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Abstract
Using automatic rainfall station and ERA5 reanalysis data, the Southwest China vortex (SWCV) processes that induce warm-
sector rainstorms in the Sichuan Basin were analyzed, their environmental field and dynamic thermal characteristics were 
researched through physical diagnosis and dynamic synthesis, and the development mechanism was discussed. The results 
showed that for the warm-sector rainstorms caused by the SWCV (SWCV-WR), the general circulation backgrounds can 
could be divided into three types: upper trough-vortex (Type I), plateau shear line (Type II), and short-wave trough (Type III) 
types. Regarding the aspects of the maintenance of the SWCV, duration of the warm-sector rainstorms, and maximum hourly 
precipitation intensity, the influence of Type I is the most evident, followed by Types II and III for SWCV-WR. The vertical 
structure of the SWCV is shallow and inclined to the west with height, but the positive vorticity of Types I and II can reach 
up to 200 hPa for SWCV-WR. The pseudo-equivalent potential temperature in the vortex area is greater than 354 K, which 
is accompanied by an upward-energy tongue, and shallow secondary circulation occurs on the eastern side of the SWCV, 
promoting vortex development. Regarding the thermodynamic characteristics of SWCV, Type I is the strongest, followed by 
Type III, and Type II is the weakest. The water vapor supply in different types of SWCV-WR is not only closely related to 
the strength of water vapor transport in the Bay of Bengal, but also to the variations in water vapor transport caused by the 
influence of different water vapor sources, such as the South China Sea and western Pacific Ocean, during its transportation. 
For SWCV-WR, the vorticity advection presents an uneven east-west positive and negative distribution. Under the dynamic 
forcing, the positive vorticity on the east side of SWCV of Types I and II (III) is enhanced (weakened), while that on the west 
side is weakened (enhanced). Different atmospheric vorticity variations have different significant effects on the three types 
of SWCV-WR. Under the spatial non-uniform heating, the horizontal non-uniform heating effect on the different types of 
SWCV-WR has regional differences, while the vertical non-uniform heating effect has the largest effect on the spatial non-
uniform heating and a positive heating effect on the three types of SWCV-WR. Therefore, the spatial non-adiabatic heating 
effect, particularly the vertical non-uniform heating effect, is an important mechanism for the development and evolution 
of SWCV and SWCV-WR.

1 Introduction

The Southwest China vortex (SWCV) is a low-pressure sys-
tem with cyclonic circulation over 700 or 850 hPa, and it 
is generated in the southwestern region of China under the 
influence of the Qinghai-Tibet Plateau topography. It has a 
diameter of 300–500 km and a life history of 48 h. Some 
of the eastward developments can last for more than seven 
days. There are three main large-scale vortex sources: the 
Jiulong vortex source in the southern part of the western 
Sichuan Plateau, the Xiaojin vortex source in the central 
part of the western Sichuan Plateau, and the western Sichuan 
Basin vortex source in the eastern part of the Qinghai-Tibet 
Plateau. Most of the SWCV is cold, whereas some areas 
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are warm or warm at origin and subsequently become cold 
(Li 2021). The SWCV is an important weather system that 
affects rainstorms in China. Once the SWCV moves out, it 
brings about severe rainstorms and flood disasters to the vast 
areas of China , and the intensity and scope of its impact 
are second only to those of typhoons and their residual low 
pressure. Moreover, most rainstorms in the Sichuan Basin 
are related to the SWCV (Zhou and Xiao et al. 2022). As 
SWCV is warm at its origin, precipitation under the influ-
ence of the SWCV often exhibits the characteristics of warm-
sector rainstorms. According to statistics, SWCV warm-sector 
rainstorms account for 30% of warm-sector rainstorms in the 
Sichuan Basin (Xiao et al. 2020; Xiao et al. 2021), represent-
ing the main impacting system. The SWCV and its associated 
rainstorms have long been the focus and a complication of 
meteorological scientific research and operational forecasting.

Research on the SWCV has a history of nearly 80 years, 
and many significant achievements have been made in the 
formation of the source of SWCV, the formation, develop-
ment, and extinction mechanisms, the evolution process 
after moving out of the vortex source, and the mechanism 
of the influences of weather, such as heavy precipitation 
(Chen et al. 2015; Chen and Li 2022; Hu et al. 2021; Li 
2021; Li et al. 2022; Liu et al. 2022; Wang and Liu 2017; 
Yu et al. 2022; Zhou et al. 2017; Zhang et al. 2019; Zhao 
et al. 2023). In recent years, satellite data have been used 
to explore southwest eddy precipitation (Chen et al. 2021; 
Mao et  al. 2023). However, studies of the SWCV and 
warm-sector rainstorms in Sichuan, mainly focused on 
typical cases and their feature characteristics, are scarce. 
For example, in a case study, Zong et al. (2013) compared 
and analyzed the Mesoscale Convective System(MCS) 
activity characteristics and environmental fields of the 
warm-sector rainstorms in the Sichuan Basin caused by 
the two southwest vortices, and determined and compared 
their MCS activity characteristics. Yang et al. (2017) ana-
lyzed the mesoscale characteristics and trigger mechanism 
of a warm-sector rainstorm in the Sichuan Basin under 
the influence of the Tibetan Plateau vortex (TPV) and 
revealed the reason underlying the long duration of the 
warm-sector rainstorm process. Huang et al. (2022) stud-
ied the dynamic and thermal structural characteristics and 
topographic effects of a warm-sector rainstorm at night 
and reported the water vapor, dynamic and thermal evolu-
tion, and triggering mechanism characteristics of a warm-
sector rainstorm under the influence of weak weather-scale 
forcing and special topography. Based on observations 
and analysis, Luo et al. (2020) calculated the radar echo 
characteristics of different rainfall types before and after 
the maturation of warm-sector rainstorms in the Sichuan 
Basin. Meanwhile, Bian and Li (2024) conducted a statisti-
cal analysis of the characteristics of convective cloud clus-
ters of the rainstorms in the southwest vortex-type warm 

sector of Liangshan Prefecture, Sichuan Province. Regard-
ing environmental field characteristics, Xiao et al. (2020, 
2021) analyzed the spatiotemporal distribution character-
istics and related physical quantity thresholds of sudden 
warm-sector rainstorms in the Sichuan Basin and classi-
fied the influencing systems. Although these achievements 
have enhanced our basic understanding of the distribu-
tion characteristics of warm-sector rainstorms in Sichuan, 
relatively little is known about their impact systems and 
evolution mechanisms. Further research on warm-sector 
rainstorms weather in the Sichuan Basin under the influ-
ence of SWCV is needed.

Owing to the blocking effects of the Qinghai-Tibet Pla-
teau, Qinling Mountains, Daba Mountains, and other large-
scale terrains, high-latitude cold air cannot easily directly 
invade the Sichuan Basin, and warm moisture flow from the 
south can easily accumulate in the region. Therefore, the 
Sichuan Basin becomes a significant "moisture sink" (Qi 
et al. 2021), which increases the frequency of warm-sector 
rainstorms in the summer. The SWCV is an important sys-
tem that affects the occurrence of rainstorms in the warm 
sector (Xiao et al. 2020, 2021). However, the evolution of 
the SWCV system and its relationship with the occurrence 
and development of warm-sector rainstorms in the Sichuan 
Basin remain unclear. Therefore, this study focuses on the 
SWCV, which has induced warm-sector rainstorms in the 
Sichuan Basin for over 10 years, its environmental field and 
dynamic thermal structure characteristics, along with its 
maintenance and development mechanisms, are analyzed. 
The study findings elucidate the warm-sector rainstorm pro-
cess in the Sichuan Basin under the influence of the SWCV 
and provide technical support for the prediction of rain-
storms and other disastrous weather events.

2  Data and methods

2.1  Data

The data used in this study included the following: (1) rain-
fall data from automatic stations in Sichuan from 2012 to 
2023 compiled by the Sichuan Meteorological Information 
Center; (2) MICAPS sounding observation data from China 
Meteorological Administration during 2012–2023; (3) the 
geospatial data cloud (https:// www. gsclo ud. cn/) 90 m digital 
elevation model; and (4) ERA5, the fifth-generation atmos-
pheric reanalysis data from the European Centre for Medium 
Range Weather Forecasts (ECMWF) during 1981-2023 
(https:// cds. clima te. coper nicus. eu/), which have 37 layers 
in the vertical direction, a horizontal resolution of 0.25° × 
0.25°, and a time interval of 1 h. The data and analysis times 
in this study were all in Beijing time.

https://www.gscloud.cn/
https://cds.climate.copernicus.eu/
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2.2  Methods

The vorticity budget equation has been widely used in the 
diagnosis and analysis of low-pressure systems such as 
SWCV and TPV as well as their precipitation events. On 
this basis, the environmental field, dynamic characteristics, 
and development mechanism of the SWCV-induced warm-
sector rainstorm in the Sichuan Basin are discussed. The 
vorticity budget equation in the P-coordinate system is as 
follows (Zhang 1992):

The items on the right side of Formula (1) are the vor-
ticity horizontal advection, vertical transport, horizontal 
divergence, and torsion terms.

Using a complete-form vertical vorticity tendency equa-
tion to explore the influence of diabatic heating on vorticity, 
the equation in the P-coordinate system is as follows (Liu 
et al. 1999; Wu et al. 1999):

The items on the right side of formula (2) are the vorti-
city advection, β effect term, ascending motion, heat source, 
vertical non-uniform heating, and horizontal non-uniform 
heating terms.

The calculation of the diabatic heating rate can be 
obtained by the "inverse calculation method” and its formula 
is as follows (Yanai et al. 1973):

 Where u and v are the zonal and meridional horizontal wind 
speed, ω is the vertical wind velocity in the pressure coor-
dinate, ζ is the relative vorticity; f is the Coriolis parameter, 
θ is the potential temperature;�z =
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,Q1 is the diabatic heat-

ing; Q is the diabatic heating rate, which is calculated by 
formula (3); Cp is the specific heat at constant pressure, and 
it has a value of 1004.8416 J/( kg.K); T is the temperature; 
and V is the horizontal vector wind field, k=0.2875, 
P0=1000 hPa.
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of the SWCV-induced warm-sector rainstorms in Sichuan 
Basin are discussed.

2.3  Dynamic synthesis method

To avoid the average attenuation of warm-sector rainstorm 
characteristics in the Sichuan Basin by case synthesis, 
dynamic synthesis was used for the analysis. The specific 
methods used are as follows (Gray 1981):

(4)

St(x, y) =
1

N

N
∑

n−1

St(x, y)

Where St(x, y) is the sample mean-field, St(x, y) is the physi-
cal field at time t, and N is the total number of samples. The 
geometric center of each SWCV wind field at 850 hPa was 
regarded as the central coordinate (0,0), and the grid points 

within 10° × 10° were used for the dynamic synthesis of the 
arithmetic average of the physical quantity field. The zonal 
relative coordinates from left to right represent west to east, 
represented by x/longitude on the graph, while the meridi-
onal relative coordinates from bottom to top represent south 
to north, represented by y/latitude.

2.4  Specific definitions and case selection

A warm-sector rainstorm in the Sichuan Basin is defined as fol-
lows (Xiao et al. 2020, 2021): Precipitation occurs in the warm 
sector at least 100 km away from the front of the surface cold 
front or in the thermal low-pressure circulation area and is not 
affected by the cold air on the ground when it occurs, and there 
is no cold advance flow into the rainfall area at 850 hPa. The 
Sichuan Basin has a rainfall process occurring in three or more 
adjacent national stations, or five or more scattered national 
stations with≧50 mm daily precipitation in each station, and is 
accompanied by short-term heavy precipitation (≧20 mm.h-1).

The SWCV is defined as follows: as the SWCV-WR is 
shallow, referring to the existing standard (Li 2021). This 
study refers to the complete vortex with cyclonic wind direc-
tion on the leeward slope of the Qinghai-Tibet Plateau (99-109 
° E, 26-33 ° N) on the 850 hPa isobaric surface as the SWCV.

The warm-sector rainstorm processes caused by SWCV 
(referred to as SWCV-WR) are defined based on the above 
warm-sector rainstorm standard in the Sichuan Basin, the 
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direct impact system is SWCV in 850hPa for the warm-
sector rainstorm process.

According to the above definition standards, the ERA5 
850 hPa wind field data were used to select individual cases 
affected by the SWCV. Combined with the positive pres-
sure and negative temperature of surface pressure, as well 
as the 850 hPa cold advection situation, the warm-sector 
period of the SWCV was defined. Then, the rainfall data 
of automatic stations were used to select cases that met 
the rainfall standards. According to statistics，17 SWCV-
WR cases have occurred in Sichuan from 2012 to 2023 
(Table 1). The influence system of the lower troposphere 
(850 hPa) of the SWCV-WR is the SWCV, however, the 
middle troposphere (500 hPa) can be influenced by other 
weather circulation systems. Therefore, using 500 hPa main 
impact systems closest to the rainstorm center when the 
rainstorm occurs in the warm-sector as the basis for further 
classification. 17 SWCVWRs were divided into three types: 
upper-level trough-vortex type (Type I, with five cases), 
plateau shear line type (Type II, with five cases), and short-
wave trough type (Type III, with seven cases). The charac-
teristics of the three SWCV-WR types are as follows.

Type I: The main impact system is the upper-level trough 
and the eastward-moving TPV merging into the upper-level 
trough. The source region of the SWCV is in the Sichuan 
Basin. The average duration of the SWCV-WR is 20 h, and 
the average duration of the SWCV system is 76.8 h, resulting 
in an average maximum hourly rainfall intensity of 96.8 mm.

Type II: The main impact system is the plateau shear line. 
The source region of the SWCV is mostly in Jiulong County. 
The average duration of the SWCV-WR is 15.6 h, and the 
average duration of the SWCV system is 74.2 h, resulting in 
an average maximum hourly rainfall intensity of 81.14 mm.

Type III: The main impact system is the plateau short-
wave trough. The source region of the SWCV is in the 
Sichuan Basin. The duration of the SWCV-WR is 17.1 h, 
and the average duration of the SWCV system is only 31.2 
h, resulting in an average maximum hourly rainfall intensity 
of 84.2 mm.

3  SWCV‑WR circulation background

For the SWCV-WR, the general circulation in the mid-upper 
troposphere is as follows: in the 500 hPa subtropical high of 
Type I distributed in a “block” shape in the western Pacific 
Ocean (Fig. 1a, d), with the 588 dagpm line west-extending 
point at 115° E and the ridge line near 28.5° N, thus forming 
a blocking effect is formed in eastern China, where the upper-
level trough and TPV of influencing Sichuan move slowly east-
wards. The Sichuan Basin is controlled by warm and humid 
airflow in front of the upper-level trough and TPV. The positive 
vorticity advection in front of the trough promotes the gen-
eration and development of the SWCV, and the temperature 
field on the Qinghai-Tibet Plateau is a warm zone of 272 K. 
The South Asian high is intense at 200 hPa, and the Sichuan 

Table 1  SWCV-WR cases

Category Time period of SWCV-WR 
occurrence (yyyymmddhh-
ddhh)

Duration of SWCV/Dura-
tion of SWCV-WR (unit: 
h)

SWCV-WR maximum cumulative 
rainfall/maximum hourly rainfall 
intensity (unit: mm)

Strongest moment(yyyymmddhh) 
and geometric center position of 
SWCV at 850 hPa

Type I 2012070216-0317 77/26 181/68.9 2012070305 (104.5°E,29.5°N)
2013062908-3005 97/22 244.3/95.5 2013063003 (104.5°E,29.8°N)
2020081101-1117 67/17 373.6/156.8 2020081111 (104.5°E,29°N)
2021070918-1008 86/14 161.5/59.9 2021071006 (105°E,30.8°N)
2023072600-2620 57/21 230.3/102.9 2023072617 (104.75°E,29.75°N)

Type II 2014081622-1720 71/23 174.6/49 2014081708 (105.8°E,29.4°N)
2018063000-3008 30/9 232.7/103.1 2018063003 (105.5°E,30.3°N)
2018070206-0217 107/12 284.8/107.8 2018070206 (104.4°E,29.5°N)
2020071000-1020 93/21 169.8/54.1 2020071014 (105°E,29.8°N)
2021082117-2205 70/13 127.6/91.7 2021082204 (104.5°E,30.5°N)

Type III 2014060223-0315 17/17 252.7/103.8 2014060303 (105°E,28.3°N)
2014080404-0411 8/8 172/63.3 2014080404 (104.5°E,28.5°N)
2020061600-1613 37/14 290.4/107.2 2020061607 (104.7°E,31°N)
2020071418-1520 63/27 279.8/79.7 2020071504 (104.5°E,29.5°N)
2020072405-2418 28/14 189.3/63.2 2020072406 (105°E,31°N)
2021081623-1716 18/18 178/86.9 2021081705 (104.4°E,30°N)
2021091419-1517 48/22 188.1/85.2 2021091512 (104.5°E,30.5°N)
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Basin is on the left side of the upper-level jet outlet and in the 
divergence zone behind the upper-level cold trough, which is 
conducive to the SWCV’s development. The subtropical high 
of Type II is stronger than those of Types I and III, and is 
located more easterly and northerly (Fig. 1b, e), with the 588 
dagpm line west-extending point at 131°E and the ridge line 
near 32°N. The Sichuan Basin is affected by the eastern sec-
tion of the plateau shear line, and the temperature field from 
the Qinghai-Tibet Plateau to the Sichuan Basin is a warm zone 
of 272 K. The general circulation at 200 hPa is similar to that 
of Type I, although the intensity of the South Asian high is 
slightly weak. The subtropical high of Type III is more south-
erly than those of Types I and II(Fig. 1c, f) and has an east-west 
zonal distribution. The ridge line is located near 22°N and 
has no blocking effect on the mid-latitude weather systems. 
This causes multiple short-wave troughs on the Qinghai-Tibet 
Plateau to move eastward, and the Sichuan Basin is affected 

by the southwest warm-humid airflow in the front of short-
wave troughs. The circulation at 200hPa is similar to the first 
two types, but the intensity of the upper-level jet is relatively 
strong.

4  Rainfall intensity and environmental field 
characteristics of SWCV‑WR

Figure 2 shows the spatial distribution of stations with 
SWCV-WR of 1 h≧50 mm. From this, Type II stations 
with 1 h≧50 mm are the most common, with an average 
of 43.4 stations per process. Heavy rainfall is mainly dis-
tributed in the southwest of the Sichuan Basin. Type III 
stations with 1 h≧50 mm are the second most common, 
with an average of 24.4 stations per process, heavy rain-
fall is mainly distributed in the northwest, center, and the 

Fig. 1  Height field at 500 
hPa (a-c, black contour, unit: 
dagpm), temperature field (a–c, 
red dotted line, unit: K) and 
wind field (barb), height field 
at 200 hPa (d–f, black contour, 
unit: dagpm), and zonal wind 
(d–f, red contour is≧30m/s, 
unit: m/s): (a, d) Type I; (b, 
e) Type II; (c, f) Type III. The 
blue solid line is the trough line 
(shear line) of the 500 hPa main 
influence system, the blue “D” 
represents the TPV position, 
and the green box represents the 
key research area
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southeast of the area. The fewest stations are of Type I 
with 1 h≧50 mm, and an average of 18.2 stations per pro-
cess, heavy rainfall is mainly distributed in the southeast 
of the Sichuan Basin.

According to the sounding data statistics from the neigh-
boring stations at 20 h before SWCV-WR, the three types of 
SWCV-WR all show regional high-energy instability. The 
average values of the various physical parameters of the 
environmental field (Table 2) reveal that before the warm-
sector rainstorm, a large amount of convective available 
potential energy (CAPE) and a small amount of convective 
inhibition (CIN) occurs. The CIN value is much lower than 
that of CAPE, indicating that there is potential instability 
before SWCV-WR. The K index, A index, and uplift index 
(LI) induces also reflect the warm-humid atmosphere in the 
lower layer. The air mass is in an unstable stratification state, 
and the strong weather threat index(SWEAT) is above 238, 
which further indicates the strong convection characteristics 
of the SWCV-WR. Meanwhile, the level of free convection 
(LFC) and lift condensation level (LCL) are relatively low, 
and the easy-triggering characteristics of strong convection 
are also observed. Compared with the non-warm-sector rain-
storms, the water vapor and energy conditions of SWCV-WR 
are significantly higher (Xiao et al. 2020; Xiao et al. 2021).

The southwest maximum wind speed zone with a wind 
speed of ≧ 12 m/s at 850 hPa or 700 hPa is called a low-
level jet (LLJ). The characteristics of the LLJ in 17 SWCV-
WR cases were investigated. The results reveal that 68.6% 
is accompanied by LLJ at 850hPa, and only 22.9% is 

accompanied by LLJ at 700hPa. This shows that the LLJ in 
the lower troposphere is important for SWCV-WR.

5  Water vapor transport characteristics 
of SWCV‑WR

The Lagrangian Hybrid Single-Particle Orbit Model 
(HYSPLIT4) was used to analyze the water vapor trans-
port of three types of SWCV-WR at 850 hPa (Fig. 3a), 
after 7 d of tracking, there are two water vapor transport 
paths for Types I and III, namely the Bay of Bengal and 
the South China Sea. Among them, Type I transports 67% 
of the trajectory from the Bay of Bengal to the Sichuan 
Basin, with water vapor transport contributing 64%, and 
33% of the trajectory from the South China Sea to the 
northwest to reach the basin, with water vapor transport 
contributing 36%. A proportion of 64% of the Type III 
trajectories are transported northward from the northern 
South China Sea to the basin, with water vapor transport 
contributing 60%. Meanwhile, 36% of the trajectories are 
transported from the Bay of Bengal to the Sichuan Basin, 
with water vapor transport contributing 40%. All Type II 
trajectories are transported from the Bay of Bengal to the 
basin. Further analysis of the 850chPa water vapor flux 
divergence and water vapor flux anomaly reveals that the 
water vapor flux in the Sichuan Basin is 3-12×10-2g.  s-1. 
 cm-1.  hPa-1 higher than usual (Fig. 3b-d). At the same 
time, during the convergence and rise of water vapor in 

Fig. 2  Distribution of the SWCV-WR rainfall intensity. (a) Type I; (b) Type II; (c) Type III

Table 2  Average environmental parameter characteristics of SWCV-WR

Category CAPE (J.kg-1) K (°C) LI (°C) SWEAT A CIN (J.kg-1) LCL (hPa) LFC (hPa) 850 hPa LLJ 
frequency

700 hPa 
LLJ fre-
quency

Type I 1990.36 38.06 -3.44 261.48 10.28 14.94 899.88 899.18 80% 20%
Type II 2386.03 39.86 -3.66 255.67 14.9 21.43 856.93 807.93 40% 20%
Type III 1426.74 40.66 -3.31 238.74 13.16 45.04 899.38 842.68 85.7% 28.6%
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the Sichuan Basin, Type I water vapor flux in the Bay of 
Bengal is 6-12×10-2g.  s-1.  cm-1.  hPa-1 higher than usual, 
while the water vapor flux in the South China Sea is 
3-6×10-2g.  s-1.  cm-1.  hPa-1 lower than usual. Although the 
water vapor flux in the Bay of Bengal is 3-6×10-2g.  s-1. 
 cm-1.  hPa-1 less than usual, its specific humidity is still 
ranges between 12-13 g.  kg-1 (Figure omitted). Regarding 
the two main sources of water vapor in type III, the water 
vapor flux in the northern South China Sea is stronger 
than usual by 3-6×10-2g.  s-1.  cm-1.  hPa-1, while the water 
vapor flux in the Bay of Bengal is slightly lower than 
usual.

6  Dynamic and thermal characteristics 
of SWCV‑WR

A pseudo-equivalent potential temperature above 348 K is 
an important condition for warm-sector rainstorms(Zhao 
et al. 2008). From this, the dynamic and thermal character-
istics of SWCV-WR are analyzed based on the variations 
in the pseudo-equivalent potential temperature and vorti-
city. Figures 4 and 5 indicate that the wind fields on the 
east and west sides of the low vortex developed asymmet-
rically, with the intensity of the southern wind exceeding 

Fig. 3  The 850hPa water vapor trajectory and corresponding percent-
age (a), water vapor flux anomaly(contour, unit:  10-2 g.s-1.cm-1.hPa-1) 
, and water vapor flux divergence(shading, displaying only negative 

values, unit:10-7g.s-1.cm-2.hPa-1) (b-d). (b) Type I; (c) Type II; (d) 
Type III. The red box represents the key research area, and the gray 
shadow represents the terrain of Qinghai-Tibet Plateau at 850hPa
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that of the northern wind. The pseudo-equivalent potential 
temperatures are all above 352 K, and the vortex center is 
the extreme region of the pseudo-equivalent potential tem-
perature. In addition, shallow secondary circulation devel-
oped in the eastern part of SWCV. Among them, the south-
erly wind in the eastern part of SWCV is the strongest 
(Fig. 4a) in Type I, with a vortex intensity of 140.5 dagpm 
at 850 hPa and northeast-southwest elliptical distribution. 

As LLJ transports warm humid southwest air toward the 
low vortex, the pseudo-equivalent potential temperature 
extreme at the center of SWCV reaches 362 K. Addition-
ally, SWCV tilts westwards with increasing geopotential 
height (Fig. 5a), accompanied by the development of an 
energy tongue, and convective instability occurs within 
SWCV. The distribution of vorticity profiles also showed 
the strongest positive vorticity intensity, with a center of 

Fig. 4  Distribution of height field (contour, unit: dagpm), wind field (vector, unit: m/s), and pseudo-equivalent potential temperature (shading, 
unit: K) at 850hPa for SWCV-WR (the black dot is the synthetic SWCV center at 850hPa). (a) Type I; (b) Type II; (c) Type III

Fig. 5  Longitude-height profile distribution of pseudo-equivalent 
potential temperature (contour, unit: K), positive vorticity (shad-
ing, unit:  10-5.  s-1), and u-w wind field synthesis (wind vector, unit: 

m/s) for SWCV-WR (black solid line represents the center profile 
of SWCV at different isobaric surfaces). (a) Type I; (b) Type II; (c) 
Type III
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20×10-5  s-1. Under the effect of positive vorticity advection 
in the front of the upper-level trough, the positive vorticity 
of SWCV vertically develops up to 200 hPa in the upper 
troposphere, becoming a deep low-vortex system. After 
the internal updraft reaches 600 hPa, it descends within 
approximately three longitudinal ranges in the eastern part 
of SWCV and then flows into SWCV, forming a shallow 
secondary circulation in the eastern part and promoting 
the development of SWCV. The southerly wind intensity in 
the eastern part of SWCV is the second-strongest (Fig. 4b 
and Fig 5b) in Type II. Although the intensity of the low 
vortex circulation center in 850 hPa reaches 140 dagpm, 
the intensity of the positive vorticity is the weakest, with 
an extreme intensity of only 8×10-5  s-1. Moreover, owing 
to the forcing effect of upper-level shear lines, the positive 
vorticity of SWCV tilts and develops vertically, extending 
to the upper troposphere at 200 hPa. The pseudo-equiva-
lent potential temperature extreme at the center of the low 
vortex is 360 K, and the range above 356 K is the widest 
with the development of an energy tongue. Similarly, there 
is a shallow secondary circulation in the eastern part of 
SWCV that promotes its development; however, the wind 
speed is weak. The SWCV circulation intensity at 850 hPa 
in Type III is the weakest (Fig. 4c, Fig. 5c), with a cen-
tral intensity of only 143.5 dagpm, accompanied by the 
weakest southerly wind and pseudo-equivalent potential 
temperature. However, the positive vorticity intensity at 
the center of SWCV is close to that of Type I, with an 
extreme value of 16×10-5  s-1. Owing to the weak forcing 
of the upper-level short-wave trough, the positive vorticity 
of SWCV is not sufficiently deep and only develops to 
approximately 400 hPa. The wind speed intensity of the 
shallow secondary circulation in the eastern part of SWCV 
is intermediate.

In addition, under the three different circulation back-
grounds, the positive vorticity intensity that induced SWCV-
WR was equivalent to the intensity that induced extreme 
rainstorms of SWCV in the Sichuan Basin (Zhou et al. 
2022). However, the positive vorticity column of SWCV that 
induced extreme rainstorms mainly under dynamic action 
developed vertically, whereas the positive vorticity column 
of SWCV that induced warm-sector rainstorms developed 
slantingly westwards, with different vertical distributions.

7  Dynamic and thermal effect of SWCV‑WR

7.1  Dynamic effect of SWCV‑WR

The specific effect of atmospheric dynamic forcing on 
SWCV-induced warm-sector rainstorm events is dis-
cussed using the vorticity equation. As shown in Fig. 6, the 

distribution of the items affecting local vorticity changes is 
not uniform in the low-vortex region, and the distribution 
is positive-negative asymmetric in the east-west direction 
bounded by the center of the SWCV. The horizontal advec-
tion term (Fig. 6a–c) is negative on the east side and positive 
on the west side of SWCV, resulting in a reduction in the 
positive vorticity on the east side and an increase in the posi-
tive vorticity on the west side. The intensity of the horizontal 
advection term is strongest in Type I, followed by Type III; 
however, that of Type II is not significant. The distribution 
of the vertical transport term is similar to that of the torsion 
term (contours in Fig. 6a-c, shading in Fig. 6d–f), both of 
which are due to the uneven distribution of vorticity caused 
by the vertical motion, resulting in local vorticity variations. 
The two terms also exhibited positive-negative asymmetric 
distribution in the quasi east-west direction, but their effects 
are opposite to those of the vorticity advection term, which 
are positive on the east side of SWCV and negative on the 
west side. The positive vorticity transport intensity on the 
east side is strongest for Type I, followed by Type II and 
Type III is the weakest. For negative vorticity transport on 
the west side, the vertical transport term of Type III is the 
strongest, followed by Type I, and Type II is the weakest. 
The torsion term is strongest in Type I, followed by Type 
II; that in Type III is the weakest. However, the distribu-
tion of the horizontal divergence term is slightly different 
(contours in Fig. 6d–f). Type I is similar to the horizontal 
advection term, exhibiting positive-negative distribution in 
quasi east-west direction, with a negative value on the east 
side of SWCV and a positive value on the west side. In Type 
II, the SWCV region is positive, resulting in an increase in 
local vorticity within the low vortex. In Type III, the center 
and west side of SWCV have positive values, while the east 
side has weak negative values.

In summary, the effects of the different vorticity varia-
tions on SWCV in the low-vortex region of SWCV-WR are 
not uniform. The vertical transport and torsion terms of the 
vorticity equation strengthen the local vorticity on the east 
side of SWCV and attenuate it on the west side, whereas the 
vorticity advection term has the opposite effect. The com-
bined effects of these factors are shown in Fig. 6g–i. Type I 
causes an increase in the local vorticity in the SWCV region, 
Type II causes an increase in the local vorticity in the center 
and east side of SWV, and Type III causes an increase in the 
local vorticity on the west side of SWCV.

7.2  Thermal effect of SWCV‑WR

Studies have shown that spatially non-uniform heating is 
conducive to a positive vorticity increase of SWCV (Liu 
et al. 1999). For SWCV-WR, the spatial non-uniform heat-
ing effect of Type I reaches 20 ×  10-9  s-2 at 850hPa(Fig. 7a), 
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Fig. 6  Distribution of the vorticity advection term (a–c, shading), 
vorticity vertical transport term (a–c, contour), vorticity torsion term 
(d–f, shading), horizontal divergence term (d–f, contour), and vor-

ticity local variation term (g–i, contour) at 850hPa for SWCV-WR 
(unit:  10-9  s-2, black dots represent the center of SWCV at 850 hPa). 
(a, d, g) Type I, (b, e, h) Type II, (c, f, i) Type III
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Fig. 7  Distribution of non-uniform heating terms (a–c), vertical non-
uniform heating terms (d–f), and horizontal non-uniform heating 
terms (g–i) at 850 hPa for SWCV-WR (unit:10-9  s-2,black dots repre-

sent the center of SWCV at 850 hPa). (a, d, g) Type I, (b, e, h) Type 
II, (c, f, i) Type III.
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the heating effect is mainly located on the east side of the 
SWCV, and the vertical non-uniform heating effect (Fig. 7d) 
is also observed in the SWCV region, with an extreme value 
of 15 ×  10-9  s-2, The horizontal non-uniform heating effect 
is heating on the east side of the SWCV reaching 6 ×  10-9 
 s-2, while it is the cooling effect on the west side reaching -8 
×  10-9  s-2 (Fig. 7g), which strengthen the positive vorticity 
on the east side of the SWCV and weakens it on the west 
side. The final spatially non-uniform heating effect mainly 
occurs at the center and eastern side of the SWCV, which is 
conducive to its eastward movement and development. The 
spatial non-uniform heating effect of Type II is the weak-
est, with a value of only 9 ×  10-9  s-2 (Fig. 7b). The vertical 
non-uniform heating effect all exists entirely in the SWCV 
region (Fig. 7e), while the horizontal non-uniform heating 
effect exert a negative cooling effect in the northern part of 
the SWCV and positive heating effect in the southern part 
(Fig. 7h). Ultimately, the high-value area of the spatially 
non-uniform heating effect is on the southern side of the 
SWCV, which is conducive to its southward movement and 
development. The spatial non-uniform heating effect of Type 
III is the strongest (Fig. 7c), with the extreme center located 
on the west and north sides of the SWCV reaching 20 × 
 10-9  s-2 and the extreme value of the vertical non-uniform 
heating effect reaching 21 ×  10-9  s-2(Fig. 7f). The horizon-
tal non-uniform heating effect is all positive in the SWCV 
region (Fig. 7i), which ultimately lead to the extreme value 
of the spatial non-uniform heating effect mainly located in 
the northern part of the SWCV center, which is conducive 
to its northward movement and development.

8  Conclusion and discussion

Using 12-year reanalysis and rainfall data from 2012 to 
2023, the SWCV-WR process was defined in the Sichuan 
Basin, individual cases of SWCV-WR were classified and 
analyzed statistically, and the environmental field and the 
dynamic thermal characteristics of the SWCV-WR were 
studied. The vorticity equation is used to research the occur-
rence and development of the physical mechanisms of the 
SWCV-WR. The following conclusions were drawn.

(1) The SWCV-WR process in the Sichuan Basin occurs in 
a high-energy and high-humidity atmospheric environment 
under three types of general circulation. The average duration 
of the SWCV under the influences of Types I and II is over 
3 d, at 76.8 and 74.2h, respectively, whereas that of Type 
III only lasts for 1.5 days at 31.2h. The average durations of 
the SWCV-WR for Types I, III, and II are 20, 17.1 and 15.6 
h, respectively. The maximum hourly rainfall intensity of 
SWCV-WR is the strongest in Type I, at 96.8 mm, followed 
by Types III and II , at 84.2 and 81.14 mm, respectively. 
Under the background of the different classified circulations, 

there are differences in the maintenance, duration, and pre-
cipitation intensity of the SWCV and SWCV-WR differ.

(2) The SWCV that causes warm-sector rainstorms 
is generally a shallow system located in the lower tropo-
sphere and inclines westwards with the height, however, 
the positive vorticity can extend to the upper troposphere, 
particularly under Types I and II. The pseudo-equivalent 
potential temperature in the SWCV region is above 354 K, 
and the energy tongue occurs correspondingly as the height 
increases. A shallow secondary circulation exists on the east 
side of the SWCV, which promotes its development. The 
central potential height intensity of the SWCV is strongest 
in under Type II, followed by Type I, and it is weakest under 
Type III. However, in terms of the dynamical and thermal 
characteristics, Type I is the strongest, followed by Type III, 
and Type II is the weakest, with the significant differences 
between the three types being significant.

(3) The water vapor transport of the SWCV-WR is closely 
related to the source areas of the Bay of Bengal, and the 
South China Sea. Type I water vapor mainly originates from 
the Bay of Bengal, followed by the South China Sea. Type 
II water vapor source is the Bay of Bengal. Type III water 
vapor mainly originates from the South China Sea, followed 
by the Bay of Bengal.

(4) For the warm-sector rainstorm, the vorticity advec-
tion transport in each quadrant of the SWCV circulation is 
not uniform, and it is mainly followed a positive-negative 
distribution in quasi east-west direction. The horizontal 
advection and torsion terms of vorticity strengthen the posi-
tive vorticity on the west side of the SWCV and attenuate it 
on the east side, while the vertical transport and horizontal 
divergence terms are opposite, causing positive vorticity 
to decrease on the west side of the SWCV and to increase 
on the east side, respectively. The dynamic forcing effect 
strengthens the positive vorticity on the east side of SWCV 
and weakens it on the west side for Types I and II, whereas 
the opposite is true for Type III, which strengthens the posi-
tive vorticity on the west side of the SWCV and weakens 
it on the east side. Different vorticity variation processes 
have different effects on the SWCV and SWCV-WR, and the 
dynamic effects on SWCV-WR exhibit regional differences 
under different types of general circulation.

(5) Diabatic heating has a significant impact on the 
SWCV-WR and is an important mechanism for its devel-
opment and evolution. The spatially non-uniform heating 
strengthens the positive vorticity on the east side of SWCV 
for Type I and on the west side of the SWCV for Type III, 
respectively, while the spatially non-uniform heating effect 
distribution of the SWCV for Type II is relatively uniform. 
Vertical non-uniform heating has the greatest effect on spa-
tial non-uniform heating, and all three types of SWCV-WR 
have positive heating effects. However, the distribution of 
the horizontal non-uniform heating effects is inconsistent, 
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and there is a clear regional difference for different types of 
heating effects.

In this study the SWCV-WR processes in the Sichuan 
Basin, the environmental field, and dynamic and thermo-
dynamic characteristics over the past 12 years were ana-
lyzed. The development mechanism of the SWCV and its 
warm-sector rainstorm was preliminarily obtained. How-
ever, further in-depth research on the structural character-
istics, anomalous evolution, and physical mechanisms of 
the SWCV-WR processes in the Sichuan Basin should be 
performed under the various circulation backgrounds based 
on a comprehensive diagnosis, numerical simulation, and 
other methods in the future.
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