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During 29–30 UTC June 2013, a severe rainfall event with a long and narrow

region of strong precipitation occurred in the central of the Sichuan Basin (SCB).

Under the combined influence of a Tibetan Plateau vortex (TPV) and a

southwest vortex (SWV), two banded strong radar echoes existed and

developed simultaneously over the SCB. The analysis reveals that the vertical

wind shear (VWS) caused by the circulations of the TPV and the SWV was the

dominant factor of the formation and development of the radar echoes over the

SCB. During the coupling period of the two vortices, the SWV provided

abundant water vapor at the middle and lower levels over the SCB and the

updrafts of the two vortices break through that formed deep convection, which

made the precipitation in the SCB reach the maximum intensity. The

enhancement of horizontal vorticity caused by the baroclinicity and the

secondary circulation related to the two vortices created conditions for the

formation of the double-band radar echoes. The matching degree of water

vapor and heating conditions accompanying the circulation of the two vortices

could affect the developments of convective storms and precipitation.
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1 Introduction

The formation and development of Tibetan plateau vortices

and southwest vortices (TPSWVs), as well as the rainstorms and

flood disasters caused by them, have always been an important

topic concerned by meteorologists. Tao (1980) earlier revealed

that typhoons, fronts, and cyclonic vortices (mainly the Tibetan

Plateau vortices (TPVs) and the southwest vortices (SVWs) (Xiao

et al., 2017)) moving eastward from the Tibetan Plateau and its

downstream areas were the main triggering systems of extreme

heavy precipitation events in China. TPSWVs might cause high-

impact and severe weather events, such as heavy rains,

thunderstorms, and windstorms over the Sichuan Basin (SCB)

and its surrounding areas (Luo et al., 1993; Qian and Jiao, 1997).

After years of research, many aspects about TPSWVs have been

recognized, including the weather situation of rainstorms caused

by the TPVs (Gao and Yu, 2017), water vapor conditions of

TPSWVs (Pan et al., 2011; Yue and Li, 2016), the role of

Mesoscale Convective Systems (MCSs) in the rainstorms

caused by SVWs (Hu et al., 2014), the role of Tibet plateau

shear line in the formation of the rainstorms caused by SVWs

(Hao et al., 2016), and the energy budget of TPVs (Dong and Li,

2015; Fu et al., 2015). The Tibetan plateau vortex (TPV) and the

southwest vortex (SWV) usually developed independently, but

there were also weather events in which they appeared

simultaneously over the SCB or its surrounding areas. Chen

et al. (2004) and Zhao and Wang (2010) studied the interaction

mechanism when the two vortices appeared simultaneously and

pointed out that the coupling of the two vortices was an

important inducement to trigger heavy precipitation in the

SCB. Zhou et al. (2014) used radar mosaic reflectivity data to

analyze the characteristics of radar echoes in the SCB under the

influence of a TPV and a SWV, which helped us to further

understand the relationship between the two vortices and the

formation and development of mesoscale convective systems.

Heavy rains are the main meteorological disaster caused by

TPVs or SVWs. Over the course of about 50 years of research,

meteorologists tried lots of methods including theoretical

derivation (Yeh and Gao, 1979), weather analysis (Huang

et al., 2010; Zhao et al., 2011), numerical simulation (Liu and

Li, 2014), multi-source data (Du et al., 2013; Li and Deng, 2013;

Ni et al., 2017), andmulti-diagnosis (Huang et al., 2011; Song and

Li, 2016) to establish the relationships between the development

of the two vortices and heavy rains in order to make

breakthroughs in the prediction of related heavy precipitation.

Precipitation regions caused by TPVs or SVWs were more

frequent on the east or southeast side of the vortex (Li et al.,

2015). Jiang et al. (2014) and Yang et al. (2017) found that heavy

rains mostly appeared in the right front side of the forward

direction of the vortex center mainly because the positive

vorticity advection transported by the vortex to this region

stimulated the upward motion of the airflow. However, in the

actual forecast, the uncertainty of the region and intensity of

precipitation caused by a vortex is great. The main reason for this

situation is that we do not know enough about the relationships

between the occurrence and development of the two vortices and

the convective systems in their circulation. Chen et al. (2011)

established the connection between MCSs and a SWV by using a

numerical simulation method, which promoted our

understanding of the interaction between the SWV and MCSs.

Nevertheless, little is known about how the variation of

convective intensity, distribution characteristics, and

development are related to the TPSWVs.

The strong convective precipitations caused by the TPSWVs

are closely related to the development of mesoscale convective

systems in the circulation of the two vortices. In recent years, with

the development of the new generation weather radar network of

ChinaMeteorological Administration (CMA), we have made lots

FIGURE 1
Observations used in this study and the topographic feature
of the SCB and its surrounding areas. The location of the sounding
sites (WJ, MS, YB, and CQ) is marked by the black triangles. The
locations of selected ground-based S-band Doppler radar
sites (MY, CD, YB, and NC) are marked by the red asterisks. The
locations of AWS sites are too many (about 1,500 sites) to be
marked. The area highlighted by the dotted box is the DWCPO.
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of achievements in the study of mesoscale convective systems. In

many research conclusions, it has become a consensus that

environmental vertical wind shear (VWS) plays an important

role in the occurrence and development of convective systems.

Zhang et al. (2012) believed that among the environmental

elements conducive to the occurrence of convective systems,

the convective available potential energy (CAPE) only needed to

reach moderate intensity, but large deep VWS was required.

Klemp (1987) used numerical simulation methods to verify that

VWS was the main source of vorticity in the early stage of

convective systems development, and also the important

dynamic factors for the splitting and renewal of convective

storms during the middle and late development periods.

Previous studies have pointed out the distribution of

precipitation region and given the mechanism explanation

when the SWV or the TPV developed alone. As introduced

above, precipitation regions influenced by the SWV or the TPV

were closely related to its circulation. However, when the two

vortices were coupled, the intensity and distribution of

precipitation would change significantly. Considering that the

interaction of the circulations of the vortices during the coupling

period might be an important factor leading to the change of

precipitation region and the development of MCSs was closely

related to the enhancement of rainfall intensity, the relationship

between the two vortices and convective systems was established

by VWS based on a strong precipitation event over the SCB, and

the effects of the atmospheric dynamic and thermodynamic fields

of the two vortices and terrain were investigated. The aim of our

work is to reveal the new characteristics of the location of

precipitation region when the two vortices were coupled and

the mechanism that causes such new characteristics. The results

will provide reference for the prediction of strong precipitation of

the two vortices. The data and methods utilized in this work are

introduced in Section 2. The relationships between the two

vortices’ circulations and the convective storms over the SCB

are analyzed in Section 3. In Section 4, we analyze the new

characteristics, formation and development mechanism, and fine

radar echo structures of precipitation related to the two vortices.

A summary and discussion are given in Section 5.

2 Data and methods

The data used and their functions mainly include:

1) The geographical location and motion path of the two

vortices and the characteristic of the winds, temperature, and

humidity were analyzed by using the ERA5 reanalysis hourly data

(Hersbach et al., 2020) with a horizontal resolution of 0.5°*0.5°

during June–July 2013.

2) The structure and variation of radar echoes were analyzed

by using the radar mosaic reflectivity (RMR) data and the radar

mosaic combination reflectivity (RMCR) data with a horizontal

resolution of 1 km*1 km and 6 min temporal interval. The RMR

data were derived from raw data observed by four CMA

operational S-band (10 cm) Doppler radars located at

Mianyang (MY), Chengdu (CD), Nanchong (NC), and Yibin

FIGURE 2
Topographic feature of the SCB and its surroundings and motion path of the two vortices (the red arrows represent the TPV motion path at
500 hPa and the purple arrows represent the SWV motion path at 700 hPa). The area highlighted by the dotted box indicates the DWCPO.
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(YB) (Figure 1) during 28–30 UTC June 2013. The RMR data

could make up for the limitation of single radar detection range

(Xiao and Liu, 2006) and improve the data quality in the complex

terrain area so that it is more suitable for the analysis and

research of mesoscale weather systems in a larger spatio-

temporal range.

3) The intensity and distribution of precipitation were

studied by using the data observed by the automatic weather

system (AWS) with more than 1,500 stations in SCB and its

surrounding areas during 28–30 UTC June 2013.

4) The data observed by sounding sites located at Wenjiang

(WJ), Mingshan (MS), YB, and Chongqin (CQ) (Figure 1) on

29 UTC June 2013 were used to analyze the atmospheric

stratification for the formation and development of the

convective systems over the SCB. The intensive observation

experiment of the southwest vortex in Sichuan Province was

conducted by the Institute of Plateau Meteorology from late June

to early August.

VWS is an important condition for the formation and

development of mesoscale convective systems. The main

activity heights of TPVs and SVWs are 500 hPa and 700 hPa,

respectively. The change of the position of the two vortices can

form VWS zones with different intensity and distribution over

the SCB. Therefore, the magnitude of VWS is an important

connection between the development of the two vortices and the

formation and development of convective systems over the SCB.

VWSV1 �
∣∣∣∣∣∣ �V500 − �V700

∣∣∣∣∣∣, (1)

VWSV2 �
∣∣∣∣∣∣ �V400 − �V850

∣∣∣∣∣∣, (2)

where VWSV1 and VWSV2 are the magnitude of the VWS vector

of 500–700 hPa and 400–850 hPa, respectively (unit: m/s), and �V
is the wind vector.

VWSV1 and VWSV2 were used to measure the influence of

the two vortices on the magnitude and distribution of VWS and

the depth of VWS over the domain where convection and

precipitation occurred (DWCPO). As can be seen from

Figure 1, DWCPO is a sub-region of the SCB.

3 Influence of the two vortices’
circulations on the occurrence and
development of convection over
the SCB

3.1 Overview of the two vortices

At 0000 UTC 29 June 2013, the TPV was generated in Gande

County, Guoluo Tibetan Autonomous Prefecture, Qinghai

Province. Meanwhile, the SWV was generated in Daocheng

County, Ganzi Prefecture, Sichuan Province. After the

formation of the two vortices, they moved towards the SCB.

In the following 12 h, the positions of the two vortices

experienced a process of rapid proximity from distance to

coupling of their circulations over the SCB. At 1800 UTC

29 June, the intensity of the SWV gradually weakened and

disappeared in the northern part of the SCB 12 h later.

Compared with the SWV, the TPV stayed over the SCB for a

long time. The center of the TPV entered the SCB at 1800 UTC

30 June and kept wandering in the central and northern part of

the SCB. In the following 48 h, its position moved less, and

disappeared to the northern part of the SCB at 0000 UTC 2 July

(Figure 2). Considering the research focus of this paper and the

integrity of observation data, the research period was determined

as the period of simultaneous existence of the two vortices (from

0000 UTC 28 June to 0600 UTC 30 June 2013).

3.2 Influence of the two vortices’
development on VWS over the SCB

From June to July, southerly winds prevailed at 700 hPa and

westerly winds prevailed at 500 hPa over the SCB and its

surrounding areas, and there was a cyclonic transition from

northerly winds to southerly winds over the SCB (figures

omitted). Therefore, an obvious region of VWS was formed in

the central and western parts of the SCB, with a magnitude of

about 7.5 m/s. When the VWS reached a certain intensity, it

would become a favorable factor for genesis of convective

systems over the SCB.

At 0000 UTC 29 June 2013, the TPV was initially generated,

and the westerly airflow to the south of the TPV center was

obviously strengthened. The westerly winds showed cyclonic

transition from the west side to the east of the SCB at

500 hPa. The direction of the changed winds tended to be

consistent with the direction of the southerly winds at

700 hPa, which was not conducive to the enhancement of

VWSV1 over the SCB (Figure 3B). Hence, the increase of

VWSV1 over the DWCPO was mainly due to the increase of

wind velocity at 500 hPa and 700 hPa. At 0000 UTC 29 June, the

centers of the two vortices moved to 102°E. At this time, winds at

500 hPa did not increase significantly over the DWCPO, but the

cyclonic shift of winds direction moved east to 106°E, which

made the VWSV1 over the DWCPO was significantly

strengthened only by the larger angle of the wind vectors

between 500 hPa and 700 hPa. The maximum VWSV1

increased to about 12.5 m/s, and the region with large value of

the VWSV1 showed an obvious north-south distribution

(Figure 3C). At 1200 UTC 29 June, the centers of the two

vortices moved rapidly toward the SCB, and the circulation

fields of the two vortices tended to be coupled, resulting in

the gradual decrease of VWSV1 over the DWCPO (Figure 3D).

Based on the formation time and position changes of the two

vortices, the research period could be divided into stages Ⅰ, Ⅱ, and
Ⅲ, as indicated in Figure 4. In stage Ⅰ, before the two vortices
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generated, large average VWSV2 and small average VWSV1 were

observed over DWCPO (from 0000 UTC 28 June to 0000 UTC

29 June 2013). The two vortices moved towards the SCB, and the

VWS over the DWCPO was gradually strengthened due to the

change of the position of the two vortices in stage Ⅱ (from

0000 UTC 29 June to 1200 UTC 29 June 2013). Convective

systems over the DWCPO developed rapidly during the period

from two vortices coupling to decoupling in stage Ⅲ (from

1200 UTC 29 June to 0600 UTC 30 June 2013).

The average VWSV1 over the DWCPO ranges from 7 m/s to

8.5 m/s in stage Ⅰ (Figure 4), which was close to the average value

of June and July. The average VWSV2 was about 14 m/s, much

larger than the average VWSV1. At the early phases of the two

vortices, the distance between the centers of the two vortices was

about 600 km (in stage Ⅱ). As the two vortices moved slowly, the

distance between the two vortices became smaller. The cyclonic

shear zone of westerly winds over the DWCPO moved eastward

due to the movement of the TPV at 500 hPa, and the angle of

wind vectors between 700 hPa and 500 hPa layers increased,

resulting in a rapid increase of the average VWSV1 over the

DWCPO from 2100 UTC 28 June to 1200 UTC 29 June 2013.

Meanwhile, both the average VWSV1 and the average VWSV2

had an increasing trend, and the VWS of the whole atmosphere

was relatively consistent. The deep VWS created good conditions

for the occurrence of convection over the DWCPO. As the

distance between the two vortices rapidly approached, the

circulations of the two vortices tended to be coupled, which

was the main reason for the rapid decline of the average VWSV1

and the average VWSV2 in stage Ⅲ.

3.3 Influence of VWS on the development
of precipitation echoes

As can be seen from Figure 3, at 1200 UTC 29 June 2013, the

VWSV1 over the DWCPO reached its maximum with the

FIGURE 3
(A–D)Horizontal winds (m/s; the blue vectors represent winds at 500 hPa and the green vectors represent winds at 700 hPa) and VWSV1 (m/s;
color shading) over the DWCPO from 1800 UTC 28 June to 1200 UTC 29 June 2013 at 6-h intervals. The inserted boxes (dotted boxes) indicate the
DWCPO.
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FIGURE 4
Time series of average VWSV1(m/s; purple solid line) and average VWSV2(m/s; blue solid line) over the DWCPO from 0000 UTC 28 June to
0600 UTC 30 June 2013 at 1-h intervals and the horizontal distance (km; black dotted line) between the centers of the two vortices from 0000 UTC
29 June to 0600 UTC 30 June 2013 at 6-h intervals. The time windows of stages Ⅰ, Ⅱ, and Ⅲ are also marked.

FIGURE 5
(A–D) RMCR (dBZ; color shading) from 1130 to 1730UTC 29 June 2013 at 2-h intervals and topographic feature (km; gray shading). The inserted
boxes (dotted boxes) indicate the DWCPO.
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changes of the positions of the two vortices, and the strong VWS

region presented an obvious north-south zonal distribution. In

the following hours, the VWS gradually weakened, the zonal

distribution gradually disappeared, and the large value center was

mainly in the southern part of the SCB. The above distribution

characteristics and intensity changes of VWSV1 were highly

consistent with the development of radar echoes over the

DWCPO during this period (Figure 5). At 1130 UTC 29 June

2013, radar echoes began to form over the DWCPO, and the

radar echoes presented a north-south zonal distribution from the

northern part of Yunnan province to the central part of Sichuan

Province near 105°E, corresponding to the large value belt of

VWSV1. About 15 convective storms developed at the same time,

with the scale less than 50 km and the central intensity generally

exceeding 50 dBZ (Figure 5A). About 2 hours later, the relatively

dispersed convective cells gradually joined into one piece,

presenting an obvious north-south zonal distribution feature

(Figure 5B). During this period, the intensity and scale of the

convective cells increased continuously. With the weakening of

the strong VWS over the DWCPO and the retention of the large

value center in the southern part of the SCB, the strong radar

echoes mainly developed in the southern part of the SCB, and the

area of the strong echoes gradually exceeds that in the central and

northern part of the SCB (Figure 5C). It is worth mentioning that

with the weakening of the zonal feature of VWSV1, the zonal

feature of the strong radar echoes over the SCB also gradually

disappeared, and the strong echoes diffused to the east of the SCB

(Figure 5D). In conclusion, VWS was an important condition for

the occurrence and development of convective storms over the

SCB and had a good indication for the intensity and distribution

of radar echoes.

4 Characteristics of convective
storms and precipitation over/in the
SCB under the interaction of the two
vortices

4.1 Spatial and temporal distribution of
convection and precipitation

The change of position of the two vortices created good VWS

conditions for the occurrence of convective storms over the SCB

in stage II. During the following 6 h after 1200 UTC 29 June were

the period of the strongest convective storms and precipitation

over/in the SCB.

As shown in Figure 6, in stage II, the intensity of radar echoes

over the SCB was weak, with the meridian average intensity

generally lower than 25 dBZ, and the east-west scale of the echoes

was small. With the passage of time, the radar echoes over the

SCB gradually moved eastward, with a small change in intensity

but a significant increase in zonal scale. Since the development of

convective storms was closely related to the magnitude of VWS,

although the circulations of the two vortices had affected the

weather in the SCB, the development of convective storms over

the SCB was generally weak because the intensity of VWSV1 had

not reached its maximum.

The center of strong precipitation was mainly concentrated

near 102°E and 104.5°E from 0600 to 1200 UTC 29 June 2013,

and the meridional average 6-h accumulated precipitation was

less than 5 mm. The accumulated precipitation value from

0000 to 0600 UTC 29 June was negligible. In stage Ⅲ, the

changes of radar echoes and precipitation characteristics over/

in the SCB could be divided into three phases. The early phase

was from 1,200 to 1800 UTC 29 June. During this phase, due to

the maximum VWS over the SCB, the convective storms

developed rapidly, and the mean meridian RMCR reached

about 35 dBZ between 104° and 105°E. The region of strong

radar echoes increased rapidly, and the east-west position moved

less. At the same time, the precipitation intensity reached its

peak, and the meridian average accumulated precipitation

between 104° and 105°E was about 40 mm over a 6-h period.

The middle phase was from 1800 to 2400 UTC 29 June. In this

phase, with the weakening of VWSV1 over the SCB and the

gradual disappearance of zonal distribution characteristics, the

concentrated strong north-south echoes’ region over the SCB

began to develop eastward. As this strong echo region was not

strictly along the south-to-north direction, no obvious double

strong echoes’ structure could be seen in Figure 6, but an obvious

FIGURE 6
Temporal variation of the average RMCR (dBZ; color shading)
from 0000 UTC 29 June to 0600 UTC 30 June 2013 at 1-h
intervals and the average accumulated precipitation in 6-h (mm;
color lines) observed by AWS in the SCB. The gray shading in
the lower portion indicates the topography of the SCB and its
surroundings along the 30°N.
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bimodal structure can be seen in the precipitation curve during

this phase (yellow curve in Figure 6). The maximum value of

precipitation was obviously weaker than the previous period. The

late phase was from 0000 to 0600 UTC 30 June. During this

phase, the precipitation in the SCB was mainly controlled by the

TPV as the SWV moved northward. Although the precipitation

bimodal structure still existed, the precipitation intensity

weakened significantly. In Section 4.3, the suppression effect

of the TPV on convection will be discussed in detail. This

suppression effect made radar echoes stratification appear in

certain areas of the SCB and precipitation intensity decreased

significantly.

4.2 Mechanism of double-band radar
echoes formation and its relationship with
precipitation in the SCB

Hydrostatic instability, water vapor in lower atmosphere,

convective triggering conditions, and VWS are the four main

factors for the occurrence of severe convective weather events. As

can be seen from Figure 7, at 1200 UTC 29 June, the hydrostatic

instability at the WJ site was the highest. Convection inhibition

(CIN for short) played a dominant role from 900 hPa to 100 hPa

and CAPE only 8.89 J/kg. K-index, SI-index, T850-500, and other

convective indexes were not prominent, and the situation at the

MS site with similar location was similar (figures omitted). The

CAPE at the YB site located at the southern end of the convective

zone reached 1,641.98 J/kg, while CIN was only about 40 J/kg

because it was in the strong convective region. At the same time,

K-index, SI-index, and T850-500 showed that the atmospheric

stratification at the YB site were very conducive to the occurrence

and development of convective storms. The CAPE at the CQ site

was even higher than YB, reaching 1955.87 J/kg, which provided

good environmental conditions for the development of radar

echoes moving eastward over the SCB during the middle and late

phases of stageⅢ. In conclusion, strong convection occurred and

developed in the middle of the SCB due to both strong VWS and

unstable atmospheric stratification.

Among the four factors that influenced the occurrence of

strong convection, the water vapor at low levels and VWS were

closely related to the development of the two vortices, while the

FIGURE 7
Skew T-logp diagrams over (A) the WJ site, (B) the YB site, and (C) the CQ site at 1200 UTC 29 June 2013.
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trigger condition and atmospheric stratification were related to

the spatial thermal environment of the SCB.

As the night fell on June 29, the temperature of the near

surface layer of the SCB was lower in the west and higher in the

east due to the different radiation cooling. According to the

temperature anomaly field (Figure 8), at the same altitude, the

maximum temperature difference in the east–west temperature

anomaly centers of the SCB was 6 K. The boundary between

positive and negative values of near-surface temperature

anomalies was just near 105°E, which was consistent with the

region where double-band echoes occurred (Figures 5A–C). At

1200 UTC 29 June, the center of SWV was located in the

southwest of the SCB, while the center of TPV was still in the

northeast of the plateau and did not move into the SCB. At this

time, the airflow movement in the middle and lower layers of the

SCB were mainly influenced by the circulation of the SWV,

leading to the prevailing easterly airflows below 800 hPa in the

eastern part of the SCB. The airflows showed obvious upward

movement in the central part of the SCB, and the strong part of

its ascending branch was located near 105°E (Figure 8A).

The convergence of warm and cold airflow near the surface

layer and strong upward movement were good trigger conditions

for the occurrence of convection. In combination with unstable

atmospheric stratification, abundant water vapor in the lower

layer, and deep VWS, all conditions for the occurrence of strong

convection near 105°E over the SCB were available. In the

following 6 h, with the enhancement of radiative cooling in

the western mountains of the SCB, the confrontation between

the cold and warm air near 105°E was maintained, and with the

coupling effect of the two vortices moving into the SCB, the

vertical movement of the atmosphere over the SCB developed

particularly deep (Figures 8B,C). At 0000 UTC 30 June, the

confrontation of near-surface temperature and the development

of deep convection over the SCB disappeared gradually due to

FIGURE 8
Vertical cross section of wind vectors (combined zonal wind and tenfold vertical velocity) and temperature space anomaly (K; color shading)
along the 30°N. The gray shading indicates the topography along the 30°N. Heuristic diagrams (green curved vectors) indicating horizontal vorticity
(+ and -) are alsomarked. The two blue dotted lines indicate the east andwest boundary of the DWCPO. Thewhite dotted line divided the DWCPO to
the east and west regions. (A) 1200 UTC 29 June 2013, (B) 1500 UTC 29 June 2013, (C)1800 UTC 29 June 2013, and (D) 0000 UTC 30 June
2013. (E)Vertical cross section of the difference of temperature anomalies between the east and west regions of the DWCPO from 0000 UTC
29 June to 1500 UTC 29 June 2013 at 1-h intervals.
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solar radiation and the weakening of the SWV. It is worth

mentioning that by comparing the circulation over the SCB

dominated by the SWV (Figure 8A) and that dominated by

the TPV (Figure 8D), it can be found that the strong vertical

movement over the SCB under the influence of the SWV is

mainly below 600 hPa, while above 500 hPa under the influence

of the TPV.

The westerly winds above 500 hPa on the south side of the

TPV cooled and descended in the eastern part of the SCB, while

the easterly winds below 700 hPa on the north side of the SWV

heated and rose in the central part of the SCB, forming an

obvious secondary circulation over the SCB in coordination with

deep VWS. Before the two vortices coupled, the secondary

circulation was particularly obvious, which shows an obvious

horizontal vortex tube rotating clockwise over the SCB

(Figure 8A). Klemp (1987) pointed out that the horizontal

vortex tube tilted by the updraft rising and the vorticity

couplet formed were an important dynamic mechanism for

the generation and development of convective storms. It was

also the main reason for the formation of many mesoscale

convective cell cores in the north-south zonal convective

systems over the SCB.

In order to reveal the role of the secondary circulation, we

analyze the vertical and horizontal vorticity associated with the

secondary circulation.

zζ

zt
� M+N+P+R+S, (3)

M� −[u zζ
zx

+v(β+ zζ

zy
)], (4)

N� −ω zζ

zp
, (5)

P� −(ζ+f ) · �V , (6)

R � −(zω
zx

zv
zp

− zω

zy
zu
zp

). (7)

From the first to the last term on the right (Eq. 3) are the

horizontal advection term (M), vertical advection term (N),

horizontal divergence term (P), tilting term (R), and friction

term (S), respectively.

After magnitude analysis, the horizontal vorticity of the

P-coordinate system can be simplified into the following

formula (Eq. 8, 9):

ζx � zw
zy

+ pg
RdT

zv
zp

∝
zv
zp
, (8)

ζy � −zw
zx

− pg
RdT

zu
zp

∝ − zu
zp

. (9)

ζy is the main horizontal vorticity over the DWCPO during the

gradual coupling process (Figure 9). The positive region of ζy
experienced a process from strengthening up to weakening

subsidence from 0600 UTC 29 June to 0000 UTC 30 June

(Figures 9A1–D1). When the secondary circulation was

strong, the positive horizontal vorticity below 600 hPa had

obvious convergence uploading characteristics and the vortex

tube uploading was unidirectional (Figure 9B1), which indicated

that the circulation of the SWV could actively affect the TPV,

while the TPV had no obvious influence on the SWV.

The north-south vortex tubes caused by the secondary

circulation tilted under the action of updraft, resulting in the

transformation of horizontal vorticity to vertical vorticity. It

could be seen from Figures 9A2–D2 that the large value

distribution of R was consistent with that of ζy and the large

value of ζy was mainly distributed in the central and western

regions of the DWCPO at 0600 UTC 29 June (Figure 9A2). At the

same time, the large value region of R presented an obvious

north-south zonal distribution, which was consistent with the

distribution characteristics of strong radar echo in this period.

The distribution of ζy had little change at 1200 UTC 29 June

(Figure 9B2), but the large value region of R presents a double-

band distribution structure similar to the strong radar echoes.

Based on Figure 9A2 and Figure 9B2, it was found that the

formation of the double-band structure of radar echoes was

closely related to the distribution of the R value.

It was worth noting that the ζy positive region near 800 hPa

had two significant high value centers at 0600 UTC 29 June

(Figure 9A1). After 6 h, the two large value centers strengthened

and connected (Figure 9B1). Considering that the transformation

from horizontal vorticity to vertical vorticity could enhance the

local convection intensity, the distribution characteristics of the

ζy positive value may be the key factor for the development of

strong echo region from single-band distribution to double-band

distribution.

With the proximity of the two vortices, the intensity of ζy and

R over the DWCPO region gradually weakened

(Figure 9C2–D2), which was consistent with the weakening of

the intensity of the secondary circulation in this period.

Due to the relatively fixed location of the large value region of

VWS formed by the circulations of the two vortices, the

occurrence and development region of strong convection over

the SCB was relatively fixed too. In terms of precipitation, it was a

long and narrow heavy precipitation belt from YB in the south to

MY in the north. The north-south scale of the heavy precipitation

belt was more than 300 km, but its east-west width was only

about 50 km (Figures 10A1–D1).

After the generation of the first band echo formed by the rain

area seen on radar, many convective cells with a scale less than

10 km were gradually formed not far from its east side, and these

convective cells gradually connect north and south to form a new

band echo (Figures 10A2–D2). Generally, after a convective

storm developed to the mature phase, the colder air at mid-

levels would pass through the updraft region and descended,

which resulted in strengthening the strength of the near-surface

cold pool at the back of the mature storm, then cutting off the

warm and wet air in the middle and lower layers of the old

convective storm, and triggering a new one at the front of the
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FIGURE 9
(A1–D1) Vertical cross section of vorticity vectors (combined ζy and tenfold vertical vorticity) and the zonal mean (28°N-32°N) of ζy (10−3s−1;
color shading) from 0600 UTC 29 June to 0000 UTC 30 June 2013 at 6-h intervals. The gray shading indicates the zonal mean (28°N-32°N) of the
topography. (A2–D2) Horizontal vorticity (10−3s−1; vector) and the positive tilting term (10−8s−2; color shading) over the DWCPO from 0600 UTC
29 June to 0000 UTC 30 June 2013 at 6-h intervals.
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surface cold pool. This is the main mechanism for the alternation

of old and new convective storms (Rotunno et al., 1988). In

contrast, there was a double-band echoes in which old and new

convective storms coexist over the SCB.

Therefore, we believe that the main reasons for the

coexistence of double-band radar echoes are as follows:

1) The formation and coexistence of the double-band radar

echoes mainly occurred in the early phase of stage Ⅲ, when the

VWS over the SCB reached the maximum, and then the two

vortices coupled over the SCB. The strong updraft near the

centers of the two vortices ran through the 700–500 hPa

layers, making the updraft over the SCB extend from the near

surface to 200 hPa. The updraft was dominant, leading to the

weakening of horizontal motion of parcels in the vicinity of the

convective cell, which enabled almost all the CAPE of the

environment east of the old cell to be converted to kinetic

energy of vertical motion, enabling the rapid development of

the new cell.

2) From the simplified equation of vorticity in the x–z plane

obtained by ignoring geostrophic deflection force (Eq. (10),

Houze (1993)), it can be seen that the change of vorticity is

mainly generated only baroclinically and is redistributed by

advection in the x–z plane. As can be seen from Figures

8A–C, the temperature difference between the east and west

sides of the near-surface region where convection storms

occurred over the SCB leaded to the enhancement of

baroclinicity, which resulted in the enhancement of horizontal

vorticity of the airflows (Figure 8A). This was balanced by the

clockwise vertical shear caused by the secondary circulation near

the surface so that the parcels at the front of the convective storm

had no predisposition toward either negative or positive vorticity,

thus forming a new convective storm in the front of the old one.

Rotunno et al. (1988) called it the “optimal” mode of air parcels’

movement in convective regions.

ξt � −Bx − uξx − ωξz , (10)

where ξt represents the time variation of vorticity, Bx is the

baroclinic generation term of horizontal vorticity, and uξx and

ωξz are vorticity advection terms in x and z directions,

respectively.

ξt caused by baroclinicity was closely related to the

temperature difference. We divided the DWCPO into east and

west regions along 105°E and used the difference of temperature

anomalies between the east and west regions (DTAEW) to

measure the baroclinicity. As shown in Figure 8E, the large

DTAEW mainly occurred at 6–15 on June 29, which was

consistent with the formation of double-band echoes. In the

vertical direction, the large center of the DTAEW mainly

appeared in the near-surface layer (950 hPa) and slowly

moved up to 800 hPa over time, which was consistent with

FIGURE 10
(A1–D1) Precipitation intensity in the DWCPO (mm/hour, color dots) from 1200 UTC 29 June to 1500 UTC 29 June 2013 at 1-h intervals.
(A2–D2) As in (A1–D1) but for the RMCR (dBZ; color shading). (A3–D3) Vertical cross section of the meanmeridional RMR (dBZ; color shading) from
1200 UTC 29 June to 1500 UTC 29 June 2013 at 1-h intervals.
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the upward movement of the large center of the temperature

anomaly in the eastern part of the SCB. From 1200 UTC 29 June,

the intensity of the secondary circulation and the DTA near the

surface decreased synchronously; with the weakening of the

DTAEW and the secondary circulation, the double-band

signature of the radar echoes disappeared too.

3) As shown in Figures 8A–C, due to reasons such as the

terrain of SCB, the eastern front of the colder airflows to the west

of 105°E had been relatively fixed, coupled with a strong upward

motion when the two vortices coupling made it hard for the

colder airflows at mid-levels to pass through the updraft area and

descend to strengthen the cold pool. The old convective storm

continued to develop because the warm and moist airflows at the

lower level would not be cut off by the cold pool. As shown in

Figures 10A3–D3, the new convective storm was independently

generated about 20 km to the east of the old one, and there was an

obvious boundary between the two strong echoes formed by the

old and new convective storms.

Different from the old band echo, the new band echo had a

relatively short lifetime, weak intensity, and faster moving speed,

resulting in small local accumulated precipitation. This explained

why there was no obvious double-band distribution of accumulated

precipitation in the same period of time (Figures 10A1–D1).

4.3 Formation conditions and
characteristics of radar echoes
stratification

At 1700 UTC 29 June, the east-west width of the strong echo

over the SCB increased rapidly (Figure 5D), and the intensity

gradually weakened. The main reason for this phenomenon was

that the position of the SWV at 700 hPa was north and its

intensity was weakened, which weakened the strong VWS over

the SCB and the deep updraft caused by the coupling of the two

vortices. However, the TPV was still strong at this time. From the

perspective of specific humidity and temperature in the TPV

circulation, the part of the circulation to the west of the center of

the TPV was wetter and warmer than the part to the east of the

center of the TPV because it was closer to the Tibetan plateau.

According to Figures 11A,B, the humidity (temperature) of the

part east of the center of the TPV was about 2 g/kg (2 k) lower

than that of the part west of the center of the TPV. The southerly

winds to the south of the TPV at 500 hPa brought the cold and

dry airflows around the vortex circulation into the center of the

TPV. The dry-cold advection formed an obvious dry-cold layer

wedged into the TPV circulation between 600 hPa and 500 hPa

(Figures 11C,D). Due to the existence of this cold and dry layer,

FIGURE 11
(A) Horizontal winds (m/s; vectors) and specific humidity (g/kg; color shading) obtained from ERA5 at 500 hPa at 1900 UTC 29 June 2013. The
inserted boxes (blue dotted boxes) indicate the DWCPO. (B) As in (A) but for horizontal winds (m/s; vectors) and temperature (K; color shading). (C)
Vertical cross section of wind vectors (combined zonal wind and tenfold vertical velocity) and space anomaly of specific humidity (g/kg; color
shading) along the 29°N. The gray shading indicates the topography along the 29°N. The two blue dotted lines indicate the east and west
boundary of the DWCPO. (D) As in (C) but for wind vectors (combined zonal wind and tenfold vertical velocity) and space anomaly of temperature
(g/kg; color shading).
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there were obvious stratification of specific humidity and air

temperature over the southern part of the SCB. The boundary

between the warm and wet layer in the upper part and the warm

and wet layer in the lower part was just between 600 hPa and

500 hPa.

The stratification of temperature and specific humidity was

the main reason for the stratification of radar echoes over the

SCB in the vertical direction. During this period, the SWV was

located to the north of the SCB and gradually weakened and

disappeared. From the southern section of the SCB (29°N), the

easterly winds and the vertical motion dominated by the SWV in

the lower layer were very weak. The temperature and humidity

field and circulation field dominated by the TPV over the SCB

were mainly characterized by temperature and humidity

stratification and strong vertical motion mainly concentrated

at levels above 500 hPa (Figures 11C,D). The formation of these

features requires the weakening and the northward movement of

the SWV. If the SWV was strong, the deep and strong upward

motion when the two vortices were coupled would rapidly

transport the warm and wet airflows in the lower layer to the

middle and high layers, and it was difficult to establish the

stratification phenomenon of specific humidity and

temperature. In addition, the strong VWS and easterly winds

would limit the convective storms over the SCB to a relatively

fixed area, and it was difficult to form the stratification

phenomenon of radar echoes. Therefore, only when the TPV

dominated the SCB, it was beneficial to establish the stratified

structure of temperature and humidity over the SCB.

At 1600 UTC 29 June, the double-band echoes over the SCB

gradually widened and moved eastward, especially for the strong

echoes region in the south of the SCB (Figure 5C). The air

temperature near 500 hPa over the SCB was significantly lower

than the surrounding area, and the cooling air and downdraft

would inhibit the development of convection below 500 hPa,

which was consistent with the research conclusion of Qiu et al.

(2015). As shown in Figure 12A, the top height of strong echoes

between 104.4° and 105°E in the southern part of the SCB was

about 5 km (500–600 hPa), which was consistent with the

boundary of temperature and humidity stratification

(Figure 11C). The updraft dominated by the TPV combined

with the relatively warm and humid air resulted in condensation

of water vapor above 500 hPa, which resulted in enhanced radar

echoes. In combination with the strong radar echoes restricted by

dry and cold air at the middle and low levels, radar echo

stratification was formed (Figures 12A–D).

The temperature and humidity stratification caused by the

TPV was mainly concentrated in the east region of its center, so

the suppression effect of the TPV on the strong radar echoes at

middle and low levels mainly occurred in this region. As shown

in Figure 12A, near 104.5°E, strong echoes could develop from

FIGURE 12
(A–D) Vertical cross section of RMR (dBZ; color shading) along 29°N from 1600 to 1900 UTC 29 June 2013 at 1-h intervals.
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surface to altitude of up to 10 km, but the phenomenon of

“cutting” of echoes by temperature and humidity stratification

became particularly obvious in the area east of 104.5°E. In the

middle and late phases of stage Ⅲ, the phenomenon of echo

stratification would continue to exist (Figures 12B–D). The

strong easterly echoes were continuously suppressed by the

stratification of temperature and humidity, and the intensity

gradually decreased (Figure 12D).

The existence of echo stratification indicated that the

development height of convection might be limited. As a result,

the precipitation intensity in the SCB was obviously lower than that

in the early phase of stageⅢ. The echo over the SCB dominated by

the TPV was larger in area, weaker in intensity, and faster in

movement. Meanwhile, the stratification of temperature and

humidity and the cold air descending east of the vortex center

limited the height of echoes development in this region. Therefore,

the intensity of precipitation in the SCB dominated by the TPV

weakened significantly after the SWV weakened and disappeared.

5 Summary and discussion

Based on ERA5 re-analysis data, RMR/RMCR data,

radiosonde data, and precipitation from AWS observations,

we analyzed a special severe precipitation event in the SCB on

29 and 30 UTC June 2013 under the background that the TPV

and the SWV coupling. The main conclusions are as follows:

1) The changes of the positions of the two vortices could

cause strong VWS over the SCB. Strong VWS was a necessary

condition for the development of convective storms over the

SCB. The intensity and distribution characteristics of VWS

dominated the development and distribution of convective

storms and precipitation over/in the SCB to some extent.

2) The vorticity associated with the secondary circulation

caused by the two vortices was positive. The negative vorticity

caused by baroclinicity just neutralizes the positive vorticity at

low level of the SCB so that as the parcel rose above the

boundary layer, it had no predisposition toward either

negative or positive vorticity, and it thus rose vertically.

Combined with the relatively fixed boundary between cold

and warm air masses, the old and new convective storms

could exist and develop simultaneously, and finally formed

the double-band echoes seen on radar.

3) The dry and cold advection on the east side of the vortex

center made the temperature and humidity over the SCB form a

stratified structure when the TPV dominated the circulation over

the SCB. The colder air, downdraft, and the hydrothermal

stratification structure in the east of the vortex center inhibit

the convection in the middle and lower layers so that the radar

echoes formed an obvious stratified structure in the

corresponding regions.

4) The precipitation was strongest in the SCB mainly when

the two vortices couple. During this period, water vapor was

transported over the SCB by the SWV and converged to the

vortex center, and the deep convection caused by the coupling of

the two vortices was conducive to the development of strong

precipitation. The TPV dominated the precipitation in the SCB

after the two vortices decoupled, and would suppress the

convective height in some regions, which made the rainfall

area expand, but the precipitation intensity decreases

significantly.

It is rare for the SWV and TPV to appear over the SCB and its

surrounding areas at the same time, but the coupling of the two

vortices is very easy to cause extreme heavy precipitation events.

Different from the weather process related to the SWV or TPV

alone, it is extremely difficult to forecast the precipitation area

caused by the vortex under the interaction of the two vortices,

because the heavy precipitation does not occur in the usual area

(southeast to the vortex center). Cheng et al. (2016) explained the

cause of the distribution of the precipitation area related to the

two vortices from the perspective of frontogenesis. This paper

further revealed the relationship between the two vortices and the

convective systems to explain the formation mechanism of the

precipitation area.

Because the two vortices usually need to cooperate with other

weather systems to cause a strong precipitation process, it is

necessary to study the role of the two vortices in a heavy

precipitation process. In particular, how the developments of

the two vortices affect the occurrence and development of

mesoscale convective systems that can produce heavy rainfall

deserves further study.

VWS plays an important role in the development of tropical

cyclone (TC). Li (1990) earlier revealed that VWS in the lower

troposphere had an inhibitory effect on the generation of

tropical cyclones (TCs), and the magnitude of this inhibitory

effect might be correlated with the strength of VWS (Zeng et al.,

2006; Fu et al., 2019). Both the TPV and the SWV have a warm-

core structure similar to TC. In particular, the TPV has been

proved to have dynamic and thermal structures similar to

tropical cyclone-like vortices (Li and Yang, 1998). Therefore,

the effect of VWS on the two vortices may be similar to that of

TCs. The difference is that both the southwest vortex and the

plateau vortex are shallow systems (the vertical thickness is only

2–3 km). Therefore, the effect of VWS at different heights on

shallow systems needs further study. At the same time, in the

period of the two vortices coupling, the VWS is small because

the circulation of the two vortices tends to be consistent. How

the smaller VWS affects the development of low vortexes in the

period of the two vortices coupling requires further research in

the future.

As this study dealt with one event, the mechanism of the two

vortices and the relationship between the vortices and the convective

system revealed in this paper may not be necessarily applicable to

other similar events. We need to analyze more similar weather

processes in future work to reveal the general and special laws of

heavy rainfall under the background of coupling of two vortices.
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