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Abstract
From 30 June to 5 July 2016, a persistent rainstorm occurred in the Yangtze River basin, China, causing severe floods. This 
was a rainstorm event associated with a southwest China vortex (SWCV), and four movements of the SWCV were observed. 
In this paper, we analyze a thermodynamic condition affecting the movement of the SWCV, and the results show that: (1) 
Equivalent potential temperature could reflect well the thermodynamic variation of the SWCV’s movement; thermodynamic 
structures including distinctive wet–warm (dry–cold) advection in the front (rear) of the SWCV along the direction of motion 
were important factors for its movement and maintaining the overall cyclonic structure, while dry–cold advection promoted 
eastward movement of the SWCV. (2) In the four movements of the SWCV, the system existed not only at 700 hPa but also 
sometimes at 850 hPa. The reasons for this difference lay in the variation of the dry–cold advection in the rear of the SWCV. 
If the dry–cold advection was located at 700 hPa and above, the cyclonic circulation of the SWCV at 700 hPa was the most 
complete. The circulation of the 850-hPa SWCV became complete if the dry–cold advection flowed down to 850 hPa and 
below. Therefore, the synergy between the wet–warm (dry–cold) advection in the front (rear) of the SWCV not only facili-
tated the movement of the SWCV, but also the maintenance of a complete cyclonic circulation.

1  Introduction

Under the interaction between the topography of the Tibetan 
Plateau and the atmospheric circulation of the region, sev-
eral different types of precipitating weather systems, with 
significantly different regional characteristics, frequently 
form over the body of the Plateau and its surrounding areas. 
Very early on, Chinese meteorologists pointed out that the 
eastward development of mesoscale vortices in this region 
brings heavy rain to downstream areas (Tao and Ding 1981). 

For example, the Tibetan Plateau vortex at 500 hPa (Xiang 
et al. 2013; Yu et al. 2009, 2014, 2016) and the southwest 
China vortex (SWCV) at 700 hPa and below (Lu 1986; Kuo 
et al. 1986, 1988; Chen et al. 2015; Chen et al. 2019b; Chen 
and Li 2021), which, respectively, occur over the Tibetan 
Plateau and its southeastern side, are the most representative 
vortex types (Ye and Gao 1979; Lu 1986). In weather charts, 
an SWCV is described as a mesoscale low vortex, typically 
originating in southwest China (26°–33°N, 98°–108°E) in 
the lower troposphere below 700 hPa. Under certain favora-
ble conditions, SWCVs can develop and move eastward 
to cause flood- and rainstorm-bearing weather. Arguably, 
SWVCs are the most important precipitation system in the 
summer half-year, as evidenced by several high-profile 
events over the past few decades: the occurrence of heavy 
rain in the Sichuan basin in mid-July 1981 (Kuo et al. 1988); 
the heavy rainfall and flooding in the Yangtze river in 1998 
(Bei et al. 2002; Cheng et al. 2001; Chen et al. 2003); the 
long-lasting heavy rainfall event that struck south China in 
mid-June 2008 (Chen et al. 2015); the heavy rainstorms of 
8–14 September 2014 (Chen et al. 2019a), 30 June to 1 July 
2013 in the eastern part of the Sichuan–Chongqing basin 
(Cheng et al. 2016), and an abnormal heavy rainfall that 
occurred on 27 October 2014 in the Sichuan basin (Chen and 
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Li 2019). All these rainstorm events were associated with 
an SWCV, indicating the importance of this system for the 
occurrence of rainstorms and flooding. Thus, the formation, 
development, and associated floods of SWCVs are hot topics 
in this field of research.

Scientists researching and working in the fields of mete-
orology and weather forecasting have carried out numerous 
studies in which the source region, movement path and types 
of low vortexes have been analyzed statistically (Chen et al. 
2007; Fu et al. 2015). Additionally, there has been much 
discussion on the structural features of low vortexes and 
the causes of their formation and development (Wu 1985; 
Kuo et al. 1986, 1988; Shen et al. 1986; Wang and Orlan-
ski 1987; Wang 1987;  Wang et al. 1993; Wang and Tang 
2014; Feng et al. 2016; Li et al. 2016), as well as cases 
studies on the interaction between SWCVs and the Tibetan 
Plateau Vortex (Li and Deng 2013; Li et al. 2014), encrypted 
observation experiments (Li and Chen 2015) and numerical 
simulations (Wang and Gao 2003). However, compared to 
large-scale low-pressure systems like typhoons and the upper 
polar vortex, SWCVs are smaller in scale horizontally and 
shallower in the vertical direction, making them difficult to 
track and forecast. This limits understanding on the activ-
ity of SWCVs, and generates uncertainties and difficulties 
in predicting their associated rainstorms downstream of the 
Tibetan Plateau.

In particular, the activity of long-distance SWCVs is 
especially complicated; the long-distance movement of 
such SWCVs is not only affected by the environmental wind 
field (and other weather system activities), but also by the 
thermodynamic conditions. Against the background of this 
activity type of southwest China vortex, some past studies 
have shown SCWVs forming due to the combined effects of 
topographic features (Wang and Tang 2014). The subtropical 
high is a key factor in determining the direction of a migra-
tory SWCV, and the steering wind at 700 hPa dominates 
the direction of SWCV movement (Zhong et al. 2014). Pre-
cipitation is a necessary condition for the longevity of an 
SWCV, and the evolutionary mechanisms and energy char-
acteristics of long-lived SCWVs are typified by significant 
unevenness (Fu et al. 2015). Yu et al. (2016) revealed some 
observational facts regarding the joint activities of SWCVs 
and plateau vortexes, and further pointed out that in most of 
cases, these two vortexes move eastward together with low 
troughs. Convective activity moving east from the Tibetan 
plateau can modify the timing and location of SWCV for-
mation, as well as its displacement (Fu et al. 2019). For a 
weather system similar the SWCV—the Tibetan plateau vor-
tex—Li et al. (2019) revealed the convergence to the east of 
500 hPa Tibetan plateau vortices, the divergence associated 
with the westerly jet stream at 200 hPa, and the correspond-
ing ascending motion, provide favorable conditions for the 
development and eastward movement of the Tibetan plateau 

vortices. However, whilst these studies have discussed the 
impacts on the movement of SWCVs and their life cycle 
from the perspective of topography, weather systems and 
airflow, which are of great help in understanding the activi-
ties and development of SWCVs, their emphasis has been 
limited to the importance of multiscale weather systems and 
the interaction between airflow and topography. Recently, 
Chen et al. (2015) revealed that the thermodynamic struc-
tures of distinctive warm (cold) advection occurring in the 
front (rear) of the SWCV’s movement are important factors 
for its evolution—a finding that was important, because it 
revealed the factors affecting the movement of SWCVs from 
a new perspective. However, does this thermal structure also 
exist for other SWCV paths? Is it universal? To reveal the 
reliability of this thermodynamic structure of SWCV move-
ment, we chose an SWCV case with eastward movement 
that occurred from 30 June to 5 July 2016 in the Yangtze 
River Basin.

In this paper, our interest lies in why SWCVs can fre-
quently move eastward to the middle and lower reaches of 
the Yangtze River. Accordingly, we calculated the pseudo-
adiabatic equivalent potential temperature (PEPT) to dis-
cuss the factors affecting the movement of this SWCV case. 
Following this introduction, Sect. 2 describes the data and 
methods; Sect. 3 describes the activity of the SWCV; Sect. 4 
analyzes the thermal structure of the SWCV as it moved 
eastward; and Sect. 5 concludes the study.

2 � Data and methods

The data used in this study include:

(1)	 Observational data including sounding radio data at 
0000 UTC and 1200 UTC, and ground-precipitation 
data of automatic weather stations (AWSs) provided 
by the China Meteorological Administration.

(2)	 Global final (FNL) Operational Global Analysis data 
of the National Centers for Environmental Prediction 
(NCEP), with a spatial resolution of 1° × 1° and tempo-
ral resolution of 6 h, hereafter referred to as NCEP_fnl 
(https://​rda.​ucar.​edu/​datas​ets/​ds083.2/).

As an important thermodynamic parameter, PEPT is 
taken to be the final temperature which a parcel of air attains 
when it is lifted dry adiabatically to its lifting condensation 
level, then pseudo-wet adiabatically (with respect to water 
saturation) to a great height (dropping out condensed water 
as it is formed), then finally brought down dry adiabatically 
to 1000 hPa (Bolton 1980). PEPT has been widely used in 
meteorological analysis (Hirth et al. 2008; Wu et al. 2011; 
Hirth et al. 2008; Hurley and Boos 2013; Wahiduzzaman 
and Yeasmin 2020). To analyze the thermal conditions of 
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SWCV activity, PEPT and its advection were used to discuss 
the thermodynamic conditions of the SWCV’s movement. 
According to Davies-Jones (2009) and Zhang (2011), one 
way to calculate PEPT is as follows:

where r = 0.6222e∕(p − e) is the water vapor mixing ratio, Tc 
is the temperature at condensation height, e is vapor pres-
sure, p is pressure, T is temperature, L = (2.501 − 0.002370t
) × 106 J·kg−1, and Rd / Cpd = 0.2854. Therefore, θse is a com-
prehensive physical quantity that includes temperature, 
humidity, and pressure, and can reflect the varying charac-
teristics of both moisture and temperature. The term 
−V⃗ ∙ ∇𝜃se is the PEPT advection, wherein if −V⃗ ∙ ∇𝜃se < 0 , 
the advection is dry–cold, and if −V⃗ ∙ ∇𝜃se > 0 , it is 
wet–warm.

3 � SWCV movement in a rainstorm event

In a rainstorm event that occurred from 30 June to 5 July 
2016 in the Yangtze River Basin, four stages of SWCV 
activity were observed, as follows: Stage 1, from 0000 UTC 
30 June to 1200 UTC 1 July (D1 in Fig. 1), when the vor-
tex circulation built up in the wind fields of 700 hPa and 
850 hPa, and the SWCV’s activity was concentrated within 
30°–31° N; Stage 2, from 1200 UTC 1 July to 0000 UTC 2 
July, notable for growth of a new SWCV (D2 in Fig. 1) and 
during which time the system moved eastward and merged 
with the old SWCV (D1); Stage 3, from 0000 UTC 2 July 
to 1200 UTC 3 July, comprising the activity of D3 (the 
SWCV resulting from the merger of D1 and D2); and Stage 
4, from 1200 UTC 3 July, which involved another SWCV 

(1)�se = T(
1000

p − e
)

Rd∕Cpd exp(L ⋅ r
/

CpdTc
)

generating near 108°E (D4 in Fig. 1), before then moving 
eastward to the middle and lower reaches of the Yangtze 
river, lasting till 1800 UTC 4 July and finally evolving into 
a shear line. According to the corresponding rainstorm area 
(colored in Fig. 1), a large-scale rain belt formed along the 
path of movement of the SWCVs, with the total precipita-
tion amount exceeding 400 mm and the rainstorm area being 
larger than 500,000 km2. This abundance of precipitation led 
to severe flood-producing rainstorms and associated disas-
ters in the middle and lower reaches of the Yangtze River. 
Obviously, this is a heavy rain weather process caused by 
multiple SWCVs that moved eastward and triggered strong 
precipitation, and the rain belt was highly consistent with 
the active path.

4 � Influence of thermal action on SWCV 
activities

According to the four stages of SWCV activity, D1 began 
at 0000 UTC 30 July and ended at 1200 UTC 1 July, with a 
lifespan of 36 h. D2, whose vortex circulation was reflected 
at 700–850 hPa, generated near 108°E and lasted only 12 h, 
from 1200 UTC 1 July to 0000 UTC 2 July. At 0000 UTC 2 
July, D1 merged with D2 to form D3, and then disappeared 
at 1200 UTC 3 July. At the same time, D4 generated, and its 
circulation lasted till 0000 UTC 5 July.

To analyze the thermodynamic influence on the move-
ment of this SWCV system, Figs. 2 and 3 show the circula-
tion of D1–D4 and the distribution of −V⃗ ∙ ∇𝜃se at 700 hPa 
and 850 hPa, respectively. As demonstrated by Figs. 2a–d 
and 3, a–d, D1 started to generate in the region of 105°E 
at 0000 UTC 30 June, and ended at 1200 UTC 1 July, with 
a lifespan of 36 h. During this phase, a thermodynamic 
structure involving wet–warm (dry–cold) advection in the 

Fig. 1   Distribution of the 
SWCV’s path based on NCEP_
fnl data every 6 h from 0000 
UTC 30 June to 0000 UTC 
5 July 2016, along with the 
observed accumulated precipita-
tion (color-shaded; unit: mm). 
D1: path of the SWCV in stage 
1; D2: path of the SWCV in 
stage 2; D3: path of the SWCV 
in stage 3; D4: path of the 
SWCV in stage 4
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front (rear) of the SWCV was found. With time, the range of 
the dry–cold advection expanded and the SWCV gradually 
moved eastward. At 0600 UTC 30 June, the SWCV moved to 
107° E, and reached 110°E at 1200 UTC 30 June and 115°E 
at 1200 UTC 1 July.

At the same time (1200 UTC 1 July), another SWCV (D2) 
formed, located over the region 106°–108°E, with a lifespan 
of only 12 h (Figs. 2d, 3d). In this phase, a structure involv-
ing wet–warm (dry–cold) advection in the front (rear) of the 
SWCV was also found at 700 hPa, but not so obviously at 
850 hPa. However, the thermodynamic characteristic of D2’s 
center differed between 700 and 850 hPa, with wet–warm 
(dry–cold) advection at 700 hPa (850 hPa).

Up until 0000 UTC 2 July, a process took place by which 
D1 merged with D2 to form D3, which was located over the 
region 108°–110°E. D3’s activity lasted about 36 h, from 

0000 UTC 2 July to 1200 UTC 3 July, and its lifespan was 
longer. During its period of movement, there was an obvious 
thermodynamic structure involving wet–warm (dry–cold) 
advection in the front (rear); and influenced by the cold 
advection, D3 moved eastward to 112°E at 0600 UTC 2 July, 
and then to 114°E at 1200 UTC 2 July. Starting from 0600 
UTC 3 July, the warm advection strengthened further, but 
the cold advection weakened, meaning D3 itself gradually 
weakened too. At 1200 UTC 3 July, D3 disappeared and the 
third stage of activity ended.

In the fourth stage of activity, the movement of D4 lasted 
about 30 h. In Figs. 2h, i, and 3h, i, it is also apparent that the 
thermodynamic structure involving wet–warm (dry–cold) 
advection existed in the front (rear) of D4. Thus, the com-
plete cyclonic circulation of the SWCV still maintained this 
same structure during its movement, and the enhancement 

(a)

D1 D1

(b)

D1

(d)

D2

D1

(e)

D3

(f)

D3

(g)

D3

(h)

D4

(i)

D4

(c)

Fig. 2   The wind vector (unit: m s−1), geopotential height (contours; 
unit: gpdam), and distribution of −V⃗ ∙ ∇𝜃se (shaded; unit: 10−5 K s−1) 
at 700  hPa, at (a) 0000 UTC 30 June, (b) 0600 UTC 30 June, (c) 

1800 UTC 30 June, (d) 1200 UTC 1 July, (e) 0000 UTC 2 July, (f) 
0600 UTC 2 July, (g) 1200 UTC 2 July, (h) 0000 UTC 4 July, and (i) 
0600 UTC 4 July
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of the dry–cold advection helped to promote the movement 
of the SWCV to the wet–warm advection zone. Therefore, 
we conclude that this thermal structure was crucial to the 
SWCV’s activity.

However, the above analysis focuses only on the hori-
zontal direction. What about the thermal structure in the 
variation of the vertical profile? Figs. 4, 5 show the profiles 
along the direction of movement of the SWCV, demonstrat-
ing clearly that the dry–cold and wet–warm advection was 
very deep.

During the movement of D1 (Fig. 4), the front of D1 was 
always characterized by wet–warm advection, and the rear 
by dry–cold advection. Also, the vortex center was located 
near the advection zero line. For example, at 0000 UTC 30 
June, the wet–warm advection of the SWCV’s front was 
stronger than the dry–cold advection of the SWCV’s rear; 
the former existed in the entire atmospheric layer (from 
nearly the surface to 250 hPa), and the latter was distributed 

above 800 hPa and was weak. Up until 0600 UTC 30 June, 
the dry–cold advection of D1’s rear enhanced and its scope 
expanded, and at the same time, the vortex moved near to 
106°E By 1200 UTC 30 June, the range of dry–cold advec-
tion had expanded significantly, and D1 continued to move 
eastward. Up until 1800 UTC 1 July, the dry–cold advec-
tion expanded to 109° E and, correspondingly, the center of 
D1 was located near 109° E. By 0000 UTC 1 July, D1 had 
moved to 113°E, and then to 116°E at 1200 UTC 1 July.

In phases D2–D4, when the various vortex mergers 
took place (Fig. 5), a thermodynamic structure involving 
wet–warm (dry–cold) advection in the front (rear) of D1 and 
D4 (Fig. 5a, b) existed at 1800 UTC 01 July, by which time 
D1 had moved slightly toward the southwest and D2 toward 
the northeast. At 0000 UTC 2 July, D3 formed by the merger 
of D1 and D2 and, influenced by dry–cold advection, contin-
ued to move eastward (Fig. 5c–e). At 1200 UTC 2 July, D3 
moved to 114°E, and at 0000 UTC 3 July it moved to 116°E 

(a)

D1

(c)

D1

(b)

D1

(d)
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(h)

D4

Fig. 3   As in Fig. 2, but for 850 hPa
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and 118°E. In terms of D4’s activity—the last stage of the 
rainstorm—this began from 0000 UTC 4 July. The dry–cold 
advection in the rear of D1 strengthened and D4 gradually 
moved to the wet–warm advection zone. The thermal struc-
ture involving wet–warm (dry–cold) advection in the front 
(rear) of D4 became more obvious and lasted till 1800 UTC 
4 July. By 0000 UTC 5 July, this thermal structure had disap-
peared and D4’s activity gradually came to an end. There-
fore, from these results, we can again see the importance of 

the synergistic effect of dry–cold and wet–warm advection 
on the movement of SWCVs.

5 � Conclusions and discussion

Using PEPT to calculate the advection, the thermal condi-
tions of four SWCV movements during a persistent heavy-
rain event in the Yangtze River basin, from 30 June to 5 

Cold

Warm

D1

(a)

Warm
Cold

D1

(b)

Cold
WarmD1

(c)

D1

Cold

Warm

(e)

D1

Cold

Warm

(d)

Cold Warm

(f)

D1

Cold D1Warm

(g)

Fig. 4   Distribution of −V⃗ ∙ ∇𝜃se (shaded; unit: 10−5  K  s−1) and �se 
(contours; unit: K) for the movement of D1 at (a) 0000 UTC 30 June, 

(b) 0600 UTC 30 June, (c) 1200 UTC 30 June, (d) 1800 UTC 30 
June, (e) 0000 UTC 1 July, (f) 0600 UTC 1 July, and (g) 1200 UTC 1 
July. The red arrow indicates the direction of SWCV movement
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July 2016, are discussed, and the synergistic influence of 
the wet–warm (dry–cold) advection on the SWCV move-
ment is further revealed. The main conclusions are as 
follows:

(1)This was a case of SWCV activity with an eastward 
path, and its movement was closely related to dry–cold 
advection at its rear. During the four movements, the 
enhancement of this rear dry–cold advection continually 
drove the vortices to the wet–warm advection zone, which 

was not only reflected in the horizontal direction, but also 
the vertical.
(2)The structure of the wet–warm (dry–cold) in the front 
(rear) part of the SWCV was one of the thermal conditions 
necessary for maintaining the overall cyclonic circulation. 
Generally, when the structure of dry–cold and wet–warm 
advection in the near-vortex areas became more obvious, 
the cyclonic structure of the SWCV was more complete. In 
addition, the entire vortex appeared at 700 hPa and 850 hPa, 
but sometimes only in a single level, which was also related 
to the effect of the dry–cold advection in the vertical direc-

Coldwarm
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(b)

D2
Cold Warm

(a)

Cold warmD3

(c)

Cold

warmD3

(d)

Cold

warm
D3

(e)

warm
Cold
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(h)

Cold
D4 warm

(i)
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Cold
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Fig. 5   As in Fig.  4, but for the movement of D2, D3 and D4 at (a, 
b) 1800 UTC 1 July, (c) 1200 UTC 2 July, (d) 1800 UTC 2 July, (e) 
0000 UTC 3 July, (f) 0000 UTC 4 July, (g) 0600 UTC 4 July, (h) 

1200 UTC 4 July, and (i) 1800 UTC 4 July. The red arrow indicates 
the direction of SWCV movement
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tion. If the dry–cold advection affected 700 hPa and above, 
the SWCV had its most complete cyclonic circulation 
at 700 hPa; whereas, if the dry–cold advection affected 
850 hPa and below, the SWCV circulation at this level 
became more complete. Therefore, the synergy of wet–
warm (dry–cold) in the front (rear) part of the SWCV not 
only facilitated its movement, but also the maintenance of 
a complete cyclonic circulation. This further validates the 
importance of thermodynamic advection for the movement 
and maintenance of SWCVs.
(3)It is important to note that this was a typical mesoscale 
vortex whose formation was related to the combined effects 
of the topography. Most vortices are mainly located over the 
Sichuan basin, which is known within China for its high 
level of incidence regarding torrential rain and flooding, 
and rarely move over long distances. For the conditions 
of SWCVs movement, past studies discussed it from the 
perspectives of topography, weather systems and airflow, 
which are of great help in understanding the activities 
and development of SWCV, but mainly emphasized the 
importance of multi-scale weather systems and interaction 
between airflow and topography. In the present study, we 
revealed the importance of structure of the wet–warm (dry–
cold) advection to the movement of the SWCV, however, 
the present study is limited by the sample size, and more 
cases are needed for further validation, in particular how to 
define a criterion for cold advection steering the movement 
of SWCV, these topics further deserve to be researched.
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