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ABSTRACT
Using observed and reanalysis datasets, the South China Sea summer monsoon (SCSSM) onset 
process is analyzed in each year from 1997 to 2014. Regional mean (5–20°N, 110–120°E) 850 hPa 
zonal wind, precipitation, and SST are used as indices to describe SCSSM onset. Three distinct 
onset types are identified: among the 18  years studied, nine are normal onset years, which are 
characterized by a well-established westerly wind and associated precipitation over the South 
China Sea (SCS); eight are intermittent onset years, in which monsoon precipitation does not occur 
continuously following the establishment of the westerly wind over the SCS; and one year, 2014, is 
a delayed onset year, in which the western Pacific subtropical high dominates over the SCS after the 
seasonal transition and prevents the monsoon onset. A comparison of the first two types suggests 
that a positive SST gradient in the northern Indian Ocean and local SST warming in the SCS are two 
key factors in the normal SCSSM onset type. With regard to the influence of the El Niño–Southern 
Oscillation background, there are four late onset years (1997, 1998, 2007, and 2010) that coincide 
with El Niño events, but only two early-onset years (1999 and 2012) out of the six years featuring La 
Niña events. Further analysis suggests that the zonal thermal contrast across the Indian and western 
Pacific oceans modulates monsoon onset in La Niña years.

摘要
本文基于南海地区850  hPa风场，降水以及海温定义了南海夏季风爆发指数，将南海季风爆发
过程分为季节转换和季风爆发两个过程来进行研究。对18年的观测分析发现，南海季风爆发
可归纳为三种情况：第一种是季风正常爆发，随着季节转换结束后，西南季风和降水在南海地
区有明显增强；第二种是间接性爆发，在季节转换结束后，西南季风和降水的建立不是特别明
显；第三种是推迟爆发，在季节转换结束后，南海地区没有建立西南季风也没有降水产生。进
一步研究发现，西太副高异常西伸是导致南海季风延迟爆发的重要因素之一。此外，大尺度环
流背景ENSO的影响也对南海季风爆发时间的早晚有重要影响，但并不是唯一决定性因素，印
度洋和亚洲大地形的局地热力差异变化是影响季风爆发的另一重要因素。

1.  Introduction

The South China Sea summer monsoon (SCSSM) is one 
of the most important components of the Asian summer 
monsoon (ASM) system. It links the Bay of Bengal (BOB) 
summer monsoon and the East Asian summer monsoon 
through its geographical location, and it exhibits features 
characteristic of both the tropical and subtropical mon-
soons (Wang et al. 2004). In general, ASM onset occurs 
first over the southeastern BOB, from late April to early 
May, followed by the South China Sea (SCS) in mid-May, 
and finally over India from late May to early June (Wu and 

Zhang 1998; Wang and Lin 2002; Liu et al. 2015). However, 
obtaining a generalized definition of SCSSM onset remains 
challenging, since the SCSSM exhibits considerable inter-
annual variability (Wu and Wang 2001). Several factors 
contribute to this complexity, including El Niño–Southern 
Oscillation (ENSO) effects (Lau and Nath 2000; Hu, Wu, and 
Liu 2014), regional air–sea interactions (Wang, Wu, and Li 
2003; He and Wu 2013), and active intraseasonal oscilla-
tions (ISOs) (Mao and Chan 2005; Wen et al. 2010).

Indices describing SCSSM onset introduced in pre-
vious studies can be broadly classified into three types, 
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JRA-55 (Kobayashi et al. 2015) is used to obtain multi-
level geopotential height, vertical velocity, and winds on 
a 1.25° × 1.25° grid. This data-set covers the period from 
1958 to the present day. The data-set is available at http://
jra.kishou.go.jp/JRA-55/index_en.html.

The NOAA high-resolution blended analysis of daily SST 
(Reynolds et al. 2007) is also used. This data-set covers the 
period from September 1981 to the present day, and is 
available at http://www.esrl.noaa.gov/psd/data/gridded/
data.noaa.oisst.v2.highres.html.

3.  Results

Figure 1 shows the evolution of U850 and precipitation, 
averaged over the SCS (110–120°E), for each year from 
1997 to 2014. A five-day running mean has been applied 
to the daily data to remove high-frequency variability. 
In general, a strong easterly wind prevails over 5°–20°N 
from March to May in almost all years, which indicates that 
the winter circulation regime is still well-maintained over 
the SCS during spring. Meanwhile, strong precipitation 
(greater than 6 mm d−1, overlaid with hatched contours in 
Figure 1) is located mainly over the ITCZ. In the subtropical 
region (20–30°N), a series of episodes of westerly wind and 
associated precipitation occur throughout boreal spring, 
which can be described as ‘early spring rainfall over South 
China’. SCSSM onset usually occurs after April, and is char-
acterized by the sudden reversal of U850 direction in the 
5–20°N band, often accompanied by a propagation of con-
tinuous precipitation from the southern SCS to the north-
ern SCS. Note that outbreaks of strong precipitation are 
consistent with the appearance of U850 over the SCS and 
the South China mainland in all years, which indicates that 
JRA-55 captures the SCSSM onset process well and lays 
a solid physical foundation for the analysis that follows.

The end point of the easterly wind regime can be 
regarded as the date of the seasonal transition over the 
SCS. In contrast to the predictable evolution of the easterly 
wind at 5–20°N, the arrival of westerly winds varies consid-
erably from year to year. This onset can be roughly divided 
into two types. One type involves a sudden onset after the 
seasonal transition, and is characterized by a westerly wind 
that is rapidly established and subsequently maintained, 
along with strong precipitation, after the end of the period 
of continuous easterly wind, such as in 1997 (Figure 1(a)), 
1998 (Figure 1(b)), 2002 (Figure 1(f )), 2003 (Figure 1(g)), and 
2004 (Figure 1(h)). The other type involves a less sharply 
defined onset. For example, the onset is weak or delayed 
by several days after the continuous easterly wind period 
ends in 2005 (Figure 1(i)), 2007 (Figure 1(k)), 2011 (Figure 
1(o)), 2012 (Figure 1(p)), 2013 (Figure 1(q)), and 2014 
(Figure 1(r)). Onset may alternatively exhibit one or more 
reversals in wind direction after the seasonal transition. 

each involving a different dynamical atmospheric variable. 
The first of these is 850 hPa wind velocity, which meas-
ures the strength of southwesterlies over the SCS (Hsu, 
Terng, and Chen 1999; Wang et al. 2004); the second is 
precipitation, or its proxies, outgoing longwave radiation 
or cloud top brightness temperature, which indicate the 
formation of deep convective systems over the SCS (Lin 
and Lin 1997; Xie et al. 1998); the third type looks for the 
systematic reversal of the atmospheric meridional thermal 
contrast, measured as the area-averaged meridional-mean 
upper-tropospheric (200–500 hPa) temperature gradient 
in the vicinity of the ridge of the subtropical anticyclone 
(Mao, Chan, and Wu 2004). Wang et al. (2004) summarized 
these index types and suggested a simple and effective 
index: 850 hPa zonal wind (U850) averaged over the central 
SCS (5–15°N, 110–120°E). This index shows good correla-
tion between the establishment of the tropical southwest-
erly monsoon and the outbreak of the rainy season over 
the entire SCS. However, there are some years in which 
onset is harder to define, when the cessation of the easterly 
regime is not immediately followed by the establishment 
of a coherent westerly regime (Wang et al. 2004). This may 
be due to a delayed atmospheric circulation response to 
SST anomalies, linked to ocean–atmosphere interactions 
including wind–evaporation and cloud–radiation effects 
(Wu 2010). It is therefore necessary and instructive to seek 
to understand SCSSM onset by studying the simultane-
ous evolution of the monsoon circulation, SST, and pre-
cipitation on the subseasonal timescale over the SCS in 
individual years.

In this study, we use observed daily precipitation and 
SST together with reanalysis data from 1997 to 2014 to 
study the interannual variability of the SCSSM onset pro-
cess. The thermodynamical relationships between SCSSM 
circulation and precipitation in each year are analyzed, and 
four indices are calculated to quantitatively describe the 
SCSSM onset process. Onset is classified into three types 
and its main features are analyzed. The remainder of the 
paper is organized as follows: Section 2 introduces the 
datasets used; Section 3 presents the analysis of SCSSM 
onset and its interannual variability; and Section 4 sum-
marizes the results.

2.  Datasets

The precipitation data-set used in the study is the GPCP 
1-Degree Daily Combination (version 1.2) data-set 
(Huffman et al. 2001). The GPCP data-set has a spatial res-
olution of 1° × 1° and is available from October 1996 to 
the present. This data-set is provided by the GPCP Global 
Merge Development Centre, based in the NASA/GSFC 
Mesoscale Atmospheric Processes Laboratory (http://
precip.gsfc.nasa.gov/).

http://jra.kishou.go.jp/JRA-55/index_en.html
http://jra.kishou.go.jp/JRA-55/index_en.html
http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html
http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html
http://precip.gsfc.nasa.gov/
http://precip.gsfc.nasa.gov/
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For example, in 1999 (Figure 1(c)), the continuous east-
erly wind ceases in late April when it is interrupted by the 
active ISO propagating from the southern tropics into the 
SCS in early May. After the ISO ends, easterly winds again 

prevail over the SCS in mid-May, before the second onset 
of the SCSSM occurs at the beginning of June. Another 
different case is 2009 (Figure 1(m)), when a strong westerly 
wind is established immediately in mid-April, but is then 

Figure 1. Latitude–time cross sections of the five-day running mean of 850 hPa wind (shading; units: m s−1) and precipitation (hatched; 
contours of 6 mm dy−1), averaged over 110–120°E, for (a–r) 1997 to 2014.
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Several common features can be seen in all 18 years: 
easterly wind (U850 < 0) is maintained for around 45–60 days 
from the beginning of March; meanwhile, SST increases to 
a maximum, and then drops suddenly when the westerly 
wind rapidly intensifies, accompanied by sharply increased 
rainfall. In some years the SST reaches its maximum before 
the peak in precipitation occurs, which may be due to the 
time lag between SST anomalies and the atmospheric 
convective response (Wu 2010). It is interesting to note 
that in most years the SST reaches its maximum prior to 
the beginning of a period of near-continuous rainfall fol-
lowing SCSSM onset. Therefore, the date of the SST maxi-
mum can be regarded as a good index by which to identify 
the SCSSM onset process from a thermodynamical per-
spective. Difficulty remains in identifying the systematic 
establishment of westerly wind over the SCS. For example, 
westerly winds are clearly established after the reversal 

interrupted by easterlies propagating from the northern 
SCS for a number of days in early May, before a second 
westerly outbreak occurs near the end of May.

To gain a clearer and more quantitative understanding 
of SCSSM onset dynamics, it is necessary to define objec-
tive indices that capture the major features of SCSSM onset. 
Starting with the one-dimensional index of U850 averaged 
over (5–15°N, 110–120°E), created by Wang et al. (2004), 
we extend the northern boundary to 20°N to include the 
northern part of the SCS, since the onset process occurs 
in this region in some years. In Figure 2, we plot five-day 
running mean time series of U850, SST, and precipitation, 
averaged over the region defined above (marked as a black 
box in Figure 3(a)). Composite spatial distributions for the 
onset state for each are shown in Figure S1. These three 
variables together depict both thermal and dynamical 
aspects of the SCSSM onset process.

Figure 2. Time series of 850 hPa zonal wind (black; units: m s−1), precipitation (blue; mm d−1), and SST (red; units: K), averaged over 
(5–20°N, 110–120°E), for (a–r) 1997 to 2014. Gray shaded areas denote periods of easterly wind.
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latter case, strong and sustained westerly winds occur at 
the beginning of June, after the SST maximum, and are 
accompanied by heavy rainfall. Therefore, it is helpful to 

of U850 in mid-May in 1997 (Figure 2(a)) and 1998 (Figure 
2(b)), but westerly winds are weak and ambiguous after 
the reversal of U850 in early May in 2014 (Figure 2(r)). In the 

Figure 3. (a) Precipitation (shading; units: mm d−1) and 850 hPa wind (vectors; units: m s−1) averaged over 10 days starting at TRD for the 
normal onset cases. Red dots mark descending motion (vertical velocity > 0.2 hPa s−1) at 500 hPa, and the red contour denotes the 5,875 
gpm geopotential height. (b) As in (a) but for the intermittent onset cases. (c) As in (a) but for the delayed onset case. (d) As in (c) but 
averaged over 10 days starting at OND. (e) Difference in precipitation (shading; units: mm d−1) and 850 hPa wind (vectors; units: m s−1), 
averaged between 20 and 10 days before TRD, between the normal onset and intermittent onset types. Black dots mark precipitation 
values that have passed the 0.05 significance test. (f ) As in (e) but for SST (shading; units: K). (g, h) As in (e, f ) but for averages over the 
10 days preceding TRD. (i, j) As in (e, f ) but for averages over the 10 days following TRD.
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(1) � �  Normal onset: In these years, TRD, OND and PRD 
are generally close to one another, while SSTD 
is no more than three days later than OND. The 
monsoon westerly is firmly established and 
deep convection is immediately triggered over 
the SCS. These years are shown in Table 1 with-
out marking.

(2) � �  Intermittent onset: In these years, TRD and OND 
are similar, but SSTD or PRD are significantly later 
than TRD and OND (by their differences having 
passed a 0.01 significance test; see Figure S2a 
and b). The delay is caused by a synoptic sys-
tem, such as an active ISO or northern cold air, 
entering the SCS. These years are marked with a 
‘*’ on the superscript in Table 1.

(3) � �  Delayed onset: In these years, OND is signifi-
cantly later than TRD, suggesting that the west-
erly is not firmly established after the seasonal 
transition. In our study, we find that 2014 sat-
isfies this special case: no strong ENSO back-
ground is present, but OND is 20 days later than 
TRD. This year is marked with a ‘**’ on the super-
script in Table 1.

Figure 3(a)–(c) shows the mean state over the 10-day 
period starting at TRD, for each of the three types. Because 
the transition date is the same as the onset date in the first 
two types, the mean state at the seasonal transition, shown 
in Figure 3(a) and (b), also represents the monsoon onset 
state for normal and intermittent onset years, respectively. 
It is clear that the Somali jet is well established in both 

separate the evolution of U850 into a seasonal transition 
phase and an SCSSM onset phase, to attempt to gain a 
clearer physical understanding of the process. SST and 
precipitation indices are also defined to aid identification 
of the SCSSM onset date. In this way, the SCSSM onset 
process can be classified according to its thermodynamical 
features. We make four definitions, as follows:

(1) � �  Seasonal transition date (TRD): The date when 
systematic easterly winds over the SCS cease, 
and the atmospheric circulation moves from 
winter to summer regime. TRD is defined as the 
first day i on which (Ui

850
> 0,U

i−1

850
< 0), the wind 

is easterly on at least 25 of the previous 30 days 
before i, and the wind is easterly on fewer than 
5 of the next 10 days.

(2) � �  Westerly wind onset date (OND): The date when 
systematic westerly winds are clearly estab-
lished over the SCS. OND is defined as the first 
day i on which Ui

850
> 0, the wind is westerly on 

at least 15 of the next 20  days after i, and the 
mean U850 is greater than 1  m s−1 throughout 
the next 20 days.

(3) � �  SST maximum date (SSTD): The date when SST 
reaches its March–June maximum.

(4) � �  Precipitation onset date (PRD): The date in the 
March–June period when continuous monsoon 
precipitation commences. PRD is defined as the 
first day i after TRD when the mean precipita-
tion over the next 5 days is greater than 2 mm 
d−1 and the maximum precipitation over the 
next 5 days is greater than 8 mm d−1.

Based on the above definitions, the indices TRD, OND, 
SSTD, and PRD are calculated for each year, and the 
results are shown in Table 1. El Niño (La Niña) years are 
colored red (blue), according to CPC definitions (detailed 
definitions can be found at http://www.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ensoyears.
shtml). It is clear that OND is generally consistent with 
TRD, except in 2014 when OND is 20 days later than TRD. 
Of the 18 years studied, there are three years (1999, 2009, 
and 2012) when SCSSM onset occurs relatively early, in late 
April, and four years (1997, 1998, 2007, and 2010) when 
SCSSM onset occurs relatively late, in late May. In other 
years, SCSSM onset occurs in mid-May, which is consist-
ent with the statistics of Kajikawa and Wang (2011), who 
found that the onset date of SCSSM was usually in mid-May 
over the period 1994–2008. PRD is close to OND in most 
of the years, but SSTD is late in a number of years, which is 
related to the ambiguous onset process mentioned previ-
ously. Therefore, by considering TRD, OND, SSTD, and PRD 
together, we divide the SCSSM onset into three types:

Table 1. The TRD (seasonal transition date), OND (westerly wind 
onset date), SSTD (SST maximum date), and PRD (precipitation 
onset date) indices, as defined in Section 3 of the main text. El 
Niño (La Niña) years are marked with a ‘+’(‘–’) on the superscript, 
according to CPC definitions. The intermittent onset years are 
marked with a ‘*’ on the superscript, and the delayed onset year is 
marked with a ‘**’ on the superscript.

TRD OND SSTD PRD
1997 17 May 17 May 15 May 17 May
1998+ 19 May 19 May 20 May 19 May
1999–* 21 April 21 April 31 May 21 April
2000– 7 May 7 May 1 May 7 May
2001– 7 May 7 May 7 May 7 May
2002 13 May 13 May 16 May 19 May
2003+ 15 May 15 May 7 May 16 May
2004 8 May 8 May 11 May 8 May
2005+* 7 May 7 May 25 May 31 May
2006 14 May 14 May 9 May 14 May
2007+* 18 May 18 May 20 June 18 June
2008–* 1 May 1 May 20 June 4 May
2009* 14 April 14 April 28 May 15 April
2010+ 21 May 21 May 22 May 21 May
2011–* 7 May 7 May 18 May 20 May
2012–* 23 April 24 April 10 May 8 May
2013* 10 May 10 May 7 June 5 June
2014** 11 May 2 June 31 May 2 June

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml
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Figure 3(e) and (f ) shows the differences in precipitation, 
850 hPa winds, and SST, averaged between 20 and 10 days 
before TRD, between the normal and intermittent onset 
types. A clear pattern of warmer SST in the Arabian Sea, 
BOB, SCS, and northwestern Pacific, and cooler SST in 
the South Indian Ocean and elsewhere in the Southern 
Hemisphere, is seen for the normal onset type. The merid-
ional thermal contrast is strong over the western Indian 
Ocean and leads to an enhanced Somali jet and increased 
precipitation (Figure 3(e)). In the 10 days preceding TRD, 
the thermal contrast over the tropical Indian Ocean from 
80 to100°E (Figure 3(h)) is stronger than in the previous 
10 days (Figure 3(f )), which favors the generation of south-
westerly winds locally. In addition, the precipitation belt 
shifts northward, associated with the enhanced westerly 
wind in the western Indian Ocean (Figure 3(g)). Finally, dur-
ing the 10 days following the monsoon onset, cooler SST 
covers the entire southern Indian Ocean (Figure 3(j)), which 
enhances the meridional thermal contrast, significantly 
intensifying the southwesterly flow and contributing to 
strong precipitation over the BOB and SCS (Figure 3(i)). It 
is also worth noting that the SST difference is more than 
0.8 °C over the SCS during the 20 days preceding the mon-
soon onset, which favors the triggering of precipitation 

normal and intermittent onset years, and westerly wind 
prevails over South Asia and turns into the North Pacific 
through the edge of the western Pacific subtropical high 
(WPSH). Precipitation, on the other hand, shows quite dif-
ferent patterns between the two types: there are clearly 
two separate precipitation centers, located over the BOB 
and the SCS, in the normal onset years, but precipitation 
is weak and vanishes over the SCS in the intermittent 
onset years. For the special delayed onset case of 2014, 
we compare the 10-day-mean circulation patterns after 
TRD (Figure 3(c)) and after OND (Figure 3(d)). It is clear that 
the southwesterly wind shifts north to the South China 
mainland, leading to strong local precipitation, while the 
SCS is dominated by the extension of the WPSH, as the 
huge anticyclone leads to large-scale descending motion 
(marked in the figure by red dots) over the entire SCS and 
delays the local monsoon onset. The strong WPSH remains 
over the SCS after TRD in 2014, before retreating to the 
far western Pacific (Figure 3(d)) almost 20 days after TRD, 
which finally allows SCSSM onset in early June.

The normal onset and intermittent onset types are by 
far the most common of the three. We further examine  
the differences between these two types to try to explain 
their behavior from a thermodynamical perspective. 

Figure 4. Linear trends in SST (shading; units: °C/10 d) and 850 hPa wind (vectors; units: m s−1/10 d) for 15–24 April in years with a La 
Niña background state: (a) 1999; (b) 2012; (c) 2000; (d) 2001; (e) 2011; (f ) 2008. Only values passing the 0.05 significance test are plotted.
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precipitation pattern differs between the two types: pre-
cipitation displays a maximum over the SCS in the normal 
onset type, but vanishes in the same region in the inter-
mittent onset type. The third type, delayed onset, occurs 
in 2014 only: the SCSSM begins 20 days after the TRD, due 
to an extension of the WPH. Additionally, ISO activity (in 
1999) and the change in west–east thermal contrast across 
the Indian Ocean and western Pacific are found to affect 
the onset process in years with a La Niña background state.

This study describes the major thermodynamical fea-
tures of the onset of the SCSSM. Monsoon onset is found 
to be sensitive to ENSO, local thermal contrasts, ISO activ-
ity, and the WPSH. Therefore, further studies are recom-
mended on the relationships between monsoon indices 
and precursor signals in the atmosphere and ocean, with 
the aim of improving monsoon prediction.
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