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ABSTRACT

South China (SC) experienced persistent heavy rain in June 2010. The climatic anomalies and related
mechanism are analyzed in this study. Results show that the large-scale circulation pattern favorable for
precipitation was maintained. In the upper level, the South Asian High and westerly jet stream provided
a divergent circulation over SC. In the middle and low levels, an anomalous strong subtropical high (STH)
extended to the South China Sea. The southwesterly monsoon flow along the northwest flank of the STH
transported abundant water vapor from the western North Pacific, the Bay of Bengal, and the South China
Sea to SC. The precipitation can be classified into two types: the West Siberia low (WSL)-induced low-level
cyclone mode, and the STH-induced low-level jet mode. STH and WSL indices are defined to estimate the
influence of these two systems, respectively. Analysis shows that both are critical for precipitation, but their
respective contributions differ from year to year. In 2010, both were important factors for the heavy rainfall
in June.
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1. Introduction

Climatically, the summer monsoon breaks out in
the fourth pentad of May in the South China Sea
(SCS) (Murakami and Matsumoto, 1994; Lau and
Yang, 1997; Wu and Wang, 2000; Zhou et al., 2005),
and then jumps northward in middle or late June. Af-
ter the onset of SCS summer monsoon (SCSSM), pre-
cipitation in South China (SC) increases dramatically,
signifying the beginning of the monsoon season in this
region, which is considered as the first step of the sea-
sonal march of the monsoon rain belt (Ding and Chan,
2005). The most prominent feature of precipitation in
SC is its double peak: the first peak (also called the
first rainy season) from April to June is connected with

fronts and the East Asian summer monsoon, and the
second peak (the second rainy season) from July to Oc-
tober is mainly caused by cyclonic systems from the
tropics (Tao, 1985). Previous studies have typically
taken the total rainfall from June to August to rep-
resent summer precipitation (Huang and Sun, 1992;
Chen et al., 2000). This is obviously inappropriate for
SC. On the other hand, accompanying the onset of the
East Asian summer monsoon, the properties of rainfall
change dramatically (Yuan et al., 2010). Therefore, it
would be more suitable to discuss the rainfall of June
separately. Additionally, we calculated the monthly
precipitation for 30 years (1981–2010) and found that
among all the months, both precipitation and its vari-
ance are largest in June.
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Many studies suggest that precipitation over SC is
greatly influenced by the subtropical high (STH) over
the Western North Pacific (WNP), as there will be
more precipitation if the STH is stronger and lies west
of its climatic state (Chang et al., 2000a; Yang and
Sun, 2005; Bao, 2007; Zhou et al., 2009). By affecting
the position and strength of the STH, many factors
influence precipitation over East Asia. For example:
SST and convective activities of the western Pacific
warm pool (Huang and Sun, 1992); Pacific Decadal
Oscillation (PDO) (Wang et al., 2008); South China
Sea (SCS) SST and ENSO (Zhou et al., 2006; Zhou and
Chan, 2007; Feng et al., 2010; Zhou et al., 2010); trop-
ical oscillations (Zhou and Chan, 2005), large-scale
equatorial heating anomalies (Wu et al., 2003); and
Indian Ocean SST (Yuan et al., 2008; Xie et al., 2009;
Huang et al., 2010; Wu et al., 2010).

Systems from middle and high latitudes can also af-
fect precipitation over East Asia. For example, Zhang
and Tao (1998) argued that the persistent blocking
high over the Sea of Okhotsk could induce more pre-
cipitation in summer over East Asia. Tong et al. (2009)
and Chang and Chen (1995) pointed out that the ar-
rival of mid-latitude fronts may contribute to the onset
of the SCSSM. Chan et al. (2000) pointed out that the
equatorward-moving middle and high latitude fronts
could release convective available potential energy and
trigger deep convection over the SCS. The Ural block-
ing (Wang et al., 2010) and East Asian troughs (Wang
et al., 2009) can also influence precipitation over East
and Southeast Asia. Overall, the higher-latitude sys-
tems have received much less attention.

Mesoscale systems are known to be crucial for rain-
fall. Although large-scale circulation could provide
a favorable background, mesoscale systems are the
ones that directly bring rainfall (Tao, 1985). Both
observational studies and numerical simulations have
shown that precipitation usually happens on the right-
hand side of the low-level cyclones (LLCs, also referred
as southwest vortices) (Kuo et al., 1988; Chang et
al., 2000b) and on the left-hand side of low-level jets
(LLJs) (Chen and Yu, 1988; Chen et al., 1998).

The National Climate Centre (NCC) of China
made forecasts for June 2010 (http://cmdp.ncc.cma.
gov.cn/pred/md.php): slightly more precipitation in
western SC and slightly less precipitation in eastern
SC. However, what turned to be the case was a series
of rain storms that attacked the whole region of SC.
Heavy rainfall caused landslides, burst dams and traf-
fic gridlocks, leading to hundreds of casualties, thou-
sands of people becoming homeless and a direct eco-
nomic loss of up to RMB 20 billion. Why this hap-
pened has yet to be addressed, and the aim of this
paper is to find out the reasons.

The datasets and methodology are described in sec-
tion 2. Some details about the persistent heavy rain
event under study are given in section 3. Sections 4
and 5 present details of the large-scale circulations to
explain the possible factors causing the extreme pre-
cipitation. And finally, section 6 outlines the conclu-
sions.

2. Datasets and methodology

Daily and monthly mean NCEP/NCAR reanaly-
sis data with a resolution of 2.5◦ by 2.5◦ (Kalnay et
al., 1996) and daily rainfall data from 752 stations in
China provided by the National Meteorological Infor-
mation Centre for the period 1981–2010 were used in
this study. The area of (20◦–28◦N, 105◦–120◦E), which
includes 97 stations, was chosen to represent the region
of SC. Data from 1981–2010 were used for calculating
the climatic state. The typhoon data were obtained
from the Joint Typhoon Warning Center.

The SCSSM onset date was defined as the day
when the area-average of 850-hPa zonal winds over
the SCS (110◦–120◦E, 5◦–15◦N) changes from nega-
tive to positive and remains positive for more than 6
days (Wang et al., 2004; Mao and Chan, 2005; Zhou
et al., 2005). Based on this, the onset date in 2010
was established as 22 May. With the interval of 2.5◦,
there are nine lines of longitude between 105◦E and
125◦E, and the meridional location of the STH ridge
(i.e. its latitude) was defined as the mean value of the
latitudes of the maximum 500-hPa geopotential height
on every line of longitude (Peng and Sun, 2002).

3. Description of the persistent heavy rain in
June 2010

SC experienced a large amount of precipitation
and suffered severe floods in June 2010. During this
month, a total of 203 rainstorms (precipitation over
50.0 mm in 24 h) were recorded at 97 stations in
South China, which was almost double the climatolog-
ical mean value. In fact, the June of 2010 was the third
wettest in the last 30 years. Figure 1 shows the dis-
tribution of the precipitation with its climatology and
anomalies. It is clear that most of the rainfall (Fig. 1a)
and also the positive rainfall anomaly (Fig. 1c) were
located south of the Yangtze River. Half of the SC
region had 60% more precipitation (Fig. 1d) than its
climatic state (Fig. 1b). Most other places in China,
however, experienced much dryer conditions during
this month, except for the northern part of Qinghai
Province (Fig. 1d).

The persistent precipitation over SC lasted for the
whole month apart from a short dry period around
4 June (Fig. 2a). At the end of the month, the
STH jumped northward (Fig. 2b), signifying the end
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Fig. 1. Precipitation of (a) June 2010 (mm), (b) long-term mean condition (1981–2010,
mm), (c) precipitation anomaly of 2010, and (d) precipitation anomaly percentage of 2010.

Fig. 2. (a) Area mean daily precipitation of SC (mm) and (b) merid-
ional location of subtropical high ridge over (105◦–125◦E).
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Fig. 3. Daily distribution of precipitation (mm).

of monsoon precipitation in SC. We analyzed the daily
distributions of circulation and rainfall and found that
the whole period can be generally divided into five
processes (i.e. cases). Since these processes occurred
one after another, temporally it is difficult to separate
them exactly. Here, we denote each process by its rain-
fall peak day, which were: 1 June, 9 June, 15 June, 20
June and 25 June (Fig. 3). For convenience, in the fol-

lowing paragraphs of this section the height and wind
fields are all limited to the 850 hPa level, and most of
the figures mentioned below are not shown.

On 30 May, there were convergent winds to the
east of the Tibetan Plateau (TP) and these winds
developed into a cyclone on 1 June (Fig. 4a) during
the southeastward propagation, and moved away from
mainland China on 3 June. The second process was
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Fig. 4. Daily distribution of 850 hPa wind (vectors, m s−1) and shadings denotes the
area with wind speed over 12 m s−1.

quite similar to the first. Convergence also showed up
near the northeast flank of the TP on 5 June and devel-
oped during its eastward propagation. A clear cyclone
can be seen in the wind field on 8 and 9 June (Fig. 4b)
and this cyclone moved to the East China Sea on 10
June.

For the third process, which took place from 13 to
16 June, there was no cyclone, but a strong LLJ can
be observed (Fig. 4c); strong rainfall was located on
the left side of the LLJ (Fig. 3d) where the circulation
was favorable for precipitation because of the cyclonic
wind shear (Chen and Yu, 1988; Chen et al., 1998).
It is interesting to note that from 13 to 20 June the
STH ridge was located between 16◦–20◦N and in the

corresponding wind field a strong LLJ was found in
the southwesterly wind, indicating a direct connection
between STH and precipitation.

The fourth process was accompanied by a cyclone,
but was more complex than the first two. On 17
and 18 June, there was a strong low pressure near
(40◦N, 110◦–120◦E) stretching down to 28◦N and con-
sequently a wind shear near the mid-lower reaches of
the Yangtze River was produced by the northerly wind
and southerly LLJ; at the same time, the convergent
circulation appeared near the east of the TP and a cy-
clone developed on 19 June. This cyclone was linked
together with the wind shear generated on 17 June.
On 20 June, this cyclonic-wind shear system evolved
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into a horizontal trough (Fig. 4d) and then moved east-
ward to the East China Sea the next day (21 June).
For the fifth process, a wind shear showed up along the
mid-lower reaches of the Yangtze River on 23 June, de-
veloped into a cyclone (Fig. 4e) and then moved to the
East China Sea on 26 June.

Additionally, new convergence near to the east of
the TP showed up from 25 June and brought about
a large amount of precipitation for SC, but because
it occurred around the end of June, the ridge of the
subtropical high (STH) jumped northward by about
8◦ from 16◦ to 24◦N (Fig. 2b) and the SC region was
covered by the STH. Thus, in the wind field the con-
vergent circulation did not develop into a cyclone and
in this study we do not cover this “short-lived” pro-
cess.

4. Circulations associated with the precipita-
tion event

4.1 Favorable background circulations and
water vapor transport

At the 200 hPa level, the South Asia High (SAH)
covered the whole of the southern part of Asia (Fig. 5a)
and served as the centre of the divergence field
(Fig. 6a). In the mid-latitudes, there was a blocking
high located between the Lake of Baikal and the Sea
of Okhotsk, and under its influence the axis of the
westerly jet moved southward (Fig. 5b), which is

favorable for precipitation over the southern part of
China (Liang and Wang, 1998; Lu, 2004; Lin and Lu,
2005).

In the 500-hPa geopotential height field (Fig. 5c),
compared with the climatic state, the STH, which is
denoted by the 5880-gpm contour, was much stronger
in the west north Pacific (WNP) and extended west-
ward to the SCS area. As a consequence, water vapor
could be transported along the northwest edge of the
STH to SC (Fig. 7). From Fig. 7a we can see that there
were two branches of water vapor transported to SC:
one was from the west, the Bay of Bengal and the Ara-
bian Sea; and the other from the east, the WNP, along
the northwest edge of the STH to SC.

Not only the zonal, but also the meridional loca-
tion of the STH was important for where precipitation
occurred. The vertically-integrated water vapor flux
(Fig. 7b) shows that, in the region of SC, there was
weak equatorward transport of water vapor during the
dry period around 4 June, and strong northeastward
transport during the wet periods. Comparing Figs. 7b
and 2b it can be seen that the water vapour flux corre-
sponds well with the variation of the STH ridge. Dur-
ing the dry period around 4 June, the STH ridge was at
its lowest latitude, indicating that northeastward wa-
ter vapor transport was at its weakest. On the other
hand, at the end of June, the STH jumped northward
to 25◦N and a correspondingly large amount of water
vapor was transported to the mid-lower reaches of the
Yangtze River.

Fig. 5. Geopotential height (solid contour) of June 2010 and its anomaly (shadings) and long term mean
condition (dashed contour) of (a) 200 hPa (10 gpm), (c) 500 hPa (gpm) and (d) 850 hPa (gpm) and (b)
200 hPa wind speed (m s−1, solid contour, shadings denote the area larger than 30 m s−1) of June 2010
and long term mean condition (m s−1, dashed contour).
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Fig. 6. Divergent wind (vectors, m s−1) and velocity po-
tential (contour, 107 m2 s−1) of June 2010, (a) 200 hPa
and (b) 850 hPa.

Additionally, the forecast for the 500-hPa geopo-
tential height field made at the time by the NCC
of China (http://cmdp.ncc.cma.gov.cn/pred/md.php)
reveals that, in June 2010, the 5880-gpm contour was
expected to be located along the middle and lower
reaches of the Yangtze River, much farther north com-
pared to the what was subsequently observed. Fur-
thermore, the east part of SC was expected to be
controlled by the STH, which was not conducive to
the occurrence of precipitation. Consequently, the
percentage figure for the ensemble mean precipita-
tion anomaly for June shows a positive anomaly over
western SC and a negative anomaly over eastern SC,
whereas in Fig. 2c a positive anomaly can be seen over
the whole of SC.

In the 850-hPa geopotential height field (Fig. 5d),
there was a negative anomaly to the south of the TP,
serving as the centre of low-level convergence (Fig. 6b),
and the corresponding area in the precipitation field
had 60% more rainfall than the climatic condition
(Fig. 1d). SC was under the influence of convergence.

Fig. 7. (a) Vertically integrated water vapour flux (kg
m−1 s−1) of June 2010, and (b) averaged vertically in-
tegrated water vapour flux (kg m−1 s−1) over (105◦–
120◦E).

Fig. 8. Latitude-height section (along 105◦–120◦E) of
omega (Pa s−1) and its anomaly (shadings).

The warm and wet monsoon flow converged with cold
air from the north, bringing large amounts of precipi-
tation to SC.

Figure 8 shows the latitude–height section of ver-
tical velocity (ω) and indicates that SC experienced
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Fig. 9. Daily distribution of 850 hPa geopotential height (gpm, interval of the green
contour: 20 gpm).

anomalous strong upward motion in June 2010. This
was the combined result of multiple systems, includ-
ing the anomalous ridge and southward displacement
of the mid-latitude westerly jet and anomalous strong
SAH and STH. Note that there was anomalous down-
ward motion in middle latitudes and tropics.

4.2 Influence of systems from higher latitudes

Most previous studies on summer precipitation in
SC have focused on the influence of tropical systems,
with much less attention having been given to those
systems from the mid-high latitudes. Nevertheless,
obvious circulation anomalies are noticeable in higher
latitudes. In particular, with the present event, an

anomalous low was apparent over western Siberia, as
seen in Figs. 5a, c and d. Thus, a natural question
is whether this anomalous low could have influenced
precipitation in SC, and how?

As mentioned in section 3, for four of the five cases
(1 June, 9 June, 20 June and 25 June) the occurrence
and movements of precipitation were accompanied by
LLCs (Figs. 4a, b, d and e), which developed from
convergent circulations near the east of the TP. We
further found that these convergent circulations were
usually preceded by strong low pressure propagating
from higher latitudes in the height field. We take the
fifth case as an example to show the detailed variation.

Figure 9 shows that on 20 June the area with a
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Fig. 10. Daily distribution of 850 hPa wind (m s−1).

geopotential height lower than 1460 gpm (the orange
contour) was first confined to the north of 50◦N, and
then stretched southward almost 10◦ per day before,
on 25 June, the 1460 gpm-contour covered the whole
of the continent. Figure 10 shows the corresponding
850-hPa wind field. As can be seen, on 20 and 21 June
the winds in the mid-latitudes were somewhat disor-
ganized (Figs. 10a and b). Distinct convergent cir-
culation near the northeast flank of the TP (Fig. 10c)
can be observed when the trough extended to 35◦N on
22 June (Fig. 9c). With the further intrusion of low
pressure, a wind shear showed up over SC on 23 June
(Fig. 10d) and then developed into a cyclone (Fig. 10e)
and moved eastward to the East China Sea on 25 June

(Fig. 10f).
Three of the other cases were similar in their de-

tail to the fifth, described above. However, one case
(15 June) was not accompanied by LLC, but by a
LLJ (Fig. 4c), which was associated with the STH,
as mentioned in section 3. The low pressure from
high latitudes seems to not be as important as in the
other cases, but it still helped to increase the merid-
ional geopotential height gradient, thereby strength-
ening the LLJ (Tong et al., 2009).

To summarize sections 3 and 4, we found that
the West Siberia low (WSL) likely plays an important
role in precipitation in the lower latitudes. When low
pressure from high latitudes near West Siberia prop-
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agates to the mid-latitudes (about 30◦–40◦N) it will
start a convergent circulation and, with a favorable
background circulation, this convergence can develop
into a strong cyclone (i.e. LLC) during its southward
propagation, bringing about large amounts of precipi-
tation. The STH is also very important for this precip-
itation. It determines the extent of large-scale water
vapor transport and, moreover, it has a direct impact
upon precipitation associated with the LLJ.

We also analyzed the occurrence of precipitation
during the period 1981–2009 and found that in June
over SC it can generally be divided into two types: the
WSL-induced LLC mode and the STH-induced LLJ
mode. It should be emphasized that the LLJs men-
tioned here are limited to those that are generated
due to the enhancement of southwesterly winds on the
northwest flank of the STH, not because of strong cy-
clones.

Fig. 11. Time series of normalized (a) area mean precip-
itation of June over SC, (b) Subtropical High Index, and
(c) West Siberia Low Index.

5. Discussion about the influence of the STH
and WSL

Among all the factors, the anomalies of the STH
and WSL were likely to have been the main influences.
Figure 11a presents the time series of precipitation for
June over the past 30 years. From its correlations with
500-hPa geopotential height and sea level pressure
(SLP; Fig. 12), it can be seen that there is a positive
correlation region over the SCS and WNP (Fig. 12a)
and significant negative correlation near West Siberia
(Fig. 12b). This result is consistent with the above
analysis. The composite differences of 500-hPa height
and SLP fields of wet years (when precipitation was
above a standard deviation of 0.5) and dry years (when
precipitation was below a standard deviation of −0.5)
show a similar pattern (figures not shown).

We defined the area-mean SLP in the region (55◦–
70◦N, 60◦–90◦E) as the WSL index (IWSL; Fig. 11b),
and the area-mean 500-hPa geopotential height in the
region (5◦–20◦N, 105◦–160◦E) as the Subtropical High
index (Isth; Fig. 11c). Figure 13 presents the regression
of precipitation with respect to the normalized Isth

Fig. 12. Correlation of (a) 500 hPa geopotential height
and (b) Sea Level Pressure of June with respect to nor-
malized precipitation from 1981–2010. Shadings denote
regions with correlation significant over the 0.05 level.
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Fig. 13. Regression of precipitation of June with respect
to (a) normalized subtropical high index and (b) West
Siberia low index. Shadings denote regions with correla-
tion significant over the 0.05 level.

and IWSL. As can be seen, in SC, precipitation has
a significant positive correlation with Isth and a neg-
ative correlation with IWSL, which means that when
the STH is over the SCS and WNP, or the WSL is
stronger (e.g. higher Isth or lower IWSL), SC will ex-
perience more precipitation.

Figure 14 presents the relationship of these two in-
dices with precipitation. It can be seen that all the wet
years, except 1994, are located on the right-hand side
of the diagonal, with IWSL below 0.5 (except 1998) and
Isth above −0.5 (except 2001 and 1994). In contrast,
except for 1990, all the dry years are located on the

Fig. 14. Scatter plot of precipitation with the subtrop-
ical high index and West Siberia low index. Circles de-
note the wet years (the years when precipitation above
0.5 standard deviation in Fig. 11a) and triangles denote
the dry years (the years when precipitation below −0.5
in Fig. 11a).

left-hand side of the diagonal, with IWSL above −0.5
and Isth below 0.0 (except 1983 and 1987).

Based on Fig. 14, we did some preliminary analy-
sis on other years besides 2010. For convenience, we
won’t present the figures mentioned below. Generally
speaking, it was found that more LLJ-mode (LLC-
mode) precipitation is likely to have occurred with a
larger (smaller) Isth (IWSL). For example, the precip-
itation in 2007 is predicted to have been more linked
with LLC-mode precipitation, while in 1998 more LLJ-
mode precipitation showed up. At the same time,
a lower Isth points towards insufficient water vapor,
such that in 1984, for example the STH in the SCS
was probably very weak and more water vapor was
thus transported to the SCS and western tropical Pa-
cific, resulting in the whole of eastern China experienc-
ing 40% less precipitation than usual. In addition, in
1983 and 1987, the STH was strong and westward, but
the meridional position was slightly northward, mean-
ing more water vapor would have been transported to
the mid-lower reaches of the Yangtze River and North
China, where more precipitation was subsequently ob-
served.

Figures 13 and 14 indicate that both the STH and
the WSL are critical for precipitation patterns in SC,
but their respective contributions differ from year to
year. In 2010, both were anomalously strong and thus
extremely favorable for the heavy and persistent rain-
fall that occurred over SC in June of that year.
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6. Conclusions

This study has provided an analysis of the precipi-
tation that occurred in June 2010 in SC when a series
of rain storms hit the region and caused a number of
disastrous effects for the local population. Our results
show that the background circulations were stable and
favorable for the precipitation that was observed. At
the upper level, the SAH and the westerly jet stream
provided a divergent circulation for SC. In the 500-hPa
geopotential height field, there was an anomalously
strong STH over the SCS. The southwesterly monsoon
winds along the northwest edge of the STH supplied
abundant water vapor from the WNP, Bay of Bengal
and Arabian Sea to SC. The longitudinal location of
the STH was found to be critical since it determined
whether water vapor could be transported to SC or the
SCS, or the mid-lower reaches of the Yangtze River.

The whole period of precipitation in June 2010 can
be described as having been comprised of five individ-
ual cases. Four of these five cases were associated with
LLCs and one was caused by a LLJ. The LLCs devel-
oped from convergent circulations near the east of the
TP and were later related with low pressure systems
originated from the West Siberia region. The LLJ was
related with the enhancement of southwesterly winds
on the edge of the STH, which in fact reflected the
variation of the STH. We also carried out some pre-
liminary analysis of precipitation for the period 1981–
2009 and found that it can be classified into two types:
the West Siberia low (WSL)-induced LLC mode and
the STH-induced LLJ mode.

STH and WSL indices were defined in order to es-
timate the influence of these two systems. Our analy-
sis shows that both are critical for precipitation pat-
terns, but their respective contributions differ from
year to year. Also, generally speaking, there will
be more LLJ-mode (LLC-mode) precipitation with a
larger (smaller) Isth (IWSL). In 2010, both were im-
portant factors for the heavy rainfall that occurred in
June of that year.
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