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Abstract When persistent rainfall occurs frequently over
South China, meso-scale and micro-scale synoptic systems
persist and expand in space and time and eventually form
meso-scale and long-scale weather processes. The accumula-
tion of multiple torrential rain processes is defined as a Bcu-
mulative effect^ of torrential rain (CETR) event. In this paper,
daily reanalysis datasets collected by the National Centers for
Environmental Prediction-Department of Energy (NCEP-
DOE) during 1979–2014 are used to study the anomalous
features and causes of heavy CETR events over South
China. The results show that there is a significant difference
in the spatial distribution of the heavy CETR events. Based on
the center position of the CETR, the middle region displayed
middle-region-heavy CETR events while the western region
displayed west-region-heavy CETR events. El Niño events in
the previous period (December, January, February, March
(DJFM)) are major extra-forcing factors of middle-region-
heavy CETR events, which is beneficial for the continuous,
anomalous Philippine Sea anticyclone and strengthens the
West Pacific Subtropical High (WPSH), extending it more
westward than normal. The primary water vapor source for
precipitation in middle-region-heavy CETR events is the
Tropical Western Pacific Ocean. The major extra-forcing fac-
tor of a west-region-heavy CETR is the negative anomaly in
the southern Tropical Indian Ocean (TIO) during the previous

period (DJFM). This factor is beneficial for strengthening the
cross-equatorial flow and westerly winds from the Bay of
Bengal to the South China Sea (SCS) and early SCS summer
monsoon onset. The primary water vapor source of precipita-
tion in the west-region-heavy CETR is the southern TIO.

1 Introduction

Under the global warming, precipitation characteristics across
the East China monsoon region have changed considerably. A
significant increase in persistent torrential rain and a signifi-
cant decrease in light rain have been found over East China
(Zhai et al. 2005; Ding and He 2006; Bao and Huang 2006;
He et al. 2015). The persistent torrential rain means that se-
quential torrential rains (where the daily precipitation amount
exceeds 50 mm) occur at certain stations for at least 3 days
(Bao 2007). Chen and Zhai (2013) analyzed the persistent
torrential rain events in the central and southern parts of east-
ern China and found that persistent torrential rain occurred
more frequently after 1990. Compared to the middle and low-
er reach of the Yangtze River, South China has the most pre-
cipitation and the most persistent rain processes during flood
season (Li et al. 2008; Xu et al. 2009). In the pre-flood season
(from July 1 to June 30, 91 days), there is a significant differ-
ence in the main cause of the precipitation before and after
monsoon onset. The main type of precipitation before mon-
soon onset is frontal precipitation, whereas the main type after
onset is monsoon precipitation (Huang and Wang 1992;
Chang et al. 2000; Xu et al. 2012; Gao et al. 2013). The frontal
precipitation was mainly caused by the atmospheric circula-
tion anomaly over North Pacific Ocean, the westerly jet over
North Asia and the Polar vortex; however, monsoon precipi-
tation was mainly caused by water vapor transfer from East
Asian summer monsoons and southwest summer monsoons
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over the Bay of Bengal (Huang et al. 1993; Hou et al. 1998;
Wang et al. 2002). Therefore, because the monsoon precipita-
tion that leads into torrential rain occurs frequently and deter-
mining the flooding season main rain band over South China,
it is unsatisfactory to study the precipitation over South China
as a whole. Thus, it is necessary further classify the pre-flood
season to study the precipitation over South China, especially
to study the persistent torrential rain.

Over South China, persistent rainfall precipitation accounts
for more than 45 % of the total precipitation in the pre-flood
season (Bao and Huang 2006; Chu et al. 2015). In that place,
the persistent torrential rain processes are mainly caused by
the summer monsoons. When persistent rainfall occurs fre-
quently over South China, these meso-scale and micro-scale
synoptic systems will persist and expand in space and time
and eventually form meso-scale and long-scale weather pro-
cesses (Gao et al. 2003; Zheng et al. 2009; Feng et al. 2012a,
b; Chu et al. 2015). Chu et al. (2015) focused on the accumu-
lation of multiple torrential rain processes over South China
for a period from 1960 to 2012 and defined it as the Bcumu-
lative effect^ of torrential rain (CETR) process. The results
show that CETR could determine the regional flooding season
precipitation over South China, and even the flooding season
main rain band in East China (Yu et al. 2007; Zhi et al. 2007;
Zhang et al. 2013; Chu et al. 2015). Based on these CETR
studies, we picked out specific CETR events to simplify the
precipitation studies in the pre-flood season. Considering that
the main disaster type in the pre-flood season is flooding, we
chose heavy CETR years to study the characteristics and pri-
mary causes of CETR. The remainder of the article is orga-
nized as follows: Section 2 introduces the data and methods
employed; in Section 3, we classify the CETR processes based
on rainfall center position; Section 4 investigates atmospheric
circulation anomalies and the possible source of water vapor
for the pre-flood season over South China when the CETR
events happened; in Section 5, the sea surface temperature
(SST) anomalies of the CETR years during the previous peri-
od (December, January, February, March (DJFM)) and the
corresponding period (April, May, June (AMJ)) are shown;
and a summary, along with discussion, is presented in
Section 6.

2 Data and methods

This paper used the China Meteorological Administration’s
(CMA) daily precipitation data from 740 stations over South
China (16°N–26°N, 105°E–122°E) from 1979 to 2014. First,
we used the data from before and after to address single miss-
ing data points by linear interpolation. We then eliminated any
station for which the missing data accounted for more than
5 % of the total data (Chu et al. 2015). After the above steps,
78 stations were used in our analysis to select the CETR

events (shown in Fig. 1). Daily reanalysis datasets of the
NCEP/DOE with a 2.5° × 2.5° resolution from 1979 to 2014
(Kanamitsu et al. 2002) were used for the analysis of atmo-
spheric circulation anomalies and water vapor flux anomalies
when CETR events happened. Monthly SST data means were
acquired from Global Sea Surface Temperature Analysis Data
(COBE-SST). This data set, provided by the Japan
Meteorological Agency, has a resolution of 1.0° × 1.0° and
is available from 1891 to the present. The monthly SST
datasets are used for the analysis of SST backgrounds in the
previous and corresponding period of CETR events. To con-
sider the respective effects of ENSO and TIO, we defined the
TIO variability independent of ENSO, termed the TIO (non-
ENSO). TIO (non-ENSO) is obtained by removing the
ENSO-related part from the TIO SST anomaly based on a
linear regression with respect to TIO (Zhou and Wu 2010;
Wu et al. 2014).

In this study, we used the definition proposed by Chu et al.
(2015) to select the CETR events. When the 3-day moving
average of torrential rain station numbers is more than 3 and
there are 8 or more days in this time span that satisfy the first
condition, a CETR event is then identified. In addition, the
precipitation levels of CETR were used to define the intensity
of a CETR. The equation of the index (BQDI) is as follows:

BQDIi ¼ Norm
Si
Sm

i ¼ 1; 2;…ð Þ
� �

where i is the ordinal year from 1979 to 2014, Si is the preci-
pitation of the pre-flood season CETR in this year, and Sm is
the average precipitation of the pre-flood season CETR from
1981 to 2014. Norm(…) means the BQDI will be
standardized.

In addition, empirical orthogonal function (EOF) analysis,
correlation, and composite and linear regression analysis sta-
tistical methods were employed throughout the study.
Statistical significance tests were computed using Student’s
two-tailed t test.

3 Classification of the pre-flood season CTER
over South China

Figure 2 shows the BQDI and the pre-flood season precipita-
tion excepting the CETR over South China (red line indicates
the average precipitation of each year in pre-flood season).
Comparing the BQDI and total precipitation series, the
BQDI is highly correlated with the pre-flood season total pre-
cipitation on both inter-annual and inter-decadal scales. The
correlation coefficient is 0.669 (exceeding the 99 % confi-
dence level), whereas the correlation coefficient between the
precipitation (excepting CETR) and the total precipitation is
−0.047. Thus, the BQDI of the pre-flood season CETR
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significantly determines the amount of precipitation over
South China.

EOF analysis is used to analyze the frequency of torrential
rain processes during the CETR periods from 1979 to 2014
(Chu et al. 2015). The results show that the cumulative first
two modes account for 43 % of the total explained variance in
the pre-flood season (North 1982). Figure 3 shows the spatial
patterns of the first two modes and their corresponding nor-
malized time coefficients (PC-1; PC-2). The core area of the
first mode is located over central South China (shown in
Fig. 3a, b). The negative phase of the first mode means that
the CETR is heavy in the middle (middle-region-heavy
CETR), whereas the positive phase is contrary to the negative
phase. For the second mode (shown in Fig. 3c, d), the positive
phase means that the CETR is heavy in the east, while light in
the west (east-region-heavy CETR). In addition, the negative
phase means that the CETR is heavy in the west while light in
the east (west-region-heavy CETR).

To analyze the relationship between BQDI and the normal-
ized EOF time coefficients, we sorted the BQDI in descending
order and selected significantly heavy years (BQDI ≥ 0.5).
Meanwhile, we chose the years with PC1 ≤ −1 and
PC1 ≤ PC2, with PC2 ≤ −1 and PC2 < PC1, and with PC2 ≥ 1
and PC2 > PC1 as middle-region-heavy CETR, west-region-

heavy CETR, and east-region-heavy CETR, respectively. The
results show that the 12 significantly heavy CETR years com-
prised 6 middle-region-heavy CETR years, 3 west-region-
heavy CETR years, and 1 east-region-heavy CETR year. In
addition, all of the middle-region-heavy CETRs and west-
region-heavy CETRs correspond to a heavy CETR (BQDI >
0). Thus, middle-region-heavy CETR and west-region-heavy
CETR (shown in Table 1) were the primary types of the heavy
CETR.

4 Atmospheric circulation of the pre-flood season
CETR over South China

To analyze the relationship between CETR and atmospheric
circulation, Fig. 4 shows the horizontal distribution of atmo-
spheric circulation anomalies for middle-region-heavy CETR
events and west-region-heavy CETR events. For middle-
region-heavy CETR events, the 500-hPa geopotential height
anomalies show that there are two significant positive anom-
alies over the tropical Pacific Ocean and the Bay of Bengal.
The WPSH extends southwestward and maintains the anom-
alous Philippine Sea anticyclone. Meanwhile, the sea level
pressure anomalies show that there is a significant negative
anomaly over South China. These anomalous circulation pat-
terns aid the strength of the southerly wind to the west of the
anomalous Philippine Sea anticyclone (shown in Fig. 4a, c).
Relative to its normal climatic position, the WPSH is weak
and eastward when west-region-heavy CETRs occur. For
west-region-heavy CETR events, there are significant nega-
tive anomalies over the Pacific Ocean and the East Indian
Ocean at the 500-hPa geopotential height. The center of this
anomaly is over Indochina and South China. There is also a
significant positive anomaly in the sea level pressure over the
southern TIO. These anomalous circulation patterns lead to a

Fig. 2 Time series of the pre-flood season precipitation over South China for the period of 1979–2014: a BQDI and b the pre-flood season precipitation
except the CETR (red line indicates the total precipitation)

Fig. 1 Spatial distribution of 78 stations over South China
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strengthening of the cross-equatorial flow and the positive
anomaly of westerly wind from the Bay of Bengal to the
SCS (shown in Fig. 4b, d).

Over South China, the pre-flood season precipitation is
closely linked to the water vapor transport from other re-
gions (Koster et al. 2004; Zhou and Yu 2005; Li et al.
2013). The vertically integrated water vapor flux anomalies
associated with middle-region-heavy CETR are shown in
Fig. 5a. The tropical and subtropical water vapor con-
verged over South China. The anomalous northeastward
water vapor over South China is from the SCS, but it orig-
inates from the tropical West Pacific Ocean (120°E–160°E,

5°N–10°N). The southwestward extension of the WPSH,
together with the anomalous Philippine Sea anticyclone,
favors the supply of the water vapor from the tropical
West Pacific Ocean (Fig. 5a). The vertically integrated wa-
ter vapor flux anomalies associated with west-region-heavy
CETR are shown in Fig. 5b. The tropical and subtropical
water vapor converged over South China and southern
Indochina. There is a significant water vapor source over
the southern TIO (60°E–90°E, 5°S–15°S). The water vapor
from the Bay of Bengal and the cross-equator water vapor
transport from the Southern Hemisphere supply the anom-
alous convergence over South China.

Fig. 3 The two leading EOFmodes of the pre-flood season CETR over South China: a spatial pattern, b the corresponding normalized time coefficient
of the first EOF mode, and c, d as in a, b but for the second mode

Table 1 Middle-region-heavy
CETR years and west-region-
heavy CETR years for the period
1979–2014

Type Years

Middle-region-heavy CETR 1992, 1993, 1998, 2005, 2010, 2014

West-region-heavy CETR 1981, 1984, 1986, 1994, 1997, 2009, 2011, 2012
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5 The pre-flood season CETR over South China
associated with the SST anomalies

5.1 Middle-region-heavy CETR associated with the SST
anomalies

The SST anomaly is one of the major extra-forcing drivers of
atmospheric circulation (Feng et al. 2012a, b; Zhou et al.
2014). As a slow variable, the SST treated as an important

subject on the seasonal scale in atmospheric science and at-
tracts the attention of scholars worldwide (Ashok et al. 2001;
Chowdary et al. 2014). The tropical West Pacific Ocean is the
major water vapor source of middle-region-heavy CETR. The
SST anomalies in the previous period (DJFM) and the corre-
sponding period (AMJ) are shown in Fig. 6a, b (the dark
spotted areas show significance at the 0.05 level). In DJFM,
there is a significant SST warming in the El Niño region. In
AMJ, the El Niño event is maintained and there is a lagging

Fig. 4 The horizontal distribution of atmospheric circulation anomalies
for middle-region-heavy CETR: a 500-hPa geopotential height (gpm)
and 850-hPa wind (arrow, m/s), c sea level pressure (hPa) and WPSH

(contour, 5870 gpm and 5880 gpm over 500 hPa geopotential height), and
b, d as in a, c but for west-region-heavy CETR (the dark spotted areas
show significance at the 0.05 level)

Fig. 5 The characteristics of the atmospheric water vapor transport for
middle-region-heavy CETR: a the vertically integrated water vapor flux
(arrow, kg/m*s) and the vertically integrated water vapor flux divergence

(kg/m2*s); b as in a but for west-region-heavy CETR (the dark spotted
areas show significance at the 0.05 level)
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response of El Niño in the Bay of Bengal and SCS (Tourre and
White 1995; Chambers et al. 1999; Venzke et al. 2000). These
anomalies benefit the strength of the South Asia high (SAH)
and the WPSH. The SAH is an eastward extension, and the
WPSH is a westward extension. Under the influence of the
aforementioned SSTanomalies, the anomalous Philippine Sea
anticyclone developed in the Indian Ocean earlier in the pre-
vious fall and was maintained over the West Pacific Ocean
until the pre-flood season. The eastward passage of the anom-
alous Philippine Sea anticyclone appears to result from hori-
zontal asymmetry in the moisture and temperature anomalies
as well as from the existence of a large-scale divergent center
over the maritime continent (Chou 2004; Chen et al. 2007).
Finally, the anomalous Philippine Sea anticyclone leads to the
middle-region-heavy CETR.

Table 2 shows the 3-month moving average Niño3.4
indexes in the middle-region-heavy CETR years, and
Fig. 7a–f shows the SST anomalies in 6 middle-region-
heavy CETR years. In the previous period, all of the
middle-region-heavy CETR years have a strong SST
warming in the El Niño region, except for 2014. These El
Niño events last for a long time—until the pre-flood sea-
son. The SST anomalies in 2014 are similar to the SST
anomalies in west-region-heavy CETR years. According
to the water vapor transport anomalies in 2014, the primary
water vapor transports of west-region-heavy CETR are the

cross-equatorial flow, and westerly winds from the Bay of
Bengal to the SCS (figure not shown). However, the
strengthening of zonal westerlies leads to a middle-
region-heavy CETR. In conclusion, the El Niño events in
the previous period are the major extra-forcing factors of
west-region-heavy CETR.

5.2 West-region-heavy CETR associated with the SST
anomalies

Figure 8a, b shows the SST anomalies of west-region-heavy
CETR years in DJFM and AMJ. In DJFM, there are signifi-
cant negative anomalies in the South TIO and tropical East
Pacific Ocean. In AMJ, the La Niña event attenuated and there
are significant negative anomalies in the Bay of Bengal and
the SCS. Meanwhile, the negative anomalies in the Indian
Ocean benefit the strength of the cross-equatorial flow and
the westerly wind over the Bay of Bengal. In addition,
basin-wide cooling in the TIO apparently induces an anoma-
lous intensified Walker circulation over the tropical Indo-
Pacific Ocean region, leading to anomalous ascending motion
and to increased convection over the West Pacific Ocean
(Yuan et al. 2008). The weakened West Pacific Ocean anticy-
clone in April and May favors the extension of the Indian
Ocean westerly flow into the SCS region, thereby causing
an early SCS summer monsoon onset. Then, west-region-
heavy CETRs appear to result from the cross-equatorial water
vapor transport.

To confirm the major extra-forcing factor of the west-
region-heavy CETR, Fig. 9a, b shows the regression maps
for AMJ’s SST and 850-hPa winds for the average time series
of the South TIO (0°S–10°S; 50°E–100°E) SST in DJFM
before and after removing the ENSO-related portion. The neg-
ative anomaly in the southern TIO (DJFM) increases an
anomalous SST (AMJ) in the SCS, the Bay of Bengal and
the Northwest Pacific Ocean, strengthening the cross-
equatorial flow and westerly winds from the Bay of Bengal
to the SCS, leading to an anomalous cyclone over South
China. Therefore, the water vapor transport from the TIO
and SCS is increased. After removing the ENSO-related

Fig. 6 The horizontal distribution of SST for middle-region-heavy CETR years: a DJFM and b AMJ (the dark spotted areas are significant at a 0.05
level, °C)

Table 2 Niño3.4 indexes in the middle-region-heavy CETR years

Years DJF JFM FMA MAM AMJ

1992 1.6 1.5 1.4 1.2 1.0

1993 0.2 0.3 0.5 0.7 0.8

1998 2.1 1.8 1.4 1.0 0.5

2005 0.6 0.6 0.5 0.5 0.4

2010 1.3 1.1 0.8 0.5 0

2014 −0.5 −0.6 −0.4 −0.2 0

Average 0.88 0.78 0.7 0.62 0.45
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portion, anomalous SST (AMJ) in the SCS, the Bay of Bengal
and the Northwest Pacific Ocean are associated with the

negative anomaly in the southern TIO (DJFM). The cross-
equatorial flow and westerly wind from the Bay of Bengal

Fig. 7 The horizontal distribution of SST in DJFM: a 1992, b 1993, c 1998, d 2005, e 2010, and f 2014 (°C)

Fig. 8 The horizontal distribution of SST for west-region-heavy CETR years: a DJFM and b AMJ (the dark spotted areas are significant at a
0.05 level, °C)
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to the SCS are also associated with the negative anomaly in
the southern TIO (DJFM).

Furthermore, Table 3 shows the 3-month moving average
Niño3.4 indexes in the west-region-heavy CETR years and
Fig. 10a–h shows the SST anomalies in 8 west-region-heavy
CETR years. In the previous period, all of the west-region-
heavy CETR years have a negative anomaly in the southern
TIO, and 7 years are accompanied by a weak La Niña event.
However, all of the La Niña events had declined before the
pre-flood season. Therefore, the major extra-forcing factor of
the west-region-heavy CETR is the negative anomaly in the
southern TIO during the previous period.

6 Discussion and conclusion

In this paper, we analyzed the distribution of CETR events
over South China instead of the whole precipitation distribu-
tion over South China. Then, the primary causes of pre-flood
season CETR were studied. From the present study, we draw
the following conclusions:

Analysis of the relationship between the BQDI and the
normalized EOF time coefficients showed a significant differ-
ence in the spatial distribution of the heavy CETR. Based on
the rainfall center position, the distributions of CETR were
classified. The results show that middle-region-heavy CETR
and west-region-heavy CETR were the primary types of the
heavy CETR.

The atmospheric circulation and vertically integrated water
vapor flux associated with pre-flood season CETR were stud-
ied. For middle-region-heavy CETR, the WPSH extends
southwestward and the anomalous Philippine Sea anticyclone
maintained until the pre-flood season. The anomalous north-
eastward subtropical water vapor over South China comes
from the SCS but has a tropical West Pacific Ocean (120°E–
160°E, 5°N–10°N) origin. Relative to its normal climatic po-
sition, there is a strengthening of cross-equatorial flow and a
positive anomaly of westerly winds from the Bay of Bengal to
the SCS when the west-region-heavy CETR occurred. There
is also a significant water vapor source over the southern TIO
(60°E–90°E, 5°S–15°S).

In the analysis of the SST anomalies for the previous
(DJFM) and corresponding (AMJ) periods, the results show
that El Niño events in the previous period are the major extra-
forcing factor of middle-region-heavy CETRs; this anomaly is
beneficial for strengthening the WPSH and maintaining the
anomalous Philippine Sea anticyclone. The major extra-
forcing factor of west-region-heavy CETRs is the negative
anomaly in the southern TIO during the previous period; this
anomaly is beneficial for strengthening the cross-equatorial
flow and westerly wind from the Bay of Bengal to the SCS.

Remarkably, both El Niño events and the negative anomaly
in the southern TIO corresponded to a heavy pre-flood season
CETR over South China. Both the Pacific Ocean SST and the
Indian Ocean SSTare the major extra-forcing factors of heavy
pre-flood season CETR over South China. However, different
major extra-forcing factors lead to different water vapor trans-
port and produce different distributions. Through the use of

Fig. 9 a Regression maps for AMJ’s SSTand 850-hPa wind on the average time series of the southern TIO SST in DJFM. b as in a but with the ENSO-
related portion removed (the dark spotted areas and arrows show significance at the 0.05 level)

Table 3 Niño3.4 indexes in the west-region-heavy CETR years

Years DJF JFM FMA MAM AMJ

1981 −0.2 −0.4 −0.4 −0.3 −0.2
1984 −0.5 −0.3 −0.3 −0.4 −0.4
1986 −0.4 −0.4 −0.3 −0.2 −0.1
1994 0.1 0.1 0.2 0.3 0.4

1997 −0.5 −0.4 −0.2 0.1 0.6

2009 −0.8 −0.7 −0.4 −0.1 0.2

2011 −1.3 −1.1 −0.8 −0.6 −0.3
2012 −0.7 −0.6 −0.5 −0.4 −0.3
Average −0.54 −0.48 −0.34 −0.2 −0.01
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CETR, we can analyze the distribution of CETR events over
South China instead of the whole precipitation distribution.

CETR is also beneficial for studying the primary causes and
the pivotal water vapor sources of the pre-flood season over

Fig. 10 The horizontal distribution of SST in DJFM: a 1981, b 1984, c 1986, d 1994, e 1997, f 2009, g 2011, and h 2012 (°C)
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South China in meso- and long-term scales. In addition, the
periods of CETR in the pre-flood season can be studied
through a combination of the Madden-Julian Oscillation.
Based on this study, these problems merit further careful
research.
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