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ABSTRACT

Persistent heavy rainfall events in South China can be divided into pre- and post-monsoon-onset events
according to the onset of the South China Sea Summer Monsoon. In this study, daily rainfall data from 174
stations in South China and daily NCEP/NCAR reanalysis data are used to investigate pre-monsoon-onset
events. The synoptic characteristics of pre-monsoon-onset heavy rainfall events are examined in detail. It
is found that 21 heavy rainfall cases happened in the pre-monsoon period between 1961 and 2005. Among
them, more than 60% of the events happened under a saddle pattern circulation. Using a case study, the role
of the saddle field is investigated and slantwise vorticity development (SVD) theory is applied to diagnose the
mechanisms for heavy rainfall development. It is found that a low-level saddle field and low-level jets result
in the accumulation of warm moist air in the lower troposphere over South China and provide the necessary
unstable conditions for heavy rainfall development. The existence of a saddle field plays an important role in
maintaining these unstable conditions. The slantwise movement of the isentropic surface over South China
can increase local vorticity and lead to strong vertical motion, which then triggers heavy rainfall.
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1. Introduction

Floods are major meteorological disasters in China.
Heavy rainfall events are responsible for most pro-
longed flooding in China and have received much at-
tention in the literature (Zhang et al., 2002; Xiong et
al., 2003; Tang et al., 2006). South China is one of the
heaviest flooding areas in the country. Traditionally,
the rainy season in South China lasts from April to
September, with two rainfall peaks occurring: one in
June and the other in August. It is conventional to di-
vide the rainy season into the first rainy season (April
to June) and the second rainy season (July to Septem-

ber), owing to two distinct rainfall peaks at these times
(Li et al., 2002). Rainfall in the first rainy season is
related to the activities of cold air from the north and
the fluctuation of the South China Sea Summer Mon-
soon (SCSSM). It accounts for more than 40% of the
annual rainfall. Rainfall in the second rainy season
is mainly related to the activities of tropical systems,
such as tropical cyclones (Li and Liang, 1981).

The SCSSM is a major system which causes heavy
rainfall in South China in the first rainy season. On
average, the onset of the SCSSM in South China oc-
curs in the middle of May. During the monsoon period,
convective areas over southern China form a monsoon
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rain band and contribute significantly to precipitation
(Tao and Chen, 1987). The monsoon flow moves to-
gether with the monsoon rain band, then extends from
South China to the Yangtze River valley, and later fur-
ther into northern parts of China. Rainfall during this
period is called “mei-yu” in the Yangtze River valley
and “Baiu” in Japan (Ninomiya and Akiama, 1974;
Chen and Chang, 1980; Chen and Yu, 1988). The re-
lationship between the SCSSM and heavy rainfall in
South China has been an active research topic (e.g.
Samel et al., 1999; Wang and Lin, 2002) since the last
century. It has been found that, after onset of the
monsoon, South China is usually under the influence
of a southwesterly low-level jet (LLJ), which brings
humid and warm air to the region. The close rela-
tionship between extremely heavy rainfall events and
the LLJ in the 850–700 hPa layer during the monsoon
season has been confirmed both in observational stud-
ies (Akiyama, 1973a, b; Ninomiya and Akiama, 1974)
and numerical simulations (Ninomiya, 1980; Kuo and
Anthes, 1982).

In previous studies of heavy rainfall in South
China, April to June is considered as one period,
known as the first rainy season (Guo and Sha, 1998;
Wu and Liang, 1992). On average, the SCSSM gen-
erally breaks out in the middle of May (Wang et al.,
2004), and after that precipitation in South China in-
creases greatly. Many heavy rainfall events, especially
persistent heavy rainfall events, occur in this period.
For this reason, monsoon rainfall has received much
attention over the past century. In contrast, much less
attention has been paid to the heavy rainfall events
which occur before the onset of the SCSSM. It has
been suggested in previous studies that rainfall events
in this period are on a large scale, of long duration,
and weak intensity. It has been pointed out recently
that it is important to distinguish between heavy rain-
fall before and after the onset of the SCSSM, and some
studies have been carried out from the point of view of
large-scale circulation patterns (Liu and Zhang, 1996;
Chi and He, 2005; Zheng et al., 2006a, b). However,
the different mechanisms of heavy rainfall in these two
different periods have not yet been studied in detail.
The mechanism of heavy rainfall in the pre-monsoon-
onset period requires particular attention.

The objectives of the current study are to bet-
ter characterize the synoptic features of heavy rainfall
events in South China in the pre-monsoon-onset pe-
riod and to better understand the mechanisms which
generate such events. To this end, the authors have
identified all heavy rainfall cases which occurred in
the first rainy season over the 45 year period between
1961 and 2005, and classified them into pre- and post-
monsoon-onset cases according to the SCSSM onset

index. In this paper, we will concentrate on the pre-
monsoon-onset category and on the synoptic patterns
associated with the heavy rainfall cases. A detailed
analysis of the mechanisms of heavy rainfall in the pre-
monsoon season is carried out through case studies.
The paper is organized as follows:

In section 2, the data and method used for iden-
tifying the heavy rainfall cases are described. In sec-
tion 3, the characteristics of these cases are examined.
Section 4 describes the case studies. In section 5, the
Moist Potential Vorticity (MPV) and Slantwise Vortic-
ity Development (SVD) theories (Wu and Liu, 1999,
Wu, 2001) are used to analyze the mechanisms behind
the heavy rainfall events. Finally, in section 6 a con-
ceptual model and concluding remarks are presented.

2. Data and method

There are 184 stations in the Guangdong and
Guangxi provinces of South China. The record lengths
of the data differ somewhat from station to station. So,
to ensure data regularity, the authors selected data
from 174 stations for the period 1961–2005. Among
them, 88 stations are located in Guangdong Province
and 86 in Guangxi Province, and daily rainfall data
from these stations were used to characterize the heavy
rainfall events. Also included in the study are the
daily NCEP/NCAR reanalysis datasets of basic physi-
cal variables in standard pressure levels, such as wind,
temperature etc.

The criterion for heavy rainfall for a given station
was that daily precipitation was no less than 50 mm
d−1. South China (20◦–28◦N, 105◦–118◦E) was di-
vided into cells of 0.5◦×0.5◦ and a frame of 30 cells
defined, with flexible grid numbers in the x and y di-
rections (e.g. 10×3, 5×6 etc.) (Fig. 1). For each day,
this frame was used to scan through the study area.
The number of stations inside the frame with heavy

 

 

Fig. 1. Distribution of weather stations in South China
and the frame for defining regional heavy rainfall cases.
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Fig. 2. Daily precipitation in South China (20◦–28◦N, 105◦–118◦E) from April to June: (a) 1961,
(b) 1965, (c) 1975, (d) 1977, (e) 1992, and (f) 1994. Dark histogram is daily precipitation, units:
mm; light color histogram is the climatology daily rainfall, units: mm; solid line is the daily SCSSM
index; dashed line indicates the onset day of the SCSSM; and x-axis is daily variation from 1 April
to 30 June.

rainfall (�50 mm d−1) was calculated for each day,
and if this number was no less than 10 then that par-
ticular day was considered to be a heavy rainfall day.
If heavy rainfall lasted no less than three days, then
it was defined as being a heavy rainfall event. The
use of the number of heavy rainfall stations (i.e. 10
mm d−1) is somewhat arbitrary, but has been shown
empirically to be quite reasonable. We applied this
method to identify all heavy rainfall events which oc-
curred in the period of April to June each year. Then,
according to the definition for the onset of the SCSSM
(Wen et al., 2006), we divided the cases into pre- and
post-monsoon-onset events.

Rainfall in South China increases greatly after the
break out of the SCSSM (Figs. 2b, d, f). However,
as seen in Figs. 2a, c and e, rainfall events in the
pre-monsoon-onset period can produce strong precip-
itation, which are in some cases even stronger than
those in the post-monsoon-onset period. Using the
definition given above, we identified altogether 21 per-
sistent heavy rainfall events in South China for the pre-
monsoon-onset period during the years 1961 to 2005
(Table 1). Some of these events lasted for more than
five days and some produced a total rainfall exceed-
ing 1000 mm. This shows that even before the on-
set of the SCSSM, heavy rainfall events can occur in
South China with intensities comparable to those in
the post-monsoon-onset period. Heavy rainfall in the

pre-monsoon period can also cause serious flooding,
which should also be given due consideration.

3. Overall features of heavy rainfall events

Heavy rainfall develops only under certain synoptic
conditions. Synoptic saddle fields are often found to
be associated with precipitation, and Gao et al. (2008)
pointed out that rainfall events during the mei-yu sea-
son are related to saddle field circulations over the
Yangtze River region. An examination of the 21 heavy
rainfall cases in South China indicates that a saddle
field in the lower troposphere is an important synop-
tic pattern related to the pre-monsoon heavy rainfall
cases. More than 60% of the heavy rainfall events in
the pre-monsoon period occur under a saddle field cir-
culation.

Figure 3 shows several examples. In all these cases,
a saddle field can be clearly seen in the 850 hPa stream
field. The occurrence of the saddle field is due to the
presence of four clearly identifiable systems, namely,
an anticyclone over North China (H N), a subtropical
high over the South China Sea (H S), a trough to the
Northeast of China (L NE), and a trough to the South-
west of China (L SW). Such a saddle field provides
particularly favorable conditions for the development
of heavy rainfall in South China in the pre-monsoon-
onset period. During this period, cold air carried by
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Table 1. A list of heavy rainfall cases before the onset of the South China Sea Summer Monsoon.

Case Year Month Start day End day Duration Accumulative precipitation
(day) (mm)

1 1961 4 22 24 3 303.1
2 1970 5 11 13 3 502.6
3 1973 5 7 9 3 403.5
4 1973 6 1 4 4 243
5 1975 4 27 29 3 174
6 1975 5 9 11 3 337.4
7 1975 5 14 16 3 353.3
8 1980 4 21 24 4 407.2
9 1980 5 2 4 3 250.9
10 1982 5 9 13 5 829.6
11 1982 5 27 31 5 223.7
12 1984 4 25 27 3 383.3
13 1984 5 15 17 3 1024.1
14 1987 5 19 21 3 136.8
15 1987 5 31 4 5 231.2
16 1992 5 1 3 3 264.9
17 1992 5 6 8 3 219.3
18 1993 4 30 2 3 259.9
19 1993 5 22 24 3 191.8
20 2000 4 1 3 3 465.6
21 2001 4 20 22 3 490.1

the cold high (H N) is still quite active in South China
and can frequently affect the region. At the same time,
the subtropical high is strengthening over the South
China Sea and a trough exists to the southwest of
China. Under such circumstances, a saddle field forms
over South China, which is usually accompanied by a
southerly LLJ located to the west of the subtropical
high (not shown). The LLJ brings warm and humid
air to South China, which interacts with the cold and
dry air from the north. It is on the southern side of
the saddle field where heavy rainfall occurs.

According to the analyses of all the heavy rainfall
cases which occurred in a saddle field circulation, sev-
eral common characteristics of heavy rainfall in the
pre-monsoon period are found: (1) the saddle field is
a shallow system, which can be clearly seen on the lev-
els below 850 hPa, and heavy rainfall occurs mostly in
the southwestern part of the saddle field, where warm
and moist flow from the south prevails; (2) instead of
a southwesterly LLJ, a southerly LLJ often occurs on
the southern side of the saddle field and the formation
of the southerly jet is closely related to the cyclone and
anticyclone which occur on the south side of the sad-
dle field; and (3) the southerly jet plays an important
role in both the water vapor transportation and the
formation of the unstable conditions for heavy rain-
fall. In the next section, we will examine a typical
heavy rainfall case to add further detail to the above
observations.

4. Case studies

A heavy rainfall case took place on 22–24 April
1961. Figure 4 shows the daily rainfall distribution
from 21–26 April 1961. Rainfall began on 21 April
in the northwest of Guangxi Province. Apart from
the northwestern part of Guangxi, where daily rain-
fall reached 50 mm, it did not meet the heavy rain-
fall criterion at most of the weather stations. On
22 April, rainfall intensified in both Guangdong and
Guangxi Provinces. Heavy rainfall centers were lo-
cated in northwestern Guangxi and central Guang-
dong, where the maximum amount of daily rainfall ex-
ceeded 100 mm. Heavy rainfall persisted on 23 and 24
April, weakened on 25 April, and ceased on 26 April.
The event lasted for three days, and the maximum
daily rainfall was 193.2 mm (at Deqing, Guangdong
Province). The maximum event-total rainfall reached
303 mm (at Changwu, Guangxi Province).

At 850 hPa (Fig. 5), a saddle field with its cen-
ter at around 30◦N came into existence on 21 April,
accompanied by a weak LLJ along the southern coast
of China. On 22 April, the saddle field was moving
southward and the southerly LLJ was strengthening
over South China. The strong southerly flow and the
saddle field pattern lasted throughout 23 and 24 April
(not shown). The appearance of a saddle field implies
the existence of conditions favoring the interaction be-
tween warm and cold air. As we can see from Fig. 6,
to the south of 20◦N, at the low levels of the tropo-
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Fig. 3. Streamlines at 850 hPa and daily precipitation (shaded, in mm) at 850 hPa
for: (a) 22 April 1961, (b) 7 May 1973, (c) 16 May 1975, (d) 16 May 1984, (e) 7 May
1992, (f) 21 April 2001, (g) 7 May 1992 and (h) 21 April 2001.

sphere (850 hPa and 925 hPa), air temperature began
to increase on the south side of the saddle field before
heavy rainfall started. At the same time, colder air
occurred to the north of 30◦N and a strong tempera-
ture gradient occurred. The confronting of warm and
cold air is reflected by the maintenance of the saddle
field in the lower layers over South China. When the
anticyclone on the north side of the saddle field moved
southward, the colder air controlled South China and
heavy rainfall stopped. Although only one typical case
is shown here, the same characteristics can be found in
all heavy rainfall cases occurring under a saddle field
pattern in the pre-monsoon period from 1961 to 2005.

Tao and Chen (1987) found that heavy rainfall in
South China is well correlated with the low level con-
vergence and the associated strong vertical motion and
is accompanied by a rapid increase in vertical vortic-
ity. Therefore, the diagnosis of the increase of vertical
vorticity is important in analyzing heavy rainfall pro-
cess.

In a pressure coordinate system, the local variation
of relative vorticity can be expressed as follows:
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Here, u, v, ω is the zonal, meridional, and vertical
components of motion respectively,

ζ =
∂v

∂x
− ∂u

∂y

is the vertical component of relative vorticity (simply
relative vorticity hereafter); f is the Coriolis parame-
ter and p means it is in pressure coordinate. The five
terms on the right side of the equation are, respec-
tively: the advection of the relative vorticity; advec-
tion of planetary vorticity; vertical advection of rela-
tive vorticity; the twisting term; and the divergence
term. We have calculated each of these five terms to
estimate their contributions to the rate of change of
the relative vorticity.

Figure 7 shows a cross section of ζ and the five
terms along 110◦E for 21 April. Before the start of
the heavy rainfall, ζ increased below 850 hPa (Fig.
7a) and the major contributor to this increase is the
divergence term (Fig. 7b), with the contributions from
the other terms being either small or negative (Figs.
7c–f). This means that before the start of the rainfall,
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Fig. 4. Daily precipitation from (a) 21 to (f) 26 April 1961 (units: mm).

mm

Fig. 5. Streamlines at 850 hPa and daily precipitation for (a) 21 April and (b) 22 April.
Shaded areas indicate precipitation and dashed lines are contours of wind speed exceeding
10 m s−1.

a moisture convergence exists in the lower layers of
the atmosphere. On the next day, ζ increased dramat-
ically over South China (Fig. 8a) and two positive ζ
centers can be clearly seen, one at 1000–925 hPa and
the other at 850–700 hPa. The dramatic increase in
ζ is accompanied by strong vertical motion (shaded
area) and heavy rainfall. Among the five terms on
the right hand side of Eq. (1), the divergence term re-
mains to be the dominant term contributing positively
to the increase of ζ in the atmosphere below 850 hPa.
On 22 April, the increase of ζ in the layer between
700 hPa and 850 hPa was mainly due to the advection

term. The vertical advection term and the twisting
term were small and the planetary vorticity advection
term was negative.

The above analysis suggests that two phenomena
deserve particular attention:

(1) The confrontation of cold and warm air is an
important characteristic of pre-monsoon heavy rain-
fall in South China. On the south side of the saddle
field, the southerly LLJ can bring warm and moist air
to South China, while on the north side of the saddle
field it is dominated by cold air.

(2) Analysis of the vorticity equation shows that
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Fig. 6. Latitude–time cross section of temperature at (a)
850 hPa and (b) 925 hPa averaged from 105◦–120◦E dur-
ing 15–30 April 1961.

before the rainfall starts, convergence of moisture has
a positive contribution to the increase of ζ in the lower
layers. When rainfall begins, the advection term be-
comes more important for the increase of vorticity in
the 850–700 hPa layer. The center of the vorticity
increase is consistent with the center of the vertical
velocity increase.

In the next section, we will use MPV theory to
explain the formation of the vorticity center which is
related to the strong vertical motion over South China.
The role of the saddle field will also be discussed.

5. MPV theory and mechanisms for heavy
rainfall development

5.1 MPV theory

MPV, an extension of Potential Vorticity (PV), is
a useful quantity for the diagnosis of atmospheric ther-
modynamic processes. The development of PV theory
can be traced back to Rossby (1940) who found that
ζa/H , called potential vorticity, is conserved during
the movement of an air column, where ζa and H are
respectively the absolute vorticity and the depth of the
air column. Ertel (1942) found that PV is conserved
in a frictionless and dry adiabatic atmosphere. PV
can be used as an air mass tracer in synoptic analy-
sis (Kleinschmidt, 1950; Reed and Sanders, 1953). A
review of the development of PV theory and its appli-
cations has been carried out by Hoskins et al. (1985).

PV theory is most useful for analyzing the develop-
ment of weather systems at middle and high latitudes.
At low latitudes, however, PV is rather small and dif-
ficult to use. Further, PV theory does not include the

effects of distribution of moisture, which is obviously
important to the development of heavy rainfall. MPV
theory has been developed to overcome these deficien-
cies of PV theory.

Equivalent potential temperature is used to deduce
the MPV equation. Following Wu et al. (1995), the
MPV equation can be written as:

d(MPV)
dt

=α(∇P ∧∇α)·∇θe+α∇θe ·F+αζa ·∇Q , (2)

where MPV = αζa ·∇θe is moist potential vorticity, ζa

is absolute vorticity, α is specific volume, θe is equiv-
alent potential temperature, F is friction, and

Q =
θe

cpT
Qd

and Qd are diabatic heating, cp is specific heat at con-
stant pressure. In a saturated, frictionless and adia-
batic atmosphere, the three terms on the right side of
Eq. (2) are equal to zero. MPV is conserved and can
be used to analyze heavy rainfall processes.

5.2 MPV components and the role of the sad-
dle field

Assuming that the horizontal change in vertical ve-
locity is much smaller than the vertical change in hor-
izontal wind speed, MPV in a P-coordinate can be
written as:

MPV = −g(ζ + f)
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∂v
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∂u
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In dry air conditions, q= 0, then MPV is identical to
PV. We can separate MPV into two terms, namely:
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and
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∂θe

∂y
. (5)

MPV1 is the vertical component of MPV, which is re-
lated to the vertical absolute vorticity and the vertical
gradient of equivalent potential temperature (repre-
senting convective instability); and MPV2 is the hor-
izontal component of MPV, which is related to the
wind shear and moist baroclinity. It has been shown
in many previous studies (e.g. Yuan and Shou, 2001;
Liu and Ding, 2005) that MPV1 and MPV2 are use-
ful variables for describing the instability of the atmo-
sphere during heavy rainfall. Therefore, we use MPV1
and MPV2 to explain the roles of the saddle field and
the LLJ in the development of heavy rainfall in South
China.

Figure 9 shows the distribution of MPV1 at the
850 hPa level from 21–26 April 1961. MPV1 was nega-
tive over South China before the rainfall started, which
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Fig. 7. Cross section map along 110◦E for 21 April: (a) local changing of verti-
cal; (b) divergence term; (c) advection of vorticity term; (d) vertical transport
term; (e) twisting term; and (f) advection of geostropic vorticity term (units:
m s−2). Shading indicates increment of vertical velocity (units: Pa s−1).

 

Fig. 8. Same as Fig. 7 but for 22 April 1961.

means that the atmosphere was convectively unstable.
Over the northeastern part of China and South Ko-
rea, there was an area of positive MPV1 representing
the colder and more stable air to the north side of the
saddle field. During the heavy rainfall (Figs. 9b–d),
the saddle field maintained above South China and
the atmosphere remained convectively unstable (sta-
ble) to the south (north) side of the saddle field. Heavy
rainfall occurred to the east side of the negative cen-

ter. From 25–26 April, the saddle field began to move
southward, South China was dominated by colder air
coming with the anticyclone to the north of the sad-
dle field (Figs. 9e and f), and the atmosphere became
stable. The distribution of MPV1 at 850 hPa demon-
strates that maintenance of a saddle field over South
China is a benefit for heavy rainfall. Once the saddle
field moved southward, the colder and stable air from
the north arrived and dominated South China, and the
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Fig. 9. Distribution of MPV1 at 850 hPa for case 1 for: (a) 21 to (f) 26 April
1961 (in PVU, 1 PVU = 10−6 m2 K s−1 kg−1).

 

Fig. 10. Distribution of MPV2 at 925 hPa for: (a) 21 to (f) 26 April 1961 (units: PVU).

interaction of warm and cold air disappeared over the
region. It is obvious that only suitable strength of the
warm and cold air confrontation can form the saddle
field pattern, and the maintenance of the saddle field
pattern is valid for the maintenance of heavy rainfall.

The movement of a positive MPV2 center can be
used as a tracer for the movement of warm and mois-
ture air. A southerly LLJ occurred during the heavy
rainfall of 22–24 April. As can be seen in Fig. 10,
a positive center of MPV2 formed over South China

during heavy rainfall (Figs. 10b–d), and the positive
MPV2 center weakened on 25–26 April (Figs. 10e–f).
The position of the positive MPV2 center is the same
as that of the LLJ. MPV2 is a good variable for tracing
the movement of the LLJ and warm and moisture air
in the lower layers. When the LLJ occurred, conver-
gence of warm and wet air over South China increased
the local vorticity, which is shown in the analysis of
the vorticity equation.

An examination of MPV1 reveals the role of the
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saddle field in the pre-monsoon heavy rainfall process,
and MPV2 is a good variable for tracing the movement
of warm and moisture air. Both the saddle field and
the LLJ offer a good environment for the formation of
heavy rainfall. As seen in this last section, the increas-
ing vertical velocity is related to the two increasing
vertical vorticity centers between 1000 and 700 hPa.
Occurrence of the LLJ can explain the increase of ver-
tical vorticity below 850 hPa. The advection term,
which contributes to the increase of vertical vorticity
above 850 hPa, can be explained through SVD theory
in the next section.

5.3 Distribution of vertical vorticity

After deducing the moist potential vorticity equa-
tion, Wu (2001) also introduced a SVD theory to diag-
nose the changing of the vertical vorticity component.
In a z-coordinate system, MPV can be written as:

MPV = ζnθen = ζsθes + ζzθez = const , (6)

ζz = (ζnθen − ζsθes)/θez . (7)

Here ζs, ζz and θs, θz represent the horizontal and ver-
tical component of vorticity (ζn) and equivalent poten-
tial temperature (θen) respectively. Equations (6) and
(7) show that, when MPV is conserved, if ζsθes/θez < 0
(MPV2/θez < 0), rapid increase of vertical vorticity
(ζz) will happen. In addition, the change of verti-
cal vorticity (ζz) is according to the slant of the isen-
tropic surface, and it is related to the convective in-
stability (θez), the vertical wind shear (ζs ∝ ∂Vs/∂z)
and the horizontal distribution of θes. These three
factors can lead to the slant of the isentropic sur-
face and lead to the increasing of vertical vorticity
(Wu et al., 1995). In the last section, it was found
that during the heavy rainfall, in the lower layers over
South China, the atmosphere is convectively unstable
(θez <0), while the southerly LLJ occurred, MPV2>0.
When MPV2/θez < 0, the slant of the isentropic sur-
face will occur. As we can see in Fig. 11, on 21 April
(Fig. 11a), the isentropic surface (340 K) remained
flat, it became steeper on 22 April (Fig. 11b), and
the air column above South China is elongated. Ac-
cording to SVD theory, this slantwise motion will lead
to the rapid increase of vorticity in the lower layers
(850–700 hPa). The slantwise motion of the isentropic
surface can explain the second vertical vorticity cen-
ter that was found according to the diagnosis of the
vorticity equation in section 4. When strong vortic-
ity occurred above South China, it induced stronger
upward motion. As a consequence, the warm and hu-
mid air which is accumulated over South China will
be lifted and the unstable energy will be released over
an extensive area. Since the saddle field pattern main-
tained in the lower layers during the heavy rainfall

 

Fig. 11. Cross section of vertical motion (shaded, units:
Pa m−1) and θe (black lines, units: K) along 110◦E for
(a) 21, (b) 22 and (c) 26 April 1961.

process, more and more warm and moist water vapor
are transported to South China to maintain the un-
stable air conditions, and the heavy rainfall persists.
The rainfall came to an end on 26 April (Fig. 11c).
The center of positive MPV moved eastward and the
isentropic surface above South China became flat.

Analysis of the vorticity equation showed that the
increase of vorticity is mainly caused by the divergence
term below 850 hPa and the advection of vorticity
term above 850 hPa. The increase of the vorticity
center above 850 hPa is closely related to the occur-
rence of heavy rainfall. The local vorticity increase
around 850–700 hPa, which is related to the strong
vertical motion, is caused by the slantwise motion of
the isentropic surface. The slantwise motion occurring
during the heavy rainfall can lead to the rapid increase
of vorticity around 850 hPa, and is the mechanism of
the occurrence of heavy rainfall.

6. Summary

In this study, the authors identified all heavy rain-
fall cases in South China from 1961–2005 and sep-
arated them into pre- and post-monsoon-onset cate-
gories according to the onset of the SCSSM. The mech-
anisms for the pre-monsoon-onset heavy rainfall cases
have been analyzed. The conclusions are as follows:

During 1961–2005, 21 heavy rainfall events occurr-
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Fig. 12. A conceptual model for a heavy rainfall event
in South China: 850 hPa level.

Fig. 13. A conceptual model for a heavy rainfall event
in South China: vertical cross section (black and white
arrows represent the movement of air flow).

ed in the pre-monsoon-onset period. The amount of
precipitation in the pre-monsoon period can be as large
as that in the monsoon period. Among these 21 cases,
approximately 60% were associated with a low-level
synoptic saddle field. One such case was selected as
an example to study the mechanisms of pre-monsoon
heavy rainfall.

It was found that the rapid increase of the ver-
tical component of vorticity can be explained using
the slantwise theory of the isentropic surfaces, which
in turn resulted in the increase of vertical motion over
South China. Other heavy rainfall cases have also been
examined (not shown) and it has been found that the
slantwise motion on isentropic surfaces is a common
feature of all cases happening under a saddle field cir-
culation pattern.

The mechanisms for the development of heavy rain-

fall events are shown in Figs. 12 and 13, which were
constructed from all heavy rainfall cases associated
with a saddle field. Figure 12 shows that the existence
of a saddle field provides favorable conditions for heavy
rainfall, as it enables the accumulation of cold air to
its north side and the accumulation of warm and wet
air to its south side. The atmosphere is convectively
unstable on the southwestern side of the saddle field
where warm and moist air and unstable energy are
accumulated. The slow movement of the saddle field
is important for maintaining these kinds of unstable
conditions. When the saddle field moves southward,
cold air starts to dominate over South China and the
rainfall stops. The existence of the saddle field and
the southerly LLJ are important for the accumulation
of warm moist air over south China and the formation
of favorable conditions for slantwise motion.

A trigger mechanism is required for the release
of the unstable energy accumulated in the lower tro-
posphere over South China. As shown in Fig. 13,
the atmosphere over South China is convectively un-
stable, with θez < 0 and MPV2>0 (strong vertical
wind shear and moist baroclinity). The criterion for
slantwise motion of the isentropic surface is satisfied
(MPV2/θez < 0). Slantwise motion will lead to the
rapid increase of vorticity at 850 hPa, resulting in a
dramatic increase of upward motion in South China
and the release of the unstable energy.

MPV has been found to be a more useful quantity
than PV in studying the heavy rainfall processes at
low latitudes. We compared the distributions of PV,
MPV, potential temperature and pseudo virtual po-
tential temperature, and found that instability is con-
fined to the lower troposphere. This instability can be
clearly seen from the vertical distribution of pseudo
virtual potential temperature but not from that of po-
tential temperature. This reveals that warm and moist
air is important to the precipitation in the low-latitude
regions.

More than 60% of the pre-monsoon-onset heavy
rainfall cases are associated with saddle fields. The
remaining cases are related to other types of synop-
tic systems. Detailed analyses of the latter are yet
to have been carried out. Furthermore, most pre-
monsoon-onset heavy rainfall cases are associated with
a southerly LLJ. The formation of the southerly LLJ
can be attributed to the strong pressure gradient be-
tween the cyclone and anticyclone on the south side of
the saddle field. The formation of the southerly LLJ
also deserves further research.
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Kleinschmidt, E., 1950: Über aufbau und entstehung von
zyklonen (1. Teil). Meteor. Rundsch., 3, 1–6. (in Ger-
man)

Kuo, Y. H., and R. A. Anthes, 1982: Numerical simula-
tion of Mei-Yu system over Southeastern Asia. Pa-
pers in Meteorology Geophysics, 5, 15–36.

Li, J. N., A. Y. Wang, W. G. Meng, Q. Fan, S. K. Fong,
and I. P. Hao, 2002: The climatological character-
istics of precipitation of the presummer rainy sea-
son and second rainy season in Guangdong Province.
Acta Scientiarum Naturalium Universitatis Sunyat-
seni, 42(3), 28–49. (in Chinese)

Li, Z. G., and B. Q. Liang, 1981: Mechanism and pre-
diction of pre-rainy season heavy rainfall in South
China. Collected Papers of Pre-rainy Season Heavy
Rainfall in South China, China Meteorological Press,
Beijing, 1–8. (in Chinese)

Liu, H. Z., and S. Q. Zhang, 1996: Moist potential vor-
ticity and the three dimensional structure of a cold
front with heavy rainfall. Quarterly Journal of Ap-
plied Meteorology, 6, 275–284. (in Chinese)

Liu, Y. J., and Y. H. Ding, 2005: The moisture transport

and moisture budget over the South China Sea be-
fore and after the Summer Monsoon onset in 1998.
Journal of Tropical Meteorology, 21, 55–62. (in Chi-
nese)

Ninomiya, K., 1980: Enhancement of Asia subtropical
front due to thermodynamic effect of cumulus con-
vections. J. Meteor. Soc. Japan, 58, 1–15.

Ninomiya, K., and T. Akiama, 1974: Band structure
of mesoscale echo cluster associated with low-level
stream. J. Meteor. Soc. Japan, 52, 300–313.

Reed, R. J., and F. Sanders, 1953: An investigation of the
development of a mid-tropospheric frontal zone and
its associated vorticity field. J . Meteor., 10, 338–349.

Rossby, C.-G., 1940: Planetary flow patterns in the at-
mosphere. Quart. J. Roy. Meteor. Soc., 66(Suppl.),
68–87.

Samel, A. N., W. C. Wang, and X. Z. Liang, 1999: The
monsoon rainband over China and relationships with
the Eurasian circulation. J. Climate, 12, 115–131.

Tang, Y. B., J. J. Gan, L. Zhao, and K. Gao, 2006:
On the climatology of persistent Heavy Rainfall
Events in China. Adv. Atmos. Sci., 23, 678–692, doi:
10.1007/s00376-006-0678-x.

Tao, S., and L. Chen, 1987: A review of recent research on
East Asian summer monsoon. China Monsoon Mete-
orology, C. P. Chang and T. N. Krishamurti, Eds.,
Oxford University Press, Oxford, United Kingdom,
60–92.

Wang, B., and H. Lin, 2002: Rainy season of the Asian-
Pacific summer monsoon. J. Climate, 15, 386–398.

Wang, B., H. Lin, Y. Zhang, and M. M. Lu, 2004: Defi-
nition of South China Sea monsoon onset and com-
mencement of the East Asia Summer monsoon. J.
Climate, 17, 699–710.

Wen, Z. P., R. H. Huang, H. Y. He, and G. D. Lan, 2006:
The influences of anomalous atmospheric circulation
over mid-high latitudes and the activities of 30–60d
low frequency convection over low latitudes on the
onset of the South China sea summer monsoon. Chi-
nese J. Atmos. Sci., 30, 952–964. (in Chinese)

Wu, G. X., 2001: Comparison between the complete-
form vorticity equation and the traditional vorticity
equation. Acta Meteorological Sinica, 59, 385–392.
(in Chinese)

Wu, G. X., and H. Z. Liu, 1999: Complete form of ver-
tical vorticity tendency equation and slantwise vor-
ticity development. Acta Meteorological Sinica, 57,
1–15. (in Chinese)

Wu, G. X., Z. P. Cai, and X. J. Tang, 1995: Moist poten-
tial vorticity and slantwise vortivcity development.
Acta Meterological Sinica, 53, 387–406. (in Chinese)

Wu, S. S., and J. Y. Liang, 1992: Temporal and spatial
characteristic of the drought and flood during the
first rainy season in South China. Journal of Tropi-
cal Meteorology, 8, 87–92. (in Chinese)

Xiong, Z., S. Y. Wang, Z. M. Zeng, and C. B. Fu, 2003:
Analysis of simulated heavy rain over the Yangtze
River valley during 11–30 June 1998 using RIEMS.
Adv. Atmos. Sci., 20, 815–824.



NO. 2 WU ET AL. 327

Yuan, S. J., and S. W. Shou, 2001: Potential vorticity
analysis in cold air activities during the South China
torrential rain in 1998. Journal of Nanjing Institute
of Meteorology, 24, 92–98. (in Chinese)

Zhang, S. L., S. Y. Tao, Q. Y. Zhang, J. Wei, 2002: Multi-
scale circulation conditions of heavy rainfall in the
middle and lower ranges of the Yangtze River basin.
Chinese Science Bulletin, 47, 467–473. (in Chinese)

Zheng, B., J. Y. Liang, A. L. Lin, C. H. Li, and D. J.

Guo, 2006a: Frontal rain and summer monsoon rain
during pre-rainy season in South China. Part I: De-
termination of the division dates. Chinese J. Atmos.
Sci., 30, 1207–1216. (in Chinese)

Zheng, B., J. Y. Liang, A. L. Lin, C. H. Li, and D. J. Guo,
2006b: Frontal rain and summer monsoon rain dur-
ing pre-rainy season in South China. Part II: Spatial
patterns. Chinese J. Atmos. Sci., 31, 495–504. (in
Chinese)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2010-02-09T10:33:20+0800
	Certified PDF 2 Signature




