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a b s t r a c t 

Based on hourly precipitation from national surface stations, persistent heavy rainfall events (PHREs) over the 

Sichuan Basin (SCB) are explored during the warm season (May to September) from 2000 to 2015 to compare 

synoptic circulations and maintenance mechanisms between different PHRE types. There are two main types of 

PHREs: one is characterized by a rain belt west of 106°E over the SCB (WSB-PHREs), and the other features a rain 

belt east of 106°E over the SCB (ESB-PHREs). In total, there are 18 ESB-PHREs and 10 WSB-PHREs during the 

study period. Overall, the rain belts of WSB-PHREs are along the terrain distribution east of the Tibetan Plateau, 

while the precipitation intensity of ESB-PHREs is stronger. For the two types of PHREs, the shortwave trough over 

the SCB and the western Pacific subtropical high act as their favorable background environments, particularly 

for ESB-PHREs. The water vapor of WSB-PHREs is mainly transported from the South China Sea, whereas for 

ESB-PHREs the South China Sea and Bay of Bengal are their main moisture sources. The composite vorticity 

budgets of southwest vortices during their mature stage indicate that the convergence effect is a dominant factor 

for maintaining the two types of PHREs, and the strong vertical vorticity advection is also favorable, but the 

relative contribution of vertical advection is larger for WSB-PHREs. 
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. Introduction 

Persistent heavy rainfall events (PHREs) can cause particularly se-

ere disasters in China, such as flash floods, urban waterlogging, or

andslides ( Kunkel et al., 1994 ; Grazzini and Grijin, 2003 ; Zhao et al.,

004 ; Schumacher, 2011 ; Jiang et al., 2017 ). In China, many different

efinitions of a PHRE have been developed based on various rainfall

atasets ( Tao, 1980 ; Bao, 2007 ; Wang et al., 2014 ; Liu et al., 2019 ). The

ichuan Basin (SCB) is in a subtropical region east of the eastern edge

f the Tibetan Plateau (TP) and west of the Wushan and Daba moun-

ains. Because of the complexity of its topography and climatic back-

round, the SCB is one of the frequent heavy rainfall regions in China.

HREs in the SCB have been defined as having a rainfall duration of

ore than 48 h and a continuous daily precipitation of more than 50
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m ( Chen et al., 2010 ); however, research has mostly been in the form

f case studies. Statistical results are still lacking in terms of explain-

ng the features of PHREs in recent decades. Previous studies found that

he apparent spatial distribution of rainfall anomalies in the SCB has

n east–west oscillation ( Shao et al., 2005 ; Bai et al., 2011 ; Liao et al.,

012 ; Li et al., 2016 ; Jiang et al., 2017 ). For the rainfall in the west-

rn SCB (WSB), the circulation at mid-to-high latitudes has two ridges

nd one trough. The southwest vortices are active and the western Pa-

ific subtropical high (WPSH) is located west and north of its average

ocation ( Zhou et al., 2008 ). For the rainfall in the eastern SCB (ESB),

he meridional background circulation controls the mid-to-high latitu-

inal regions. A low trough appears over the SCB and the vortices in

he middle of the basin move eastward ( Zhou et al., 2008 ; Bai et al.,

011 ). Other studies have found that water vapor transport is also im-
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Fig. 1. Geographic distribution of the 163 surface stations (red dots). Colored shading indicates the terrain height (units: m). 
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Table 1 Definition of PHREs in the SCB. 

Features Definition 

Intensity Concentrated torrential rainfall stations identified each day. 

Coverage More than 10 concentrated torrential rainfall stations identified on at 

least one day and more than 8 concentrated torrential rainfall stations 

identified over the other two days. 

Duration More than three days. 

Overlap The overlap of the heavy rainfall stations should be more than 30% on 

two consecutive days. 
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d  
ortant in determining the rain belt location ( Li et al., 2016 ; Jiang et al.,

017 ). 

Some case studies have focused on PHREs in the SCB and the mech-

nisms that control these events, but few studies have considered the

tatistical features of PHREs in the SCB. This study focuses on warm-

eason PHREs in the SCB in recent decades and a comparison of the

aintenance mechanisms of the two types of PHREs, with a partic-

lar focus on exploring the vorticity evolution mechanism of SWVs

hat directly trigger PHREs. Section 2 introduces the data and meth-

ds. Section 3 presents the definitions and categories of PHREs in the

CB. Section 4 compares the maintenance mechanisms of the two types

f PHREs. Section 5 concludes the paper. 

. Data and methods 

Hourly precipitation observations from surface stations operated by

he China Meteorological Administration are used to examine PHREs in

he SCB during the warm season (May to September) from 2000 to 2015

 Fig. 1 ). The study area covers the region of 28°–33°N and 102°–109°E.

ecause data are missing at some stations, two strict quality control con-

itions are adopted: (1) the missing hourly precipitation data have to be

ess than 2% of the total data series in each year and there should be

o missing year of hourly precipitation at each station; (2) the stations

ocated at a terrain height greater than 2500 m are not used to avoid in-

erference from stations on the TP. After this quality control procedure,

63 stations are left in the study area (red dots in Fig. 1 ). The hourly

RA5 reanalysis data with a horizontal resolution of 0.25° are used to

ompare the large-scale circulation and calculate the SWV vorticity bud-

et of the two types of PHREs. 

The vorticity budget equation below is used to explore the mainte-

ance mechanism of SWVs during their mature stage: 

𝛿𝜁𝑧 

𝛿𝑡 
= − 𝑽 h ⋅ 𝛁 h 𝜁𝑧 − 𝑤 

𝜕𝜁𝑧 

𝜕𝑧 
+ 𝒌 ⋅

( 

𝜕 𝑽 h 
𝜕𝑧 

× 𝛁 h 𝑤 

) 

− 

(
𝜁𝑧 + 𝑓 

)
𝛁 h ⋅ 𝑽 h + RES , 

HS HADV VADV TILT DIV (1) 

here 𝜁𝑧 is the vertical vorticity and 𝛿 is the vorticity tendency. w is the

ertical velocity and t is the time. The term 𝑽 h = 𝑢 𝒊 + 𝑣 𝒋 is the horizontal

elocity vector, where i , j , and k stand for the unit vector components

ointing to the east, north, and zenith; 𝛁 h = 

∂ 
∂ 𝑥 𝒊 + 

∂ 
∂ 𝑦 𝒋 is the horizontal

radient operator; and 𝑓 is the Coriolis parameter. The term HADV rep-

esents the horizontal advection of vorticity, VADV denotes the vertical
2 
dvection of vorticity, TILT is the tilting term, DIV is the stretching ef-

ect associated with divergence or convergence, and RES is the residual

erm. The term on the left-hand side (LHS) is the vorticity tendency, and

he sum of the terms other than RES on the right-hand side is denoted

s RHS. 

. PHREs in the SCB 

.1. Definition of PHREs 

Because PHREs are always regional rainfall events, their definition

s affected by the selection of surface stations. A torrential rainfall sta-

ion is a single station with a daily precipitation ≥ 50 mm and a heavy

ainfall station has a daily precipitation ≥ 25 mm. To remove the in-

uence of scattered and isolated stations, a definition of concentrated

tations has been proposed ( Wang et al., 2016 ): when more than three

orrential (heavy) rainfall stations occur within a distance of less than

00 km to a torrential (heavy) rainfall station, this torrential (heavy)

ainfall station is defined as a concentrated torrential (heavy) rainfall

tation. Regionally, PHREs in the SCB are defined as follows ( Table 1 ):

1) heavy rainfall events lasting for more than three days; (2) more than

0 concentrated torrential rainfall stations identified on at least one day

nd more than 8 concentrated torrential rainfall stations identified over

he other two days; (3) regionally heavy rainfall is spatially continuous,

nd the overlap of the heavy rainfall stations should therefore be greater

han 30% for two consecutive days. 

.2. Categories of PHREs 

Based on the definition of PHREs given above, 33 cases are selected

uring the warm season from 2000 to 2015. According to the results of
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Fig. 2. Total precipitation (shading; units: mm), average wind field (black wind barbs), and geopotential height (blue solid lines; units: gpm) at 850 hPa of each 

PHRE: (a) ESB-PHREs; (b) WSB-PHREs. The red frame is where the vorticity budget is calculated and the deep red line is the location of 106°E. Gray shading indicates 

the terrain height (units: m). 
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Fig. 3. Composite circulation at (a, b) 500 hPa, (c, d) 700 hPa, and (e, f) 850 hPa: (a, c, e) ESB-PHREs; (b, d, f) WSB-PHREs. In (a, b), the green frame is the study 

area, color shading shows the vorticity (units: 10 − 6 s − 1 ), blue lines show the geopotential height (units: gpm), and the vectors show the wind field. In (c–f), color 

shading shows the water vapor flux (units: g s kg − 1 ), purple lines show the vorticity (units: 10 − 5 s − 1 ), vectors show the wind field, and the red frame is the study 

area. Gray shading denotes the terrain height (units: m). 

Table 2 The dates of ESB- and WSB-PHREs during the warm season of 2000–

2015. 

Types Dates 

ESB-PHREs 1–3 Jun 2000; 26–28 Jun 2000; 11–14 Jul 2000; 29 Aug–1 Sep 2003; 

4–6 Sep 2004; 7–9 Jul 2005; 27–29 Aug 2005; 3–6 Jul 2007; 12–14 

Aug 2008; 15–18 Jul 2010; 20–22 Jun 2011; 11–13 Sep 2011; 7–9 Jul 

2012; 30 Aug–1 Sep 2012; 17–19 Jul 2013; 9–11 Aug 2014; 11–15 

Sep 2014; 23–25 Jun 2015 

WSB-PHREs 1–2 Aug 2001; 17–19 Jul 2005; 29–31 Aug 2007; 8–10 Sep 2008; 

23–26 Sep 2008; 24–26 Jul 2010; 20–22 Aug 2010; 15–18 Jul 2012; 

19–21 Jun 2013; 8–10 Jul 2013 
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1  
revious studies ( Yu, 1984 ) and the rain belts of the selected PHREs in

ection 4.1 , when the center of the precipitation maximum of the PHREs

s located west (east) of 106°E, the events are classified as the WSB (ESB)

ype. As a result, 28 of the 33 PHREs are identified as either WSB- or

SB-PHREs, with 18 being ESB and 10 being WSB ( Table 2 ). The number

f ESB-PHREs is nearly twice as many as that of WSB events. From the

otal precipitation of each PHRE ( Fig. 2 ), the orientation of ESB-PHREs
4 
s found to always be northeast–southwest and their total precipitation

s greater than that of WSB-PHREs. The WSB rain belts occur in regions

ith a large terrain height gradient along the topographic distribution. 

. Comparison of maintenance mechanisms of the two types of 

HREs 

.1. Composite background circulation 

Synoptic systems provide favorable dynamic and thermal back-

round circulations for heavy rainfall, and mesoscale systems can di-

ectly trigger the occurrence of heavy rainfall ( Ding, 1991 ). The com-

osite circulations of the two types of PHREs at 500 hPa ( Fig. 3 (a, b))

ave different features in the low-to-mid latitudes. For ESB-PHREs, the

esterly wind controls the mid-to-high latitudinal regions ( Fig. 3 (a)).

he southwesterly wind in front of the low trough (east of the TP) and

eripheral regions of the WPSH cover the eastern part of the SCB, which

s consistent with the strong convergence and positive vorticity max-

ma ( Fig. 3 (a)). The WPSH of WSB-PHREs extends westward to about

02°E. The western part of the SCB is controlled by the southwest-
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Fig. 4. Composite vorticity budgets of Eq. (1) averaged over the box in Fig. 3: (a) ESB-PHREs; (b) WSB-PHREs. RHS is the sum of the terms on the right-hand side; 

TILT stands for the tilting; DIV is short for the stretching effect of divergence or convergence; VADV is the vertical advection of vorticity; HADV is the horizontal 

advection of vorticity (units: 10 − 9 s − 2 ). 
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rly wind of the WPSH ( Fig. 3 (b)). It is found that the locations of the

PSH determines the rain-belt locations. When the WPSH extends west-

ard to the ESB, the rain belt is maintained over the WSB, and while

he WPSH retreats eastward and southward, combining with the low

rough over the SCB, convection and the rain belt tend to occur in the

SB. 

Besides the background circulations at middle levels of the tropo-

phere, water vapor transportation at the lower levels (850 and 700

Pa) is also important for the maintenance of PHREs. For ESB-PHREs,

he ESB is controlled by a southwesterly wind at 700 hPa ( Fig. 3 (c)).

he strong water vapor flux at 850 hPa from both the Bay of Bengal

nd South China Sea is imported into the ESB ( Fig. 3 (e)). The maximum

ind field of WSB-PHREs appears from the SCB to the second-step ter-

ain, which is weaker than that of ESB-PHREs. The southerly wind on the

eriphery of the WPSH transports water vapor from the South China Sea

nto the SCB ( Fig. 3 (d, f)). It is indicated that the convergence and posi-

ive vorticity maximum of WSB-PHREs occur in the western part of the

CB, and the southeastern and southern winds import water vapor from

he South China Sea into western regions of the SCB; however, the con-
5 
ergence and vorticity maximum of ESB-PHREs is stronger. There are

wo water vapor transportation trajectories providing abundant water

apor for the ESB-PHREs: one mainly originates from the Bay of Bengal

nd is imported by the southwestern wind; the other is from the South

hina Sea and is transported by the southeastern and southern wind. 

.2. Composite vorticity budgets of SWVs 

As described above, the synoptic systems provide favorable dynamic

nd thermal background circulations for the maintenance of PHREs,

ut the SWV (mesoscale systems) can directly trigger the occurrence

f PHREs ( Fu et al., 2015, 2019 ; Tang et al., 2020 ). The average wind

eld at 850 hPa during each PHRE in Fig. 3 shows that most of the

HREs are related with SWVs, especially for the stronger PHREs. For

SB-PHREs ( Fig. 2 (a)), the SWVs tend to locate east of 106°E. However,

he SWV’s centers of WSB-PHREs concentrate on the eastern edge of TP.

ince the PHREs are always related to the mature SWV, the 24-h ma-

ure stage of each SWV during these PHREs are chosen for the following

omposite analysis. To compare the dynamics that govern the intensifi-
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ation and maintenance of SWVs between the two types of PHREs, the

WV vorticity budgets of each PHRE are calculated (( Eq. (1) ) and the

omposite vorticity budgets ( Fu et al., 2016 ) of the two types of PHREs

re illustrated in Fig. 4 . For both PHRE types, the vorticity of the SWV

s increasing in the mature stage. DIV and VADV are positive to the

ntensification of SWVs, but TILT is the negative effect. The HADV is

uch weaker in the first 17 h. However, the VADV positive effect of

SB-PHREs is much stronger than that of ESB-PHREs from the sixth to

ixteenth hour of the mature stage. This means that the vertical advec-

ion is stronger due to the intense vertical motion near the leeside of

he TP with the considerable terrain gradient. However, for the mainte-

ance of the SWV in ESB-PHREs, the convergence of southerly wind is

ore important in the ESB. 

. Conclusions 

Hourly precipitation from 163 surface stations is used to investigate

HREs in the SCB during the warm season from 2000 to 2015. According

o the rain belt locations, most PHREs can be categorized as either ESB

r WSB types. Detailed comparisons are made for these two types of

HREs, and the main findings are as follows: 

Based on the PHRE definition, 10 PHREs occur over the WSB, while

8 PHREs occur over the ESB. The WSB-PHREs rain belts distribute

long with the direction of the topographic height, and the total pre-

ipitation of ESB-PHREs is greater than that of WSB-PHREs. When the

PSH extends westward to the ESB, the PHREs occur over the WSB;

hereas, when the WPSH covers the second-step terrain and combines

ith a low trough over the SCB, the PHREs occur over the ESB. The

ater vapor of ESB-PHREs originates from the South China Sea and the

ay of Bengal, while the water vapor of WSB-PHREs is mainly from the

outh China Sea. The stronger precipitation of ESB-PHREs is related to

he stronger convergence and water vapor flux. 

SWVs are the main mesoscale systems for triggering PHREs. The pro-

uction of cyclonic vorticity due to convergence dominates the mature

tage of SWVs for both types. Additionally, strong vertical vorticity ad-

ection due to convection also plays an important role in the mainte-

ance of SWVs, but the relative contribution of vertical advection is

arger for WSB-PHREs. 

This study investigates WSB- and ESB- PHREs in the SCB, and com-

ares their background circulation, water vapor features, and SWVs’

aintenance mechanisms between the two types. We believe that, in ad-

ition to SWVs, there are also other systems that directly induce PHREs

n the SCB. These will be investigated in the future to reach a more

omprehensive understanding of PHREs in the SCB. 
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