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Abstract  Interannual variation of summer precipitation in East China, and frequency of rainstorms during the monsoon sea-
son from 1961 to 2010, are analyzed in this study. It is found that the two variables show opposite trends on a decadal time 
scale: frequency of rainstorms increases significantly after the 1990s, while summer precipitation in East China decreases dur-
ing the same period. Analysis of the spatial distribution of summer rainstorm frequency from 1961 to 2010 indicates that it de-
creases from the southeast to the northwest at the east edge of the large-scale topography associated with the plateaus. Spatial 
distribution of rainstorms with daily rainfall greater than 50 mm is characterized by a “high in the southeast and low in the 
northwest” pattern, similar to the staircase distribution of the topography. However, the spatial distribution of variation in both 
summer precipitation and frequency of extreme rainstorms under global warming differs significantly from the three-step 
staircase topography. It is shown that moisture characteristics of summer precipitation and extreme rainstorms during the 
monsoon season in East China, including moisture transport pathways, moist flow pattern, and spatial structure of the merging 
area of moist flows, differ significantly. Areas of frequent rainstorms include the Yangtze River Valley and South China. Col-
umn-integrated moisture transport and its spatial structure could be summarized as a “merging” of three branches of intense 
moist flows from low and middle latitude oceans, and “convergence” of column-integrated moisture fluxes. The merging area 
for moist flow associated with rainstorms in the high frequency region is located slightly to the south of the monsoonal precip-
itation or non-rainstorm precipitation, with significantly strong moisture convergence. In addition, the summer moist flow pat-
tern in East China has a great influence on the frequency of extreme rainstorms. Moisture flux vectors in the region of frequent 
rainstorms correspond to vortical flow pattern. A comparison of moisture flux vectors associated with non-rainstorms and rain-
storms indicates that the moist vortex associated with rainstorms is smaller in size and located to the south of the precipitation 
maximum, while the moist vortex associated with non-rainstorms is larger and located to the north. It is shown that col-
umn-integrated moist transport vortices and the structure of moist flux convergence have significant impacts on the north-south 
oscillation of frequent rainstorm areas in East China, which is synchronized with the maximum vorticity of moisture transport 
and the minimum of convergence on the decadal time scale. Synthesis of moisture transport pathways and related circulation 
impacts leads to a conceptual model of moisture flow associated with rainstorms.  
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1.  Introduction  

China’s climate is in general shaped jointly by the unique 
three-step staircase large-scale topography of the Tibet 
Plateau, and the East Asian Monsoon. During the monsoon 
season, frequent sustained regional heavy rainfalls often 
have severe consequences for both society and the economy. 
Tao (1980) showed that China is among the nations where 
summer rainfall can result in disasters because of monsoon-
al flow. Heavy rainfall events in China typically occur in 
the flooding season of May to August. Extreme rainfall in 
China is much higher than in other countries at the same 
latitudes. For example, the USA is also located in the same 
Humid Subtropical Climate zone as China; but the duration 
of rainfall is longer in China, and the affected area is signif-
icantly greater. Liu et al. (2009) showed that summer pre-
cipitation and rainstorms in China are related to both the 
Indian monsoon and the western Pacific summer monsoon 
flow. They found that, during the last 75 years (1931–2006), 
there were at least 5 recorded extreme precipitation events 
in which the total rainfall reached or exceeded 1000 mm 
within 24 hours. These extreme events last from a few hours 
to 63 days. For example, the duration of the 1896 event was 
65 days. During the 1954 and 1998 heavy rainfall events, 
more than 600 mm of rain fell over the majority of the 
Yangtze River area. 

Wang et al. (2002) showed that during the 1980s, there 
were 6 years in which the climate of China was character-
ized by a distinct pattern of flooding in the Yangtze River 
and drought in Northern and Southern China, and the fre-
quency of this climate pattern was 4 times the climate mean 
(14.5%). Wang et al. (2002) also found that the climate of 
China co-varies with global climate over land to a great 
extent, except that in China, the decadal variation in precip-
itation is more pronounced while in global precipitation the 
long term trend is stronger. Two prominent spectral peaks 
emerged from China’s precipitation record: at 3.3 and 26.7 
years. The former is likely due to ENSO. The latter is relat-
ed to decadal variation in precipitation in China, and this is 
probably due to decadal variation of climate rather than the 
global climate trend. Some authors (Tao et al., 1988; Si et 
al., 1996) found that the rain bands in the middle and lower 
reaches of the Yangtze River Valley are related to the 
strength of the summer monsoon, which indicates that the 
East Asia Monsoon is a key factor determining the Meiyu 
system in East China and its latitudinal variations, and that 
meridional winds play an important role in the drought/ 
flooding pattern in China. Decadal variation of the East 
Asian summer monsoon (EASM), and its mechanism, has 
become a research focus in recent years. Guo et al. (2003) 
showed that the amplitude of the EASM has weakened 
twice since the middle of the 20th century. The first weak-
ening of the EASM occurred in the mid-1960s, and the se-
cond in the mid1970s, after which it EASM has remained 
weak. During periods of enhanced EASM, East China is 

anomalously wet in the north and dry in the Yangtze River 
area, while western China is wet in the south and dry in the 
north. The dry/wet pattern reverses during periods of weak-
ened EASM. These past studies, however, do not answer 
some important questions: What is the decadal variation in 
the spatial and temporal distribution of rainstorm frequency? 
How does it relate to precipitation variation in the EASM? 
How do the inter-annual and decadal variations of rainstorm 
frequency relate to the three-step staircase topography of the 
Tibet Plateau?  

From the point of view of moisture origins, Xu et al. 
(2013) showed that Tibet, the Indian Ocean, the Bay of 
Bengal, and the South China Sea are important moisture 
source regions, all contributing to the rainfall anomalies in 
China. The main source of water vapor in the Yangtze River 
Valley in summer is the western Pacific and South China 
Sea. The Indian Summer Monsoon and South China Sea 
Summer Monsoon are primarily responsible for the 
transport of water vapor to the Yangtze-Huaihe River Val-
ley (Zhou et al., 2005). Major water vapor sources for rain-
fall in East China are, in descending order of importance, 
the South China Sea, Bay of Bengal, and western Pacific 
(Sheng et al., 1981; Chen et al., 1982; Jin, 1981). Chen et al. 
(1991) showed that the external water vapor sources for 
summer rainfall in mainland China are the South China Sea, 
the southwest monsoon from the Bay of Bengal, and the 
southeast monsoon of the subtropical plateau. Simmonds et 
al. (1999) argued that China has two major regions of rain-
storms. Water vapor is transported into China from the 
southern and western boundaries, and transported out at the 
eastern boundary. The southern boundary is considered to 
be the main water vapor pathway for rainstorms in the 
southern region, and the western boundary for rainstorms in 
the northern region. Tao et al. (1994) performed numerical 
experiments for the rainstorm of July 10–11, 1991 in the 
Yangtze-Huaihe River Valley. They showed that water va-
por transport from the Bay of Bengal via southwest mon-
soon flow contributed more to the rainfall than that from the 
South China Sea via southeast monsoon flow, and nonlinear 
interaction and mutual enhancement occurred in the pres-
ence of both water vapor pathways. Chow et al. (2008) 
showed that the main water vapor pathway for the early 
summer rainfall in China is through the southwest Indian 
Monsoon flow; a weak Indian Monsoon leads to a dry 
anomaly (e.g., the reduced rainfall period in 1992); an ac-
tive Indian Monsoon, on the other hand, leads to flooding 
(e.g., the 1998 rainstorms in the Yangtze River Valley). 
Overall, monsoon flow dominates over China, and the 
transport of moisture by the summer monsoon flow plays 
important roles in the summer rainstorms. The moisture 
transport in East China has been documented by many au-
thors. It is nevertheless not fully understood how it relates 
to the moisture sources of monsoon rainfall, moisture path-
ways, and moisture circulation patterns.  

There is no doubt that improved understanding of extreme 
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rainstorm frequency and its inter-annual and decadal varia-
tions, as well as the factors controlling them, is of great 
strategic value for informing disaster prevention and mitiga-
tion. The status of the knowledge is that the spatial and 
temporal characteristics of extreme rainstorm events in 
China and the key factors contributing to them are highly 
complex; much uncertainty remains despite decades of re-
search, and many prominent questions have yet to be ad-
dressed. For example, why do regions of high-frequency 
rainstorms in China, in comparison to similar climate zones 
or similar latitudes, have higher extreme rainfall values, 
larger impact areas, and greater durations? How do low lat-
itude oceanic moisture sources transported via certain 
pathways under the influence of the East Monsoon and the 
great Tibet terrain structure, together with its closely-related 
circulation pattern, determine the unique spatial distribution 
of frequent rainstorms in China? What is the main differ-
ence between the extreme rainstorms in East China and 
summer rainfall, in terms of trend, and spatial and temporal 
patterns? Is there any relationship between the extreme re-
gional rainstorms and the spatial and temporal patterns of 
the summer Meiyu systems? To what extent do the two 
share the same characteristics, or differ in the structure and 
characteristics of the sustained hydrological cycle? What is 
the impact of variations in moisture transport by the East 
Asia Monsoon on the spatial and temporal patterns of rain-
storm frequency in East China and its inter-annual and de-
cadal variability? 

2.  Data and methods 

This study uses the following NCEP/NCAR reanalysis da-
tasets: monthly mean winds and specific humidity fields 
(2.5°×2.5°) and daily mean specific humidity fields (1°×1°) 
from 1961 to 2010. Based on precipitation data collected 
from a total of 601 surface meteorological observation sta-
tions with rainfall records from 1961 to 2010, the number of 
days from July to August over which rainstorms have pre-
cipitation less than 50 mm, or exceed 50, 100, and 200 mm, 
and the number of days of non-storm precipitation (i.e., 
light rain, moderate rain, and heavy rain) are used to com-
pute statistics. These 601 stations largely cover the whole of 
mainland China except that they are scattered in the plateau 
area. Thus, collectively they are representative of the spatial 
and temporal distribution of rainstorms over most of China. 
These data will be used to study the inter-annual and deca-
dal variability of water vapor during rainstorms, and the 
relationship between moisture transport and rainstorm areas.  

2.1  Method for computation of Column-integrated 
water vapor fluxes 

The study focuses on the relationship between the frequency 
of rainstorms and water vapor transport. We use the fol-

lowing equations to compute qu and qv, column-integrated 
horizontal water vapor fluxes in the zonal and meridional 
directions, respectively:  
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where g is gravity, u and v are the zonal and meridional 
wind components, respectively, q is specific humidity, ps is 
surface pressure, and pT is the pressure at the top of the at-
mosphere.  

2.2  Correlation vector 

To elucidate the relationship between rainstorms in East 
China and column-integrated water vapor transport, and 
particularly the role of moisture transport during the years 
of anomalous rainstorms, we compute the correlation vector, 

( , )R x y


, to track water vapor sources and transport path-

ways. ( , )R x y


is defined as 

 ( , ) ( , ) ( , )u vR x y iR x y jR x y 
  

, (3) 

where ( , )uR x y and ( , )vR x y represent correlation coefficients 

between the frequency of rainstorms or rainfall and col-
umn-integrated zonal/meridional water vapor fluxes qu and 
qv, respectively (Xu et al., 2008).  

2.3  Modeling with FLEXPART (Particle dispersion 
model) 

The FLEXPART model is adopted to compute spatial and 
temporal variations of water vapor transport pathways in the 
rainstorm area over the Yangtze River Valley. FLEXPART 
was developed at the Department of Atmospheric and Cli-
mate Research, the Norwegian Institute for Air Research 
(Stohl et al., 2005). As a Lagrangian transport and disper-
sion model, FLEXPART is suitable for tracking the history 
of atmospheric tracers. FLEXPART is also capable of com-
puting the tracks of air particle clusters to infer processes of 
atmospheric transport and dispersion. This study uses 
FLEXPART to compute backward trajectories in the rain-
storm areas. The NCEP FNL 1°×1° analysis dataset is used 
to drive FLEXPART. The initial positions of particle clus-
ters are in the middle and lower reaches of the Yangtze 
River (118.25°–123.5°E, 28.5°–33.25°N), from 100 to 6000 
meters altitude. The computation period is between June 1 to 
June 12, 2008. 

2.4  Other methods 

In addition to the above methods, we also used the following 
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computations: variations, correlation coefficients, normali-
zation, multiple linear regression.  

3.  Seasonal and decadal variations in rainstorm 
frequency in East China  

Consider the frequency of rainstorms in East China (east of 
150°E). We have computed the annual frequency of rain-
storms in each month with precipitation between 50–100 
mm (Figure 1a), >100 mm (Figure 1b), and >200 mm (not 
shown). Monthly mean frequencies of the rainstorm catego-
ries show that there is a significant difference in the rain-
storms in each category; the frequency of rainstorms in all 
categories reaches a peak in the summer. The summer is 
also the season of the heaviest rainstorms, and the >50 mm 
category is the key category.  

In synoptic meteorology, a rainstorm is defined as a pre-
cipitation event with daily precipitation reaching or exceed-
ing 50 mm. Rainstorm climatology research shows that in 
China, rainstorms mainly occur east of 105°E. Due to com-
plex multiple-scale interactions among monsoonal, Meiyu, 
typhoon, subtropical high, cyclonic, and mesoscale convec-
tive systems under the influence of the Tibet Plateau and 
Loess Plateau, there are substantial regional and seasonal 
disparities in rainstorm distribution in China. 

Some studies have shown that there is a close rela-
tionship between the three-step staircase topography 
(Figure 2a) and northward migration of the Meiyu sys-
tem in the summer. It has been shown that seasonal vari-
ations in land-atmospheric processes in the Tibet Plateau 
and the Loess Plateau “thermodynamically drive” or “dy-
namically pull” the Meiyu rainbands from their initial posi-
tion in the southeast coastal areas to the northwest, where  

 

Figure 1  Monthly fractions of rainstorm frequency over East China; with daily precipitation (a) 50 mmR<100 mm; and (b) R100 mm. Filled colors 
indicate proportions of rainstorms in each month of the year.   
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Figure 2  Decadal trends in summertime precipitation (a) and rainstorm frequency (b) from 1961–2010 in mainland China, and comparison of the number 
of stations with positive and negative interannual variation trends over three regions (c). Altitude of the large-scale topography is color-shaded. A: plains 
over East China; B: between the East China plain area and the plateaus; C: West China.  

they subsequently remain stationary (Figure 2a) near the 
“topographical line” at the edge of the plateaus (Xu et al., 

2000).  
On seasonal or monthly time scales, summer precipita-
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tion in East Asia shows several distinct rain bands. Hence, it 
is important to study the relationship between the monsoon 
and precipitation separately in these regions: South China, 
North China, and the Yangtze-Huaihe River Valley (Liu et 
al., 2004). Our computation of the frequency of summer 
rainstorms from 1961–2010 also shows that the frequency 
of rainstorms in East China is higher in the southeast and 
lower in the northeast, which is very similar to the distribu-
tion of the “staircase” topography. The similarity in the pat-
tern of the three-step staircase topography and the rain 
bands suggests a strong link between the rainstorm fre-
quency and seasonal migration of the Meiyu front, moisture 
transport by monsoonal flow, and the dynamic and thermo-
dynamic influence of large-scale topography. One may also 
ask if there is a relationship between the frequency of rain-
storms in space and time and interannual variation in sum-
mer precipitation. Bao et al. (2006) found that summer rain-
storms have significant decadal variations: the number of 
rainstorm days in the Yangtze-Huaihe River Valley in-
creased in the 1970s and late 1980s; rainstorm frequency in 
South China also showed strong decadal variations. Liu 
(1999) showed that both the number of extreme rainstorm 
days and the amplitude of rainstorms increased after the 
1980s, except in North China.  

The Intergovernmental Panel on Climate Change (Church 
et al., 2014) reported that global and regional hydrological 
cycles have undergone significant changes over the past 
century. Wang (2001) showed that the precipitation pattern 
in East China is closely related to the decadal weakening of 
the East Asia Summer Monsoon, which has periods of 1 
year and 60–80 years. The primary precipitation pattern 
during the Meiyu period is that the precipitation anomaly in 
the Yangtze River Valley is out of phase with that in South 
China, while precipitation south of the Yangtze River is in 
phase with most other areas (Ma et al., 2012). Figure 2a 
shows the decadal variation of summer precipitation across 
mainland China. Considering that total precipitation is dif-
ferent from extreme rainstorms, we further compute spatial 
distribution of rainstorms in East China (Figure 2b). Figure 
2a displays the well-known pattern of “flooding in the south 
and drought in the north” in the East China summer (zone 
A), and the number of stations with positive interannual 
variation is similar to the number of stations with negative 
variation in zone A (right panel of Figure 2c); in Western 
China, however, the positive rate of interannual variation 
dominates; i.e., the number of stations with positive inter-
annual variation is greater than the number of stations with 
negative variation. Besides, a majority of stations show 
negative interannual variation in the northeast-southwest 
oriented precipitation bands (Figure 2a). Comparing Figures 
2a and 2b indicates that decadal variabilities in summer 
precipitation and frequency of rainstorms (daily precipita-
tion greater than 50 mm/day) in China have different spatial 
distributions. From the variation in the frequency of rain-
storms (Figure 2b), stations in the Tibet Plateau and plain 

area to the east of the Loess Plateau, South China, the Yangtze- 
Huaihe River Valley, Central China, Northern China, and 
northeast China show a southwest-northeast oriented band-
ed pattern with significant positive precipitation variations, 
and the number of positive variations is about twice the 
number of negative variations (left panel of Figure 2c). Fig-
ure 4b shows that the area discussed above (Figure 2b) co-
incides with the high frequency region for summer rain-
storms with daily rainfall greater than 50 mm. This indicates 
that the risk of a rainstorm disaster in the Yangtze River and 
south of the Yangtze River already shows a significant in-
creasing trend. In addition, east of the large-scale plateau 
topography and the transition area to the plain there is a 
large area of positive variation in the frequency of rain-
storms (Figure 2b), and the number of stations with positive 
variation is similar to the number of stations with negative 
variation (left panel of Figure 2c). Note that the area south 
of 30°N in East China has significant positive decadal vari-
ations in both the summer rainfall and frequency of rain-
storms. In addition, areas of positive variation in rainstorm 
frequency are the same as those with high mudslide fre-
quencies, in the transition area of steep terrain between the 
high-altitude topography and the plain area. For example, 
the Yunnan-Guizhou Plateau shows significant positive 
variation in the rainstorm frequency, which coincides with a 
south-north oriented band of high frequency of mudslides 
and mountain flood disasters east of the Tibet Plateau. 
Therefore, the frequency of the extreme rainstorms gener-
ally increases in East China, and this poses a great challenge 
to the implementation of risk reduction and disaster preven-
tion in areas of high mudslide frequency and mountain 
flooding. The precipitation variation in East China shows 
the pattern of “flooding in the south and drought in the 
north”, and in West China shows an increasing trend in pre-
cipitation. This result is consistent with prior studies. The 
transition zone from the Tibet Plateau to the plain area is 
dominated by negative variation; and the frequency of rain-
storms gradually decreases from the southeast high-frequency 
zone to the northwest zone with high-altitude topography. 
The primary characteristic of rainstorms with daily precipi-
tation more than 50 mm is a distribution “high in the south-
east and low in in the northeast”, similar to the staircase 
pattern of the terrain, and also similar to the orientation of 
the periphery of the Meiyu system. The Tibet Plateau and 
Loess Plateau overall have some fraction with increasing 
frequency of rainstorms, and positive variations in the 
northeast of these areas. In the plateau area and the transi-
tion zone to the plain, variation in the frequency of rain-
storms differs from variation in summer precipitation, and 
shows some signs of increase (similar positive and negative 
trends). The frequency of mudslides increases here, while 
there is no apparent trend in the west.  

Based on the spatial and temporal distribution of rain-
storm frequency (with daily precipitation >50 mm), the 
present study finds that it is appropriate to define the rela-
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tively concentrated area of rainstorms in East China as the 
area east of 105°E. Our discussion below is based on this 
definition. It is found that interannual variation in the sum-
mer precipitation and extreme rainstorms (with daily rain-
fall more than 50, 100 and 200 mm) differ significantly. Our 
calculation shows that rainstorms of these three categories 
occurred less frequently in East China from the 1960s to the 
1980s; however, since the 1990s, there is an increasing 
overall trend with more fluctuations. A comparison of in-
terannual variation in summer rainstorms and precipitation 
shows that there is a substantial difference in the phase of 
the two quantities from 1961 to 2010, and their interannual 
variation has the opposite trend; the former shows an in-
creasing trend in the frequency of rainstorms with daily rain 
more than 50 mm from 1961 to 2010, while the later shows 
a decreasing trend in the total summer precipitation in East 
China (Figure 3). 

4.  Meridional transport of moisture by the 
summer monsoon and decadal variability in 
rainstorm frequency in East China 

As discussed in the introduction, the low latitude Meiyu 
system and its northward migration in East China, as well as 
the interannual variation in the East Asia Monsoon, are 
critical factors. The meridional transport of moisture in 
summer is closely related to the regional distribution of 
flooding and drought in China (Tao et al., 1988; Shi et al., 
1996). Considering that the areas of frequent rainstorms in 
South China are closely related to the structure of moisture 
transport by monsoonal flows, and an area of concentrated 
frequent rainstorms is the south of the Yangtze River, and 
south of 30°N, we will analyze the interannual variation in 
the column-integrated moisture transport to the east of 
105°E, 20°–45°N. In addition, we will also analyze the in-

terannual variation of anomalous values in column-integrated 
moisture south of 30°N in East China.  

A comparison of the decadal variation in column-inte-     
grated moisture in south China and the meridional flux of 
column-integrated moisture (Figure 4a) indicates that the 
decadal variation in moisture flux between 20°–45°N shows 
a weakening trend. Column-integrated moisture flux in East 
China reached a peak in the 1960s, and shows a decreasing 
trend afterwards, corresponding to the pattern of summer 
rainstorm frequency (Figure 4bA); i.e., the pattern of the 
anomaly is oriented southwest-northeast in the northeast, 
Inner Mongolia, Shanxi, and east of the plateau areas. The 
decreasing trend continues in the 1970s, and the frequency 
of summer rainstorms is similar to that of the 1960s (Figure 
4bB); i.e., North China has a southwest-northeast oriented 
band with positive anomalies. Column-integrated moisture 
flux shows a gentle decrease in the 1980s, when it reached a 
minimum. The corresponding distribution of summer rain-
storm frequency shows positive anomalies in the middle and 
lower reaches of the Yangtze River with an east-west ori-
ented band. In the 1990s, the column-integrated moisture 
flux continued to maximize in the trough, but fluctuated 
greatly; correspondingly rainstorm frequency had positive 
anomalous values in the Yangtze-Huaihe River Valley in East 
China and South China (Figure 4bD). In the first 10 years of 
the 21st century, the column-integrated moisture flux re-
covered from the minimum and increased slowly. Corre-
spondingly two east-west oriented bands emerged in the 
Yangtze-Huaihe River Valley and South China, in between 
which a negative anomaly oriented east-west can be found 
(Figure 4 bE). Overall, the north-south shift in the frequent 
rainstorm areas varies in phase with column-integrated 
moisture flux in the decadal time scale. In the years of great-
er summer column-integrated moisture fluxes in East China, 
the frequent rainstorm areas shift to the north; and con-
versely, in the years of lesser summer column-integrated  

 
Figure 3  Interannual variations (lines with point markers) and trends (straight lines) in summer precipitation (blue; correlation coefficient is 0.273 and 
trend is 0.1493 per year) and rainstorm frequency (purple; correlation coefficient is 0.337 and trend is 0.0055 per year) over East China.   
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Figure 4  Decadal anomalies from 1961 to 2010 in the summertime column-integrated moisture transport (g cm1 s1) averaged over the region (105° to 
120°E; 20° to 45°N) (a), and distribution of decadal anomalous rainstorm frequency in East China (b). (bA) the 1960s, (bB) the 1970s, (bC) the 1980s, (bD) 
the 1990s and (bE) the 2000s.  

moisture fluxes in East China, the areas of highly frequent 
rainstorms shift to the south. The relationship between the 

two suggests that a north-south shift of the region with fre-
quent rainstorms can also modulate the strength of column- 
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integrated moisture fluxes. Our results on column-integrated 
moisture fluxes and the spatial and temporal characteristics 
of rainstorms are consistent with those of Liu et al. (1999) 
on the decadal variation of rainstorm frequency in South 
China, the Yangtze-Huaihe River Valley, North China, and 
Northeast China. 

5.  Relationship between extreme rainstorms in 
East China and moisture fluxes 

Prior to the onset of the monsoonal flow, the timing of 
heavy precipitation is very similar to the timing of 
mid-latitude moisture transport by westerlies; after the onset, 
timing of the heavy precipitation is similar to moisture in-
flux in the southern boundary carried by southerlies in the 
South China Sea. Because southwesterlies strengthen after 
the onset of the SCS Monsoon, moisture transport to the 
southwest boundary of South China increases substantially 
(Zhao et al., 2015). These results indicate that the change of 
monsoonal flow and regional atmospheric circulation pat-
tern can lead to moisture transport from ocean to land, set 
up large-scale convergence/divergence of moisture, and 
further cause regional heavy precipitation and extreme rain-
storm events. Our study also indicates that there is a statis-
tically significant relationship between decadal variation in 
the frequency of summer rainstorms in the south of East 
China and the strength of meridional moisture flux during 
the monsoon season (Figure 4a and 4b). We will further 
analyze the spatial distribution of moisture transport that 
strongly influences the rainstorm frequency in East China. 
Summer precipitation in East China, the frequency of rain-
storms (daily precipitation greater than 50 mm) and the 
correlation vector of column-integrated moisture transport 
were computed and are shown in Figure 5. Figure 5a indi-
cates that the area of concentrated summer Meiyu precipita-
tion covers the Yangtze River and the majority of the area 
to the south of the Yangtze River, characterized by the di-
polar pattern of “rich in the south and poor in the north”. 
Corresponding to this precipitation pattern is the conver-
gence of the transport of moisture by westerlies and by the 
three branches of moisture transport by monsoonal flows 
(the Indochina Peninsula, the Bay of Bengal, and the South 
China Sea), and the convergence zone of these multiple 
moisture transport pathways shifts to the north with the 
maximum located in the Yangtze-Huaihe River Valley. 
From the correlation vector between column-integrated 
moisture fluxes (qu and qv) and frequency of rainstorms in 
East China, one can see that column-integrated moisture 
transport shows “merging” characteristics in the area of 
concentrated frequent rainstorms in the Yangtze River Val-
ley and South China. This includes one branch of the path-
way, which transports moisture from the northeast to 
southwest along the eastern side of the Tibet Plateau and 
Loess Plateau, making a “big bend” and deflecting to the 

east at the southeast border of the Tibet Plateau, then merg-
ing with the southwest moisture transport pathway from the 
southwesterlies in the Bay of Bengal and intense moisture 
transport in the South China Sea. The merging moisture 
transport pathways eventually reach South China and the 
Yangtze River Valley. The convergence of the col-
umn-integrated moisture transport pathways is located 
slightly to the south of the summer precipitation pattern. Of 
particular interest is the region of frequent rainstorms along 
the east edge of the plateau, covering the majority of the 
plain area, where the moisture transport from south to north 
reaches a maximum in several areas, including in the south 
of the Yangtze River Valley and South China. This consti-
tutes the key “supply chain” for moisture to the region of 
frequent rainstorms in East China. The total amount of 
summer precipitation reaches a maximum in South China, 
which does not overlap with the maximum of the moisture 
transport (in the Yangtze-Huaihe River Valley). Moisture 
transport in the region of frequent rainstorms reaches a 
maximum in the Yangtze River Valley and to the south of it; 
so the two overlap. Figure 5b shows that the plain area to 
the east of the Tibet Plateau and Loess Plateau has frequent 
rainstorms (with daily precipitation >50 mm). Among them, 
the Yangtze River Valley and South China (Zone A) and the 
Sichuan Basin are concentrated areas of high rainstorm fre-
quency. Immediately east of the plateaus (Zone B) there are 
somewhat fewer rainstorms relative to East China, as is also 
the case in the northwest region (Zone C). The comprehen-
sive analysis above shows that variation in the total summer 
precipitation in East China is structurally different from the 
moisture pathways related to rainstorms. Therefore, it is of 
unique scientific value, and practical significance to fore-
casting, to study the spatial and temporal variations in the 
frequency of extreme rainstorms.  

Analysis of correlations between the frequency of sum-
mer rainstorms in East China and column-integrated mois-
ture fluxes (Figure 6a) shows signs of moisture convergence 
(negative divergence) in the middle and lower reaches of 
the Yangtze River and South China (Zone A). When flux 
convergence in the column-integrated moisture transport in 
East China is enhanced, moisture transport originating from 
low latitude ocean shows “permanent convergence”, 
providing sustained abundant moisture to facilitate the de-
velopment of extreme rainstorms in East China. The en-
hanced moisture flux convergence is therefore a key factor 
for understanding rainstorms in East China. The correlation 
coefficient between interannual variation of the frequency 
of rainstorms in East China and column-integrated moisture 
flux convergence reaches 0.497, indicating high correla-
tion (Figure 6b).  

We select the years with high and low values of negative 
correlation between the frequency of rainstorms and mois-
ture flux convergence (Zone A) for composite analysis (i.e., 
anomalously lower moisture convergence [negative diver-
gence] in 1961, 1963, and 1967; and anomalously higher  
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Figure 5  Distribution of rainstorm frequency with daily precipitation >50 mm; (a) summertime precipitation (unit: mm/d with average values shaded in 
color, and correlation vectors of column-integrated water vapor transport fluxes (unit: g s1 hPa1 cm1); (b) from 1961–2010. The red circles indicate high 
correlations. 

moisture divergence in 1994, 1997 and 1998). A compari-
son of the geopotential height, temperature and column- 
integrated moisture transport (Figure 6c and d) indicates 
that during the years of frequent rainstorms, high values are 
found at a pressure of 500 hPa in the middle west and the 
Tibet Plateau. This corresponds to the moisture flux to the 
northwest of 30°N over the Tibet Plateau, which merges 

with the southwest moisture flux from the Bay of Bengal 
and South China Sea slightly south of 30°N, and coincides 
with the region of frequent rainstorms in the south of Yang-
tze River Valley. In addition, the moisture flux convergence 
is located slightly to the north of the rainstorms (about 30°– 
40°N) during the years of when rainstorms are less frequent.  

The moisture flux convergence shifts to the north during  
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Figure 6  Correlation analysis of rainstorms in East China and column-integrated moisture flux divergence over East Asia. (a) correlation coefficient dis-
tribution; (b) interannual variations of column-integrated moisture flux divergence (unit: g s1 cm2 hPa1, red) and the frequency of rainstorms (blue); (c) and 
(d) geopotential height temperature (°C), and moisture transport flux (unit: g s kg1) at 500 hPa in years of anomalously low and high moisture transport flux 
divergence. Note that the square in Figure 6a indicates high correlation (convergence of moisture fluxes), and the red circles in Figure 6c and d denote the 
“convergence zone” of moisture transport. The open arrow indicates the primary direction of the column-integrated moisture transport pathway and moisture 
fluxes. 

years of anomalously low moisture transport, while it shifts 
to the south in the south of the Yangtze River Valley during 
the years of anomalously high moisture transport. The above 
analysis indicates that the north-south oscillation in the 
convergence of the three branches of the moisture transport 
pathways corresponds to anomalously higher and lower 
frequencies of extreme rainstorms. From the circulation 
setup in geopotential height and temperature (Figure 6 c and 
d), the strength of the Tibet high at 500 hPa is very likely 
the key factor determining the north-south oscillation in the 
convergence of the three branches of moisture transport 
pathways.  

The above results suggest that the thermodynamic struc-
ture of the Tibet Plateau may strongly influence the fre-
quency of extreme rainstorms in East China, by modulating 
the north-south shift in the convergence of the three mois-
ture transport pathways.  

To gain further insight into the correlation between the 
moisture flux convergence and rainstorms in East China, we 
computed the interannual variations in the correlation be-
tween the convergence and frequency of rainstorms. This 

analysis indicates that the frequency of rainstorms and high 
and low values of sensitivity factors are in the opposite 
phase. Therefore the scatter plot (not shown) of regions of 
high moisture convergence and rainstorm frequency in East 
China shows a negative correlation between the frequency 
of rainstorms and column-integrated moisture flux conver-
gence (at significance level of 1%).  

6.  A conceptual picture of the oceanic moisture 
sources of rainstorms in East China, and vortex 
patterns of moisture transport 

The above results indicate that moisture fluxes, and their 
convergence and dynamical structure, have a definite im-
pact on rainstorms in East China. The next question is to 
understand characteristics of the moisture transport during 
extreme rainstorms under the influence of the summer 
monsoon. It is also necessary to discriminate the pattern of 
moisture transport for rainstorms and monsoon precipitation 
for various categories of rainfall, e.g., rainstorms, torrential 
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rain, and regular rain (light, moderate, and heavy rain). Tian 
et al. (2012) discussed three categories of summer rainfall, 
and its relationship to anomalous moisture transport, and 
showed that the central rain belt corresponds to the merging 
of two anomalous moisture transport pathways in the Yang-
tze River, one from the northeast in East China and the oth-
er from the southwest. The southern rain belt corresponds to 
the merging of two anomalous moisture transport pathways 
in South China: one from the northeast and the other from 
the southwest in the northwest side of the subtropical North 
Pacific High. The northern rain belt corresponds to the 
merging of two anomalous moisture transport pathways in 
North China: one from the mid-latitude upstream by west-
erly transport and the other from the southwest in the 
northeast side of the subtropical high. The weather systems 
producing rainstorms in China include tropical cyclones, 
regional vortices and lows, frontal cyclones, typhoons and 
typhoon residuals. The onset and development of these sys-

tems are closely related to multiscale interactions under the 
influence of various large-scale circulation patterns. For 
rainstorms in East China, moisture transport and related 
circulation patterns are apparently key factors to consider.  

Based on the rainstorm frequency and various rainfall 
events from 1961 to 2010, our analysis indicates that mois-
ture transport is characterized by a large-scale cyclonic cor-
relation vector, impacting the majority of East China, which 
will be referred to as the moisture transport vortex in the 
rest of this paper. We will discuss how the strength of the 
moisture transport vortex “drives” the transport of oceanic 
moisture in the low latitudes to East China. Figure 7 shows 
the frequency of the summer rainfall events with daily pre-
cipitation below 50 mm (including light, moderate, and 
heavy rain) and moisture fluxes in East Asia. Figure 7a and 
b use the frequency of rainfall events below 50 mm and the 
correlation vector of moisture transport as the background. 
The filled areas indicate regions of high correlation vector  

 
Figure 7  The correlation vectors for the frequency of regional averaged light-rainstorms (daily precipitation <50 mm) in East China and column vapor 
transport flux. (a) zonal and (b) meridional components (color shaded, unit: g s1 hPa1 cm1). (c) and (d) are the same as (a) and (b), but for frequency of aver-
aged rainstorms (daily precipitation >100 mm). 
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(qu, qv) with statistical significance exceeding 10%. Figure 
7a and 7b show that moisture transport pathways for the 
rainfall events with daily precipitation less than 500 mm are 
through westerly transport in the middle latitude, and southerly 
transport in the south of mainland China and coastal seas. 
The two pathways differ in their spatial scales as well as 
their locations. The vortex associated with rainstorms is 
smaller in size and located to the south (Figure 7a and 7b). 
The vortex associated with light-rainstorms (<50 mm) is 
larger in size and located to the north. In addition, for the 
rainstorms, in particular the extreme rainstorms (daily pre-
cipitation >100 mm), there is a region of high correlation 
oriented north-south from the northerly in the mid-latitudes 
to the west of the moisture transport vortex (Figure 7c and 
7d). This indicates that moisture sources and transport path-
ways differ significantly for different rainfall categories, and 
for non-extreme rainfall and extreme rainfall events. The 
color-shaded region in Figure 7 indicates a statistically sig-
nificant correlation between the column-integrated moisture 
fluxes and frequency of rainstorms in East China. Note that 
A and B denote statistically significant moisture transport 
flux components qu (Figure 7c) and qv (figure 7d), respec-
tively. Our calculation indicates that the frequency of rain-
storms and column-integrated moisture fluxes are signifi-
cantly correlated; moisture sources of rainstorms in East 
China are the South China Sea and the Bay of Bengal. One 
branch originates from the South China Sea to the Bay of 
Bengal, deflecting to the southern border of the Tibet Plat-
eau, and eventually turning to the rainstorm area in East 
China; the other branch is a direct moisture flow from the 
South China Sea to the rainstorm area in East China (not 
shown). The two moisture transport branches are modulated 
by active summer monsoonal flow and subtropical highs. 
Therefore, the correlation vector of moisture fluxes further 
confirms that moisture in the rainstorm area in East China 
mainly comes from the South China Sea and the western 
Pacific Ocean.  

To further clarify the correlation between rainstorm fre-
quency and moisture transport at those highly correlated 
regions, we use stepwise regression to select the predictors 
for frequency of extreme rainstorms (daily precipitation >100 
mm) in East China in the four high correlation regions, A, B, 
C and D as shown Figures 7c and 7d. After statistical tests, 
the regression equation for interannual variation in the fre-
quency of extreme rainstorms (Figure 8a) may be written as:  

        A B C D0.002 0.001 0.001 0.003 0.306,y qv qv qv qv

(4) 

where y is the number of extreme rainstorms in East China, 
and qvA, qvB, qvC, and qvD are the average values of zonal 
and meridional moisture fluxes in the region A, B, C, and D, 
respectively. Statistical tests of the regression eq. (4) indi-
cate that only the factors for meridional moisture flux are 
significant.  

The results show that regressed values of interannual 

variation in the moisture flux for the frequency of extreme 
rainstorms in East China are in phase with the actual values, 
and the correlation coefficient between the two reaches 0.75 
at the statistical significance level of 1%. This result also 
confirms that the occurrence of extreme rainstorms is 
closely related to the spatial structure of moisture flux in the 
high correlation region (Figure 8b). Multiple linear regres-
sion is also used for the rainstorms in the 50–99.9 mm cat-
egory, and the regression equation is written as: 

 
      
    

B A B

C D

0.002 0.002 0.003

 0.003 0.008 1.318,

y qu qv qv

qv qv  (5)
 

where y is the number of rainstorms with daily precipitation 
between 50–99.9 mm, and other variables are defined as 
above. The A, B, C, and D regions are the same as in Figure 
6c and 6d. Regression tests indicate that several zonal and 
meridional flux variables are statistical significant as pre-
dictors.  

To further elucidate the relations between moisture 
transport and rainstorms in East China, we made a compo-
site analysis based on a number of representative events in 
the years of higher rainstorm occurrence (1994, 1995, 1996, 
and 1998), and the years of lower rainstorm occurrence 
(1971, 1972, 1978, and 1989). The composite of col-
umn-integrated moisture flux in these two types of cases 
(Figure 9a and 9b) indicates that the anomalous moisture 
flux vectors show anticyclonic structure in East China dur-
ing the years of lower occurrence, and cyclonic structure 
during the years of higher occurrence. This result reveals 
the circulation structure of moisture transport associated 
with rainstorms.  

The grey arrows indicate the directions of moisture 
transport in anticyclonic or cyclonic circulations (dash 
cycles). 

7.  Moist flux vortices in the East Asia Monsoon, 
convergence, and interannual variations in 
summer rainstorms 

We have shown that moisture transport and summer rain-
storms in East China vary in phase and their correlation is 
statistically significant, and that moisture transport during 
extreme rainstorms under the influence of the summer 
monsoon is characterized by a vortex structure. We have 
also analyzed the merging of moisture transport pathways, 
and its characteristics during extreme rainstorm events. This 
section will further discuss whether or not the convergence 
of moisture pathways and the associated vortex structure 
closely related to extreme rainstorm events also show a sim-
ilar north-south oscillation on the decadal time scale. Based 
on a correlation analysis between the zonal moisture flux 
and distribution of the regions with frequent moisture flux 
in East China, we ask the follow question: does the large-  
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Figure 8  Interannual variations of rainstorm frequency (red curves) and its multiple regression (blue curves) for the rainstorm category. (a) Daily precipita-
tion >100 mm; (b) daily precipitation between 50 and 100 mm.  

 

Figure 9  Streamlines of anomalous column-integrated moisture transport flux in the years of low (a) and high (b) rainstorm frequency with daily precipita-
tion >50 mm.   

scale moisture transport vortex also show north-south oscil-
lation as does the region with frequent rainstorms in East 
China? Figure 10 depicts a time-latitude diagram of anom-
alous frequency of rainstorms (Figure 10a), vorticity anom-

aly (Figure 10b), and divergence anomaly (Figure 10c) av-
eraged between 105°–120°E.  

Figure 10 shows that the rainstorm frequency, the column- 
integrated moisture flux convergence anomaly, and the  
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Figure 10  Time-latitude diagram of rainstorm frequency (a), divergence anomaly (b), and vorticity anomaly (c) averaged over 105°–120°E in East China 
from 1961 to 2010.  

vorticity anomaly all vary in phase. Positive anomalies of 
rainstorms between 20°–50°N shift south at the decadal 
time scale (Figure 10a). High rainstorm frequency is found 
mostly in the north of this region in the 1960s (Figure 4bA), 
as is negative divergence (convergence) of the column-inte-     
grated moisture flux and positive anomaly of vorticity (Fig-
ure 10b and c). During the 1970s, more rainstorms are 
found to shift gradually south (Figure 4bB), and the same 
southward shifts are found for convergence of the col-
umn-integrated moisture flux and the positive anomaly of 
vorticity (Figure 10b and 10c). The southward trend con-
tinued through the 1980s (Figure 4bC). By the 1990s, the 

rainstorm area stays in the south (Figure 4bD), as do the 
other quantities (Figure 10b and 10c). During the 2000s, re-
gions of frequent rainstorms remain generally stationary, with 
some signs of northward progression.  

8.  A conceptual model of moisture sources and 
moisture transport for rainstorms in East China 

The recently developed method of Lagrangian particle 
tracking is a powerful tool to study moisture transport. 
Compared to Eulerian analysis, Lagrangian analysis has the 
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advantages of tracking the history of a cluster of pre-defined 
air particles, which makes it suitable for tracing the source 
regions of transported moisture. Wernli et al. (1997) first 
proposed that Lagrangian analysis could be used to track the 
transport of air parcels in the atmosphere, and that the 
change of specific humidity is approximately controlled by 
only two processes, evaporation and precipitation, from 
which one can identify water vapor equilibrium and 
transport. Real et al. (2001) and James et al. (2004) esti-
mated the moisture sources of two extreme precipitation 
events, one in 1998 in the west of the Mediterranean sea, 
and the other in 2002 in Europe. It has also been demon-
strated that Lagrangian analysis has the potential (Nieto et 
al., 2006) to be used to assess the relative contributions of 
different moisture sources (Sodemann et al., 2006).  

To further verify the proposed conceptual model of 
moisture source and moisture transport for rainstorms in 
East China, we focus on the rainstorm events in the middle 
and lower reaches of the Yangtze River in 2008, which is 
one of the years with the highest occurrences of rainstorms. 
We use the Lagrangian analysis of moisture transport as the 
diagnostic tool (Chen et al., 2010). The 3D particle disper-
sion model FLEXPART is driven by the NCEP/NCAR rea-
nalysis data. 3D backward trajectories of air particles are 
computed for the extreme precipitation events from 1 June 
to 9 June, and the data is used to calculate backward 
transport of air particles during this event. Figure 11a shows 
that the water vapor trajectories are characterized by the 
merging of three branches of moisture flow. One originates 
from the north of the Tibet Plateau and Loess Plateau, con-
tinuing to the south, making a “big bend” east of the plat-
eaus, and eventually turning to the east. The second origi-
nates from the South China Sea, passing the Bay of Bengal, 
turning to the immediate south of the Tibet Plateau, and 
eventually moving to the rainstorm area in East China. The 
third also originates from the South China Sea, but moves 
directly to the rainstorm area in East China. The merging of 
the above three branches is the main characteristic of the 
moisture transport structure, and they eventually merge in 
the Yangtze River Valley. Results from our simulated moist 
air particles in this case study further confirm our prior con-
clusion on the structure of moisture transport to rainstorms 
in East China and the merging of different pathways.  

Based on the above results, we synthesize a conceptual 
model of moisture transport pathways, vortices, and con-
vergence for rainstorms in East China (Figure 11b; with the 
area of frequent rainstorms in the Yangtze River Valley and 
South China in the background). The column-integrated 
moisture transport pathways that constitute the merging 
structure in East China mainly originate from the east edge 
of the plateaus (qV1), moisture flow from the Bay of Bengal, 
South China Sea, and Indochina Peninsula (qV2, qV3, qV4), 
and they merge at the area of frequent extreme rainstorms in 
East China. Regions of statistically significant correlations 
between vorticity (max) and divergence (Dmax) and the 

column-integrated moisture flux coincide with the region of 
frequent summer rainstorms in East China. The high corre-
lation region of the column-integrated moisture transport 
pathway (IqvImax) in the concentrated rainstorm area is also 
collocated with the region of frequent summer rainstorms in 
East China. In addition, the frequent rainstorm area is situ-
ated in the merging area of multiple branches of cyclonic 
moisture transport pathways, characterized as a moisture 
transport vortex. Figure 11b illustrates the conceptual model 
of the moisture transport pathways, vortex pattern and di-
vergence during extreme rainstorms in East China. 

9.  Conclusions 

We have studied moisture transport and moisture flow pat-
terns during rainstorm events in East China. Our main con-
clusions may be summarized as:  

(1) Decadal variations of precipitation in East China are 
characterized by the pattern “flooding in the south and 
drought in the north”. Precipitation in the west shows a 
slightly increasing trend. Decadal variation in precipitation 
in the Tibet Plateau and Loess Plateau and the transition 
zone to the eastern plain area are dominated by negative 
variations. Decadal variations in the frequency of rainstorms 
in the Tibet Plateau and Loess Plateau and the transition 
zone to the plain area differ from those of total precipitation 
in their characteristics, and show an increase in interannual 
variations (approximately similar positive and negative var-
iation); frequency of mudslides increases in this region but 
shows no increase in western China. Geographical varia-
tions in the frequency of rainstorms in East China are con-
sistent with the three-step staircase topography and the edge 
of the Meiyu system. The eastern region of the Tibet Plat-
eau and Loess Plateau show an increase in the frequency of 
rainstorms. Northeast China shows an increase in interan-
nual variations, the frequent rainstorm areas being oriented 
in the southeast-northwest direction (at the edge of high 
terrain) and gradually decreasing in that direction. Therefore, 
the interannual variations may be summarized as being 
“high in the southeast and low in the northwest”, similar to 
the staircase topography. 

(2) Interannual variations in total precipitation during the 
monsoon season in East China also show substantial differ-
ences from interannual variations in the frequency of ex-
treme rainstorms. A comparison of total precipitation and 
frequency of rainstorms from 1961 to 2010 indicates that 
the two differ significantly in their phase in the interannual 
time scale, and have opposite decadal trends; i.e., the fre-
quency of rainstorms has increased since the 1990s, while 
total summer precipitation decreases during the same period.  

(3) The maximum moisture flux associated with summer 
precipitation events in East China is situated in the Yangtze- 
Huaihe River Valley, but it does not overlap with the max-
imum precipitation region, which is located in South China.  
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Figure 11  Backward trajectories of moist air particles associated with the rainstorms in East China (a), and diagram of the moisture transport (b). Black 
curves with arrows, qv1, qv2, qv3, qv4, represent the major transport routes of column-integrated water vapor; blue dotted and solid circles cover the regions 
with high correlations of vorticity (max) and high divergence (Dmax) with column-integrated moisture transport flux to EC rainstorm frequency, respec-

tively; the blue dashed circle marks the area of high correlation between column-integrated moisture transport flux ( max| |qv ) and rainstorm frequency in East 

China. All correlation coefficients pass statistical tests at the significance level of 10%.  

The maximum moisture flux associated with the area of 
frequent rainstorms is located in the south of the Yangtze 

River Valley, and overlaps with the area of frequent rain-
storms itself. Transport pathways for non-storm precipita-
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tion include moisture flow by westerlies and northwesterlies 
in the mid-latitudes, and the southerly moist flow from the 
south of the continent and offshore areas. The Yangtze Riv-
er Valley and South China are both regions of high rain-
storm frequency. Column-integrated moisture transport 
pathways to the area of rainstorm concentration may be 
described as a “merging” of three branches of intense mois-
ture flow from the lower- and mid-latitude oceans, and this 
merging area is shifted slightly to the south in comparison 
to the maximum summer precipitation or non-rainstorm 
precipitation. For both non-storm precipitation and storm 
precipitation, frequency is correlated with the column-inte-     
grated moisture flux vector, i.e., moisture transport vortices 
with different spatial scales. Moisture transport vortices 
related to rainstorms are smaller in size, and located to the 
south; while the vortices not related to rainstorms are larger 
in size, and located to the south.  

(4) Both the moisture transport vortex of column-inte-       
grated moisture flux and the convergence are important 
contributors to rainstorms in East China. It is shown that 
decadal variations of summer precipitation in East China 
and the frequency of rainstorms differ significantly in their 
spatial structure, and also differ in their moisture transport 
pathways, moist flow pattern, and in the merging area of 
moisture flows from the middle and low latitudes.  

(5) It is shown that regions with highly frequent rain-
storms in East China are changing dynamically on the in-
terannual time scale, and this pattern is characterized by a 
south-north oscillation. This oscillation is synchronous on 
the decadal time scale with vorticity and divergence anoma-
lies of the column-integrated moist flow under the influence 
of the changing summer monsoon. Finally, a conceptual 
model of moisture transport pathways for rainstorms in East 
China, moisture flow, and the vorticity and divergence 
structure are proposed to improve understanding of these 
extreme precipitation events.  
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