Walker circulation.
Thus, the upward motion transports moisture from the
lower level to the mid troposphere, favoring the devel-
opment of deep convection. This convection finally
results in disturbances in the high troposphere.

In spring, the WPWP HC anomaly continues to
be positive. The anomalous westerly from the trop-
ical Indian Ocean and anomalous easterly from the
western-central Pacific converge into the WPWP re-
gion at the lower troposphere (Figs. 7b–d). The anti-
cyclone pair at 200 hPa, with the northern one located
over the Asian continent and the southern one over the
southeastern Indian Ocean, shows a feature of west-
ward propagation. Easterly anomalies extend north-
westward from the Indo-China peninsula via the BOB
to the Arabian Sea (Figs. 8b–d). The cyclone pair
also maintains in the tropical western-central Pacific,
with westerly anomalies prevailing along the equa-
tor. These features demonstrate that the anomalous
Walker circulation remains strong, which is also evi-
denced by the composite velocity potential (Figs. 10c,
d). This is again manifested by anomalous upward mo-
tions in the WPWP region, whereas anomalous sinking
in both the western tropical Indian Ocean and central
Pacific Ocean (Fig. 9b). As we know, without eternal
forcing, the anomalous atmospheric circulation could
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Fig. 10. Composite BOBSM onset warm-minus-cold year differences of
velocity potential anomaly (Chi; Units: 106 m m s−1) at the lower and
upper troposphere levels during DJF (a–b), and MAM (c–d). Shading
denotes regions of t-test significance at the 98% confidence level.

not last for such a long time. In the WPWP region,
the atmosphere sustains to gain heat flux from the
underlying ocean (Fig. 11b). It is the HC anomalies
stored in the upper layer of the ocean that provide a
successive forcing on the atmosphere (Fig. 5b).

In addition, the effects of the Indian Ocean HC
anomalies on BOBSM onset cannot be neglected.
From Figs. 7b–d, it can be seen that the anomalous
westerly along the Indian Ocean equator, which plays
a significant role in BOBSM onset, begins to move
northward with the seasonal march. Meanwhile, the
HC anomalies in the southwestern Indian Ocean be-

come larger (Fig. 5b). Consequently, the zonal gradi-
ent of ocean temperature in the tropical Indian Ocean
increases. As a result, the northward airflow over the
east coast of Somalia enhances, turning to a westerly
anomaly after crossing the equator, and contributing
to the anomalous Walker circulation at the lower tro-
posphere in the tropical Indian Ocean. Therefore,
the westerly anomalies in the northern Indian Ocean
strengthen and extend from the Arabian Sea via the
BOB to the Indo-China Peninsula, leading to an early
onset of the BOBSM.
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Fig. 11. Same as Fig. 10, but for net heat flux. Positive (negative)
value means ocean gains (loses) heat.

5.2 Role of the cyclone over the northwest
tropical Pacific

Besides the Walker circulation anomaly with up-
ward motion in the EI–WP, a cyclone in the lower
troposphere appears in the northwestern tropical Pa-
cific, in response to the positive HC anomalies in the
WPWP. As shown in Fig. 7, an anomalous northeast-
erly along the margin of the East Asian continent ex-
ists from winter through spring. A notable anoma-
lous southerly appears in March in the region (10◦–
20◦N, 130◦–150◦E), becomes southwesterly by April,
and extends to the northeast at about (150◦E, 30◦N).
An anomalous cyclone forms by this southwesterly
anomaly and northeasterly anomaly along the margin
of the East Asian continent, and intensifies by May.
Previous studies (Wang et al., 2000; Wang and Zhang,
2002) have examined this anomalous circulation on the
decaying phase of ENSO. The anomalous southwest-
erly in the southern flank of the cyclone link together
with the westerly from the BOB, favoring the devel-
opment of a westerly over the BOB. We can see from
Fig. 5b that the underlying HC anomaly is positive by
this time. In other words, the low-pressure centre lo-
cates just over the warm ocean temperature anomalies,
implying an ocean-to-atmosphere forcing. Under the
forcing of the positive oceanic temperature anomalies,
the deep convection in this region develops, leading to
much latent heat release. Thus, a low-pressure center
appears in lower troposphere levels. In contrast, at
200 hPa, an anticyclone develops corresponding to the
counterpart at 850 hPa. Upward motion occurs in the
middle troposphere. The anomalous atmospheric cir-

culation over this region shows a primarily baroclinic
response to the HC anomaly.

This baroclinic structure indicates that the west-
ern Pacific subtropical high (WPSH) weakens, which
can be evidenced by the geopotential height in the
middle troposphere. The composite BOBSM on-
set warm-minus-cold year differences of geopotential
height anomaly at 500 hPa during March–May over
the western Pacific are negative (Fig. 12). The WPSH
in the spring usually extends westward and prevents
the westerly flowing into the BOB. Thus, the weak-
ened subtropical high favors the westerly entering the
BOB. Besides, the Walker circulation can also be in-
tensified by the cyclone at the lower level, leading to
the enhancement of the westerly over the BOB.

Therefore, this cyclone appearing in the early
spring can also contribute to an early BOBSM onset.

6. Conclusions

The idea for this paper arose from trying to find the
precursor for the onset of the BOBSM in the ocean.
Results have shown that the onset time of the BOBSM
correlates highly with WPWP HC during the preced-
ing fall, winter and spring. When the HC anomalies
in the WPWP are positive (negative), the westerly ap-
pears early (late) in the north tropical Indian Ocean
and enters the BOB early (late). This leads to an early
(late) onset of the BOBSM.

Based on the correlation and composite analyses,
we conclude that there are two main possible physical
mechanisms of WPWP HC affecting BOBSM onset,
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Fig. 12. Composite BOBSM onset warm-minus-cold
year differences of geopotential height anomaly (GHT;
units: m) at 500 hPa during (a) March, (b) April, and
(c) May. Shading denotes regions of t-test significance at
the 98% confidence level.

via modulating the westerly anomalies in the tropi-
cal Indian Ocean. Firstly, the Walker circulation be-
comes stronger when the HC anomaly is positive in
the WPWP region, and negative in the central-eastern
tropical Pacific. Thus, the convection activity in the
EI–WP region becomes severe. Surface air (at 850
hPa) flows away from the suppressed convection re-
gions of the western tropical Indian Ocean and central-
eastern tropical Pacific and flows into the WPWP re-
gion. In the upper troposphere (200 hPa), there are

easterly anomalies to the west of the enhanced con-
vection. The westerly from the east of the enhanced
convection flows into the suppressed convection region.
As the direct factor influencing this convection activ-
ity, the thermal state of the WPWP, which modulates
the ocean-to-atmosphere heat flux, is significant for
the onset of BOBSM. Secondly, the cyclone over the
northwestern tropical Pacific induced and maintained
by the underlying ocean temperature anomalies during
spring also affects the onset of the BOBSM. The south-
westerly anomalies in the southern flank of this cyclone
are favorable for the development of the westerly over
the BOB. Besides, this cyclone can make the Walker
circulation strong and the WPSH weak, leading to an
anomalous westerly over the BOB as well. Because
the westerly in the lower troposphere in the tropical
Indian Ocean plays an essential role in BOBSM onset,
we conclude that the WPWP HC is the key factor in
controlling the early/late onset of BOBSM from the
viewpoint of tropical oceans.

As mentioned above, Mao and Wu (2006, 2007)
also suggested that ENSO could influence the onset of
BOBSM. In their study, SST data were used, which
could not purely represent the upper ocean variabil-
ity. The significant correlations between SST and
BOBSM onset only appeared in the preceding winter
and spring. Moreover, they emphasized the impor-
tance of air temperature variation induced by ENSO,
in terms of thermal processes. In contrast, in the
present paper, we have further demonstrated that the
precursory signal for the early or late onset of the
BOBSM can be found in the HC field as early as the
previous fall. Furthermore, we have attempted to elu-
cidate the role that HC plays in influencing the west-
erly to the BOB from the viewpoint of oceanic dynam-
ics.

It is important to note that significant correlation
coefficients between BOBSM onset and HC were also
observed in the eastern tropical Pacific. Thus, the
eastern Pacific HC can also be seen as a precursor.
We anticipate that a combined index of HC over the
western Pacific and eastern Pacific may be more ef-
fective to predict the onset of the BOBSM. Since the
present paper focuses on the role of the WPWP, we
will explore this issue in future work. In addition, the
results reported here were based on statistical analysis;
the physical processes need further exploration using
numerical experiments.

It is worth emphasizing that, since monsoon circu-
lation is driven by the thermal contrast between land
and ocean, an early or late monsoon onset depends
not only on oceanic anomalies but also on continen-
tal anomalies. In this paper, from the point view of
the ocean, oceanic variability in the WPWP region is
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suggested to play a primary role. In fact, as suggested
by previous studies, some continental factors, such as
surface anomalies on the Tibetan Plateau north of the
BOB, are also very important (Wu and Zhang, 1998a,
b, 1999; Mao et al., 2002a, b; Duan et al., 2004; Mao
and Wu, 2006, 2007). There are strong precursory sig-
nals both in the ocean and over the continent.
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