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of the WPSH lessen SC rainfall. In late onset years the 
opposite occurs.
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1  Introduction

Monsoon onset is the most important subseasonal variabil-
ity in monsoon systems. It characterizes the beginning of 
the rainy season and large-scale convection, and an abrupt 
change of atmospheric circulation (e.g., Wang and Ding 
1997; Hsu et al. 1999; Li and Qu 2000, Zhang and Li 2008, 
Pai and Nair, 2009; Saini et al. 2011). Therefore, early or 
late monsoon onset may have an appreciable influence on 
precipitation, leading to variation in the timing of agrarian 
ploughing and planting in monsoon-affected regions.

Many onset indices have been proposed based on abrupt 
changes in large-scale atmospheric structures, with hori-
zontal wind (e.g., Webster and Yang 1992; Lu and Chan 
1999; Li and Zeng 2002; Wang et al. 2004) and precipita-
tion (e.g., Tao and Chen 1988; Webster et al. 1998; Zhang 
et  al. 2002b) being the most common atmospheric vari-
ables used for defining onset indices. The onset dates of the 
Asian summer monsoon (ASM) have some extent differ-
ence owing to differences in indices or definitions of indi-
ces. Thus, many unified onset indices have been proposed 
with the deepening of research (e.g., Mao et  al. 2002a, 
b; Wang and LinHo 2002; Li and Zhang 2009). The rel-
evant studies based on these onset indices have indicated 
that, despite some discrepancies in onset indices and data, 
the onset of the ASM occurs firstly over the Bay of Ben-
gal (BoB) in late April to early May (e.g., Wu and Zhang 
1998; Mao et al. 2002a, b; Wang and LinHo 2002; Li and 

Abstract  The impact of early and late Bay of Bengal 
(BoB) summer monsoon (BoBSM) onset on Asian precipi-
tation in May is investigated. When the BoBSM occurs ear-
lier (later), May rainfall tends to be enhanced (suppressed) 
in the southern Indian peninsula (SIP), the Indochinese 
peninsula (ICP), southwest China (SWC) and the South 
China Sea (SCS), while south China (SC) rainfall tends to 
be suppressed (enhanced). When the BoBSM occurs ear-
lier than the climatological mean (late April), strong con-
vective activity emerges earlier over the BoB, which causes 
local strong convective heating earlier. Then, earlier spread 
of heating in the BoB towards both sides leads to ear-
lier retreat of the subtropical highs in the western Pacific 
(WPSH) and Indian Ocean outwards the BoB. Thus, com-
pared to the climatological mean, the two subtropical highs 
present larger retreat outwards the BoB and smaller meridi-
onal extent over the SCS and Arabian Sea in May, which 
contributes to positive heating anomalies over the SCS and 
Arabian Sea. Therefore, anomalous cyclonic circulations 
occur over the BoB, SCS and Arabian Sea in May. Anoma-
lous cyclonic circulation is favorable for low-level conver-
gence over the SIP, and thus resulting in local heavy rain-
fall. Associated with cyclonic circulation anomalies over 
the BoB and SCS, anomalous low-level convergent winds 
and ascending flows favor positive precipitation anomalies 
in the ICP, SWC, and SCS, while anomalous northeaster-
lies and descending flows affected by the southward retreat 
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Zhang 2009). After the onset of the BoB summer monsoon 
(BoBSM), the rain belt moves northeastward and north-
westward, accompanying the summer monsoon onset on 
either side of the BoB.

ASM onset has significant interannual variability, and 
the range between the earliest and latest onset dates of 
the ASM can exceed 1  month (e.g., Lau and Yang 1997; 
Krishnamurthy and Shukla 2000; Mao and Wu 2007; Pai 
and Nair 2009; Jiang 2011). Many authors have discussed 
the factors affecting the interannual variation of monsoon 
onset, such as the El Niño Southern Oscillation (ENSO) 
and snow accumulation over the Tibetan Plateau (e.g., Mao 
and Wu 2007), the timing of the establishment of the sub-
tropical high in South Asia (e.g., Wang and Guo 2012), 
and the interannual variation of local sea surface tem-
perature (SST) (e.g., Jiang and Li 2011; Yu et  al. 2012). 
Equally, many studies have been devoted to understanding 
the impact of early and late monsoon onset in the BOB on 
the subsequent monsoon onset and climate over local and 
remote regions.

Results from Liu et al. (2002) indicate that latent heat-
ing associated with the BoBSM onset may result in verti-
cal ascent over the northern South China Sea (SCS) as an 
asymmetric Rossby wave response, causing overturning of 
the meridional temperature gradient over the SCS, which 
leads to the SCS summer monsoon (SCSSM) onset. Tamura 
and Koike (2010) show that convective heating around the 
BoB induces an upper tropospheric warming southwest of 
the Tibetan Plateau, which is necessary for the Indian sum-
mer monsoon (ISM) onset. Besides the important climatic 
influence of early and late BoBSM onset on monsoon onset 
in other regions, the BoBSM onset date also has a wide 
spread influence on rainfall and water vapor transport in 
Yunnan, China (Yan et al. 2003; Chen et al. 2006). Further-
more, Huang et al. (2004) find that early and late SCSSM 
onset affects summer (June–August) rainfall in the Yangtze 
River basin in China through its influence on the meridi-
onal position of the subtropical high in the western Pacific 
(WPSH). Liu and Ding (2008) show that a teleconnection 
pattern develops over an area from the west of the Indian 
peninsula to the Yangtze River basin after the ISM onset. 
ASM circulation systems undergo a series of changes 
accompanying the development of the teleconnection pat-
tern, triggering the onset of the Meiyu in the Yangtze River 
basin, China. Because the BoBSM occurs earlier in the sea-
son, an early or late BoBSM onset has a more important 
role in climate over local and remote regions.

May is the key month that the ASM and rainy season 
occur over wider regions in Asia (e.g., Wang and LinHo 
2002; Li and Zhang 2009) and the transition month that 
weather and climate begin to adjust in the Northern Hemi-
sphere (e.g., Lau and Yang 1997), so May climate, especially 
precipitation should be of concern for its great influence on 

agriculture and economy in Asia. The BoBSM usually occurs 
in late April, and previous studies (Yan et  al. 2003; Chen 
et al. 2006) indicated the relationship between the BoBSM 
onset and on rainfall and water vapor transport in May in 
Yunnan, China, therefore, May precipitation in Asia is prob-
ably affected by the early and late BoBSM onset. However, 
there has been little focus on the impact of the early and late 
BoBSM onset on precipitation over more extensive regions 
in Asian in previous studies. Thus, it is necessary to further 
study the impact and underlying physical mechanisms of the 
early and late BoBSM onset on Asian precipitation in May.

The remainder of this paper is organized as follows. 
In Sect. 2, we describe the data and methods used in this 
study. In Sect.  3, we examine the relationship between 
the BoBSM onset dates and Asian precipitation in May. 
In Sect.  4, we analyze atmospheric circulation anomalies 
affecting Asian precipitation and their possible causes. A 
summary of the results is provided in Sect. 5.

2 � Data and methodology

In the present study, three precipitation datasets are used: 
version 2.2 of monthly precipitation from the Global Pre-
cipitation Climatology Project (GPCP) (Adler et al. 2003), 
monthly precipitation data from the National Oceanic 
and Atmospheric Administration (NOAA) PRECipitation 
REConstruction over Land (PREC/L) (Chen et  al. 2002), 
and monthly data from 572 stations provided by the Chi-
nese Meteorological Data Center. Daily and monthly 
atmospheric fields are taken from the second version of the 
National Center for Environmental Prediction–National 
Center for Atmospheric Research (NCEP/NCAR) reanaly-
sis (Kanamitsu et  al. 2002). Daily and monthly NOAA 
Outgoing Longwave Radiation (OLR) is provided by the 
Climate Diagnostics Center (CDC) (Liebmann and Smith 
1996). Global monthly SST data are from version 3b of the 
Extended Reconstruction SST (ERSST) (Smith et al. 2008). 
All data used in this study cover the period 1979–2013.

Zonal wind index (Jiang 2011) is used to characterize 
the interannual variation of the BoBSM onset in this study. 
Based on the 925 hPa zonal wind, the BoBSM onset date 
is defined as the first day after April 1 on which the aver-
age 925 hPa zonal wind over 80°–95°E, 2.5°–10°N (U) is 
more than 3.0 m s−1 in the following 7 days (including the 
onset day). The SCSSM onset date is defined by the first 
pentad that satisfies the following two criteria (Xie and Dai 
2001): (a) the areal average zonal wind at 850  hPa over 
105°–120°E and 5°–15°N (USCS) is more than 0 m s−1 in 
the onset pentad; (b) positive USCS must last for at least 2 
pentads (including the onset pentad). Dates of summer 
monsoon onset over Kerala (MOK) are derived from Indian 
Meteorological Department (IMD).
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The method used to locate the subtropical high ridge 
was elaborated by Li and Chou (1998) and Zhan et  al. 
(2005). The characteristic line with u = 0, ∂u/∂y > 0 over 
subtropical areas is used to identify the subtropical zonal 
ridge.

The apparent heat source Q1 (Yanai et al. 1973, 1992) is 
defined by

where θ is the potential temperature, V is the horizontal 
velocity, ω is the vertical p-velocity, and p is the pressure. 
In the equation k = R/CP, where R and CP are the gas con-
stant and the specific heat at constant pressure of dry air, 
respectively, p0 = 1000 hPa, and ∇ is the isobaric gradient 
operator. Atmospheric heat sources of the whole atmos-
phere column could be obtained by integrating Eq.  (1) 
from the tropopause (taken as 100  hPa) to the surface 
(1000 hPa).

3 � Relationship between the BoBSM onset date 
and Asian precipitation in May

3.1 � Interannual variability of the BoBSM onset

Figure 1 show BoBSM onset dates for each individual year, 
based on the U index defined in the previous section. Inter-
annual BoBSM onset dates differ significantly, with the 
range between the earliest and latest onset dates exceed-
ing 1 month (Fig. 1). The climatological mean onset date is 
April 26, with a standard deviation of 12 days. Our result is 
consistent with previous results, despite slight differences 
in indices used in these studies (e.g., Mao and Wu 2007; 
Xing and Huang 2013).

The result indicates that U index is effective in charac-
terizing the interannual variation of the BoBSM onset, and 

(1)Q1 = Cp

(

p
/

p0
)k(

∂θ
/

∂t + V · ∇θ + ω∂θ
/

∂p
)

,

then the index is used to analyze the relationship between 
BoBSM onset dates and precipitation.

3.2 � Correlation between BoBSM onset dates and Asian 
precipitation in May

Figure  2 displays spatial distributions of the correlation 
coefficients between the BoBSM onset dates defined by the 

Fig. 1   Time series of the BoBSM onset dates defined by the U index. 
All dates are Julian days in the calendar year

Fig. 2   Correlation between time series of dates of the BoBSM onset 
and precipitation in May. Negative contours are in broken lines. The 
colors shadings from light to dark indicate the 90, 95 and 99 % confi-
dence levels according to a student’s t test

(a)

(b)

Fig. 3   a Correlation between the time series of the previous win-
ter Niño 3 index and precipitation in May, and b partial correlations 
between the time series of BoBSM onset dates and precipitation in 
May, after removing the effects of the previous winter ENSO index. 
Negative contours are in broken lines. The color shadings from light 
to dark indicate the 90, 95 and 99 % confidence levels according to a 
student’s t-test
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U index and precipitation in May. Correlation coefficients 
over the colored areas are statistically significant, but weak 
to moderate (exceeding 0.28 or less than −0.28). It is seen 
that significant negative correlations between the U index 
and precipitation are observed over the southern Indian 
peninsula (SIP), Indochinese peninsula (ICP), southwest 
China (SWC) and the SCS to the east of the Philippines, 
while significant positive correlations are found over south 
China (SC) (Fig. 2).

Considering that ENSO is a very strong interannual 
signal and has a remote influence on other regions (e.g., 
Ropelewski and Halpert 1987; Wang et al. 2000; Feng and 
Li 2011), Fig.  3a shows correlations between the winter 
ENSO index and precipitation in May. Significant cor-
relations in the tropics are distributed over the ICP and 
the southern SCS to the east of the Philippines, while lit-
tle significant correlations are distributed over the SIP and 
SC. Upon comparison of Figs. 2 and 3a, it is clear that the 
significant correlation signal over the SIP and SC in Fig. 2 
does not originate directly from ENSO. Furthermore, as 
ENSO and the BoBSM onset show some covariability 
(Mao and Wu 2007), partial correlation is used to exclude 
the possible effects of ENSO. Areas of significant corre-
lation decrease after removing the previous winter ENSO 
signal, but the spatial distributions in Fig. 3b are very close 
to that in Fig. 2, confirming that the relationship between 
the early and late BoBSM onset and May rainfall in Asia 
doesn’t completely depend on the ENSO. Moreover, we 
obtain similar results (figures not shown) using the PREC/L 
dataset (Chen et al. 2002).

To further identify the relationship between the BoBSM 
onset and precipitation in China, correlations between 
BoBSM onset dates defined by the U index and observed 
precipitation in China are shown in Fig. 4. The main region 
of significantly negative correlation is located in SWC. 
This is consistent with the above result (Fig. 2) and previ-
ous studies that show that the BoBSM activity affects Yun-
nan precipitation in May (Yan et al. 2003). The main region 
with significant positive correlations is observed over SC 
(Fig. 4), again in agreement with the results in Fig. 2.

4 � Atmospheric circulation anomalies affecting 
Asian precipitation and the possible causes

To examine circulation anomalies responsible for the link-
age between the BoBSM onset and Asian precipitation, 
composite analyses are made for early and late onset years. 
Years of earlier and later BoBSM defined as years when the 
anomaly of the BoBSM onset date is less than one nega-
tive standard deviation or greater than one positive stand-
ard deviation, respectively. Figure  5 shows the composite 
in 850 hPa winds and vertical velocity in May during the 

earlier and later BoBSM years and the composite difference 
with respect to the U index. When the BoBSM occurs ear-
lier (later), anomalous cyclonic (anticyclonic) circulation in 
the lower troposphere is present over the northwest of the 
BoB, SCS and Arabian Sea, respectively, and anomalous 
low-level westerlies (easterlies) prevail in the equatorial 
Indian Ocean (IO) to the east of the Philippines. The results 
also clearly show that northeasterlies (southwesterlies) are 
found over SC, while northeasterlies (southwesterlies) and 
southwesterlies (northeasterlies) converge (diverge) toward 
(away from) the ICP in the lower troposphere (Fig. 5a, c, e). 
Furthermore, the composites in vertical velocity at 850 hPa 
based on the U index (Fig.  5b, d, f) show that, when the 
BoBSM occurs earlier (later), there is anomalous ascending 
(descending) flow in the SIP, the BoB, and the ICP to the 
east of the Philippines, accompanying anomalous descend-
ing (ascending) flow over the eastern part of the central 
Indian peninsula and SC in the lower troposphere.

Therefore, when the BoBSM starts earlier, anomalous 
cyclonic circulation over the Arabian Sea to the west of 
Indian peninsula enhances local westerly components, 
and weakens local northerly components (figures not 
shown). These westerlies and southwesterlies anomalies 
are favorable for the lower-tropospheric convergence over 
the SIP, and thus resulting in local heavy rainfall. Anoma-
lous cyclonic circulation over the BoB corresponds well to 
local climatological winds, while the anomalous cyclonic 
circulation over the SCS is contrary to local climatologcial 
winds (figures not shown). Associated with cyclonic circu-
lation anomalies over the BoB and SCS, anomalous low-
level convergent wind and ascending flows induce vertical 
transport of moisture anomalies, leading to heavy rain over 

Fig. 4   Correlation between the time series of BoBSM onset and pre-
cipitation over China in May based on station data. Negative contours 
are in broken lines. The shading and marked stations indicate correla-
tions significant at the 90 % confidence level according to a student’s 
t-test



1965Effect of the early and late onset of summer monsoon over the Bay of Bengal on Asian…

1 3

the ICP and SCS, and anomalous southeasterlies transport 
more water vapor to SWC. Moreover, low-level north-
easterlies and descending flow anomalies reduce moisture 
transport into SC where precipitation decreases, and vice 
versa.

In addition to the circulation anomalies in the lower 
troposphere, there is significant interannual variation of 
the subtropical highs in the middle troposphere. We meas-
ure the subtropical highs by the contour lines for 5870 or 
5875  gpm (owing to differences in intensity for different 
cases) and zonal ridgelines. As shown in Fig. 6, there are 
remarkable differences in extent of the WPSH and subtrop-
ical high in the Indian Ocean (IOSH) for earlier and later 
cases. When the BoBSM occurs earlier, both of the ranges 
become smaller as a whole as compared to the climatologi-
cal mean. In zonal direction, the WPSH shifts eastward into 
the southern ICP from the eastern BoB, and the IOSH shifts 
westward into the Arabian Sea from the Indian peninsula. 
The northern flank of WPSH retreats southward from the 
north of Hainan Island, China (HIC) to the south. Mean-
while, the zonal ridge breaks and moves outwards the BoB 
as compared with the climatological mean (Fig. 6a). When 

the BoBSM occurs later, the zonal ridge even doesn’t break 
over the BoB. Meanwhile, the WPSH and IOSH enlarge, 
strengthen and extended towards the BoB as compared to 
the climatological mean (Fig.  6b), which show opposite 
variations to earlier cases. These changes are more favora-
ble to cyclonic circulation anomalies over the Arabian Sea 
and SCS, and thus results in anomalous northeasterlies and 
descending flows over SC for earlier onset years (Fig. 5a, 
b), while the situation is reversed for later onset years 
(Fig. 5c, d).

How does the early and late BoBSM onset affect anom-
alous atmospheric circulation? Figure  7 shows composite 
patterns of SST anomalies (SSTA) for the early and late 
onset categories. When the BoBSM occurs earlier, there 
are significant negative anomalies in the tropical IO to the 
SCS; that is to say, SST is colder than the climatological 
mean (Fig. 7a, b). The opposite is true when the BoBSM 
occurs later (Fig. 7c, d). Atmospheric heating is closely to 
SSTA in tropics, and positive and negative heating induce 
cyclonic and anticyclonic circulation anomalies in the west 
region, respectively (e.g., Gill 1980; Yanai and Tomita 
1998). Thus, negative (positive) SSTA from the tropical IO 

(a) (b)

(c) (d)

(e) (f)

Fig. 5   Composite for a, c 850 hPa wind (m  s−1) and b, d vertical 
velocity (Pa s−1) during earlier and later BoBSM onset years in May, 
and the composite differences in e 850 hPa wind (m s−1) and f verti-
cal velocity (Pa  s−1). Negative contours are in broken lines in b, d, 
f. The shading in a, c and e indicates significance at the 90 % con-

fidence level from a student’s t-test. The shading in b, d and f indi-
cates areas of absolute vertical speed greater than 0.01 hPa s−1, and 
the black solid dots indicate significance at the 90 % confidence level 
according to a student’s t-test
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to the SCS in early (late) BoBSM onsets are not consist-
ent with anomalous cyclonic (anticyclonic) circulation. The 
result indicates the clue of low-level circulation variation in 
May isn’t found through simultaneous SSTA.

However, regression distributions of OLR anomalies 
with respect to the BoBSM onset dates illustrate that in the 
early onset years, convective activity is relatively strong 
from the BoB to the SCS and Arabian Sea, while it is rela-
tively weak in SC in May. The situation is reversed for 
late onset years (Fig.  8). Convective activities are closely 
related to the atmospheric heating; its enhancement could 
strengthen such heating, and atmospheric heating is the 
driving force of atmospheric circulation (Wang and Qian 
2000). The theoretical analysis of Gill (1980) and Xing 
et al. (2014) explains that positive (negative) heat sources 
induce local low-level cyclonic (anticyclonic) circulation 
over the northwest of the heating and equatorial westerlies 
(easterlies). These are the same features seen over the BoB, 
SCS and Arabian Sea (Fig. 5), indicating that the anoma-
lous convective activity associated with the early and late 
BoBSM onset influences circulation anomalies. Moreover, 
anomalous strong (weak) convective activities over the 
SCS and Arabian Sea correspond well to smaller (larger) 
extent of the WPSH and IOSH, respectively for earlier 
(later) onset years (Fig. 6).

(a)

(b)

Fig. 6   Contour lines for 5870/5875  gpm (solid lines) and zonal 
ridgelines (dashed lines) for a earlier and b later BoBSM onset years 
in May. The black colors indicate the climatological mean, and the 
red and blue colors indicate the composite for earlier and later cases, 
respectively

(a)

(b)

(c)

Fig. 7   Composite of SSTA (°C) in May for a earlier and b later 
BoBSM onset years and c the composite difference. Negative con-
tours are in broken lines. The black solid dots indicate significance at 
the 90 % confidence level according to a student’s t-test

Fig. 8   Regression distribution of OLR with respect to BoBSM onset 
dates in May. Negative contours are in broken lines. The shading 
indicates significance at the 90 % confidence level from the student’s 
t-test
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How does the convective activity in the BoB after the 
BoBSM onset affect convective activity over the SCS and 
Arabian Sea, and then influence local atmospheric cir-
culation over both sides? Figure 9 shows the evolution of 
meridionally averaged (5°–15°N) OLR and vertically inte-
grated apparent heat sources from 1000 to 100 hPa gotten 
by Eq.  (1) for the climatological, early, and late BoBSM 
onset cases. In the climatological average shown in Fig. 9a, 
b convective activity gradually strengthens and appar-
ent heat sources gradually increase before the BoBSM 
onset. The OLR value drops below the critical value of 
230 W m−2 in the BoB in late April, indicating the earliest 
onset of the monsoon (e.g., Mao and Wu 2007). Associated 
with the BoBSM onset, atmospheric heating significantly 
increases over the BoB. Due to all-area development of 
strong convective activities in the BoB after the BoBSM 
onset, heating in the BoB shows westward spread. Mean-
while, it also propagates eastward to the SCS in associa-
tion with the southwesterlies in the lower and middle tropo-
sphere after the BoBSM onset. Thus, the spread of heating 
towards both sides makes the WPSH and IOSH retreat, and 
weakens local subtropical high (e.g., Liu et al. 1999; Zhang 
et al. 2002a). For earlier cases, strong convective activities 
and heating emerge in the BoB in middle April, and atmos-
pheric heating in the BoB spreads earlier towards both 
sides (Fig. 9c, d). Earlier spread of heating in the BoB since 
the middle April results in earlier retreat of the WPSH and 

IOSH outwards the BoB (e.g., Liu et al. 1999; Zhang et al. 
2002a), and thus the WPSH and IOSH present larger retreat 
outwards the BoB and smaller meridional extent over the 
SCS and Arabian Sea in May (Fig.  6a), which results in 
anomalous positive heating over the SCS and Arabian Sea 
(Fig.  8). The situation for convective activities and heat-
ing is reversed for later cases (Fig. 9e, f). Later spread of 
atmospheric heating leads to smaller retreat of the WPSH 
and IOSH outwards the BoB in May (Fig.  6b), and thus 
leading to negative heating anomalies over the SCS and 
Arabian Sea (Fig. 8).

(a) (b)

(c) (d)

(e) (f)

Fig. 9   Composite evolution of (left column) meridionally averaged 
(5°–15°N) OLR (W  m−2) and (right column) vertically integrated 
apparent heat sources (W  m−2) from 1000 to 100  hPa for a, b the 

climatological mean, c, d earlier BoBSM onset years, and e, f later 
BoBSM onset years based on U index during April and May

Fig. 10   Time series of BoBSM onset dates defined by the U index 
(blue line, unit: day), the SCSSM onset defined by the USCS index 
(green line, unit: pentad), and the monsoon onset over Kerala (red 
line, unit: day)
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Moreover, time series of the BoBSM and SCS summer 
monsoon (SCSSM) onset dates in Fig.  10 show signifi-
cantly interannual variation, while the SCSSM onset shows 
an interdecadal change around 1993 (Kajikawa and Wang 
2012; Kajikawa et al. 2012). The climatological mean onset 
dates of the BoBSM and SCSSM are the 24th and 28th 
pentad, respectively, and the result is consistent with pre-
vious results (e.g., Zhang et al. 2002b; Wang et al. 2004). 
The correlation coefficient between dates of the BoBSM 
and SCSSM onset is 0.43, and exceeds the 99 % confidence 
level. Moreover, it is found that there also exists significant 
positive correlation (0.57, exceeding the 99 % confidence 
level) after removing the interdecadal variation (9-year fil-
ter) from the original BoBSM and SCSSM onset dates. The 
result further indicates that, on interannual scales, atmos-
pheric heating induced by local convective activity over the 
BoB spreads eastward to the SCS after the BoBSM onset, 
affecting local evolution of low-level circulation and sum-
mer monsoon onset over the SCS. Meanwhile, the BoBSM 
onset has significantly positive correlation (0.42, exceeding 
the 99 % confidence level) with the MOK (Fig. 10), sup-
porting that the impact of the early and late BoBSM onset 
on SIP precipitation by affecting local evolution of SIP cir-
culation on interannual scale.

5 � Summary and discussion

In the present study, the impact of early and late BoBSM 
onset on Asian precipitation in May has been examined. 
When the BoBSM occurs earlier (later), there is more (less) 
precipitation in the SIP, the ICP, SWC, and the SCS and 
less (more) precipitation in SC in May.

Figure  11 shows a schematic of the processes of the 
impact of earlier and later BoBSM onset on May rainfall 
over Asia. When the BoBSM occurs earlier than the clima-
tological mean (late April), strong convective activity and 
heating occurs earlier over the BoB, which causes local 
positive heating anomalies in May. Then the WPSH and 
IOSH retreat earlier outwards the BoB, owing to earlier 
spread of heating towards both sides. Thus, the two sub-
tropical highs show larger retreat outwards the BoB and 
smaller merdional extent over the SCS and Arabian Sea in 
May. It is obvious that the WPSH shifts eastward into the 
southern ICP from the eastern BoB, and the IOSH shifts 
westward into the Arabian Sea from the Indian peninsula 
for earlier cases in May. The northern flank of the WPSH 
moves southwards from the north of HIC to the south as 
compared to the climatological mean. Changes of the two 
subtropical highs contribute to positive heating anomalies 
over the SCS and Arabian Sea. Thus cyclonic circulation 
anomalies in the lower troposphere are excited by posi-
tive heating anomalies over the BoB, SCS and Arabian 

Sea, accompanying with anomalous ascending flows over 
the tropical IO to the east of the Philippines and anoma-
lous descending flows over the eastern part of the central 
Indian peninsula and SC in the lower troposphere. These 
anomalous circulation patterns favor positive precipitation 
anomalies over the SIP, ICP, SWC, and the SCS and nega-
tive rainfall anomalies over SC. The situation is reversed 
for a later BoBSM onset.

In this study, we investigated the impact of the early and 
late BoBSM onset on precipitation over Asia, and the sub-
sequently notable issue is on the cause of the interannual 
variation of the BoBSM onset dates. Previous studies indi-
cated that factors responsible for the interannual variation 
of the BoBSM onset include thermal condition (Wu and 
Zhang 1998) and snow cover over the Tibetan Plateau (Mao 
and Wu 2007), the south Asian high establishment over the 
Indo-China peninsula (Wang and Guo 2012), the tropical 
western Pacific Ocean (Feng et al. 2013), ENSO (Mao and 
Wu 2007; Wang et al. 2013), local SST (Jiang and Li 2011; 
Yu et al. 2012) and so on. Among them, Jiang and Li (2011) 
indicated that the annual SST cycle involves a shift in the 
warmest SST axis (WSSTA) from the equator to the central 

Fig. 11   Schematic showing the processes of the impact of a earlier 
and b later BoBSM onset on Asian precipitation in May. Pink and 
blue shadings indicate anomalous heating and cooling, respectively; 
the blue clouds show positive precipitation anomalies; and green and 
orange arrows represent anomalous westerlies/southwesterlies and 
northeasterlies at 850 hPa, respectively. The dashed dark brown (red) 
lines represent the IOSH and the WPSH at 500 hPa for the climato-
logical mean (earlier and later onset years), respectively. The dashed 
black line represents the eastward spread of enhanced heating, and 
“C” and “AC” indicate anomalous cyclonic and anticyclonic circula-
tion at 850 hPa, respectively
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BoB, and this northward jump leads the monsoon onset by 
two pentads. The result provides a possible predictor for the 
BoBSM onset, and the issue should be addressed in future.
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