Vol.30 No.2

JOURNAL OF TROPICAL METEOROLOGY

Article ID: 1006-8775(2024)02-0168-12

Comparative Analysis of Energy Characteristics of Two Southwest Vortices in Sichuan
Under Similar Circulation Backgrounds

ZHOU Chun-hua (JA#1£)!, ZHANG Ju (3 )2, XIAO Hong-ru (4 I %)’
(1. Sichuan Meteorological Disaster Prevention Technology Center, Chengdu 610072 China; 2. Chengdu Meteorological
Bureau, Chengdu 610072 China; 3. Sichuan Meteorological Observatory, Chengdu 610072 China)

Abstract: Based on ERAS reanalysis data, the present study analyzed the thermal energy development mechanism and
kinetic energy conversion characteristics of two extreme rainstorm processes in relation to the shallow southwest vortex in
the warm-sector during a “rain-generated vortex” process and the deep southwest vortex in a “vortex-generated rain”
process. The findings were as follows: (1) During the extreme rainstorm on August 11, 2020 (hereinafter referred to as the
“8-11” process), intense surface heating and a high-energy unstable environment were observed. The mesoscale con-
vergence system triggered convection to produce heavy rainfall, and the release of latent condensation heat generated by
the rainfall promoted the formation of a southwest vortex. The significant increase (decrease) in atmospheric diabatic
heating and kinetic energy preceded the increase (decrease) in vorticity. By contrast, the extreme rainstorm on August 16,
2020 (hereinafter referred to as the “8-16” process) involved the generation of southwest vortex in a low-energy and high-
humidity environment. The dynamic uplift of the southwest vortex triggered rainfall, and the release of condensation latent
heat from rainfall further strengthened the development of the southwest vortex. The significant increase (decrease) in
atmospheric diabatic heating and kinetic energy exhibited a delayed progression compared to the increase (decrease) in
vorticity. (2) The heating effect around the southwest vortex region was non-uniform, and the heating intensity varied in
different stages. In the “8-11” process, the heating effect was the strongest in the initial stage, but weakened during the
vortex’s development. On the contrary, the heating effect was initially weak in the “8-16” process, and intensified during
the development stage. (3) The available potential energy of the “8-11” process significantly increased in kinetic energy
converted from rotational and divergent winds through baroclinic action, and the divergent wind energy continued to
convert into rotational wind energy. By contrast, the “8-16” process involved the conversion of rotational wind energy into
divergent wind energy, which in turn converted kinetic energy back into available potential energy, thereby impeding the
further development and maintenance of the southwest vortex.
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1 INTRODUCTION

The southwest low vortex, also known as southwest
vortex, is a closed, diminutive-scale atmospheric
phenomenon characterized by cyclonic circulation at the
700 (or 850) hPa level in the western region of Sichuan. Its
formation is intricately linked to the distinctive
geographical setting and prevailing regional circulation
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patterns (Lu and Lei "; Xu ; Mao et al. P!; Wang and
Tan ¥; Feng et al. P Zhu et al. '®). Initially, the
southwest vortex emerges as a shallow mesoscale system,
with most instances dissipating or remaining confined to
their source areas. However, under appropriate circulation
conditions, a few vortices can extend beyond their origin
and progress eastward. This eastward propagation is often
accompanied by substantial precipitation events in the
middle and lower reaches of the Yangtze River, the Huaihe
River Basin, South China, and even North China (Fu et al.
. Zhang et al. ®). Chen et al. % Yu et al. 'Y Kuo et al.
0. Ry et al, U2 B Wang and Gao [14]). In terms of the
intensity, frequency and scope of the rainstorms it causes,
the southwest vortex ranks second only to typhoons and
their residual low pressure systems (Wang et al. U,
Statistics show that more than 52% of extreme rainstorms
in the Sichuan Basin are induced by the southwest vortex
(Zhou et al. ")), Therefore, the study of the characteristics
of the southwest vortex that induces extreme rainstorms is
of great significance for the prediction of severe weather.

Because the generation and development of the
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southwest vortex are mainly affected by the dynamic and
thermodynamic processes associated with the plateau and
the large-scale background, research on this topic mainly
employs diagnostic analysis and numerical simulation as
the main methods. Significant progress has been made in
understanding the dynamic and thermodynamic
characteristics of the southwest vortex through the
application of vorticity budget, divergence, and apparent
heat source equations. Existing studies have shown that the
surface sensible heat significantly affects the generation of
the southwest vortex (Chen and Li 07, Hardy et al. 8. 14
etal. [, Cheng et al. 200, Feng et al. 2. Lietal. ™ Niet
al. ¥ Chen P4 Yang et al. 3. Zhai et al. [26]), and the
release of condensation latent heat by precipitation is
conducive to the rapid development of the southwest
vortex (Chen and Yang " Chen and Li ). Diabatic
heating determines not only the length of the life history of
the southwest vortex but also the intensity of its
development (Yu et al. ®); Zhou et al. B%). Numerical
simulation experiments also indicate that surface heating
plays a sustaining role in the development of the southwest
vortex, and the development of the southwest vortex is
mainly influenced by the heating effect of precipitation
condensation latent heat, and the release of precipitation
condensation latent heat largely determines the formation
of the southwest vortex (Davis and Trier ®'"; Ding et al.
B2 Qian and Zhao ™). Li et al. ¥ showed that before the
generation of the warm vortex, the surface sensible heating
and warm advection near the source area of the warm
vortex contribute significantly to the generation of positive
non-thermal wind vorticity. In a study of the kinetic energy
of the southwest vortex, Ding et al. " stated that the
upper tropospheric potential vortex disturbance
significantly influences the development of the low
vortex, and the high-value region of the upper potential
vortex easily stimulates the formation of surface cyclones.
Energy conversion within a low vortex and its external
energy transport mainly occur during the changes of the
potential energy and kinetic energy of the disturbance at
mid-to-high levels, which can effectively reflect the
changes in the intensity of the low vortex. Vertical
energy transport also promotes the development of the
low vortex system (Yang and Zhang U®). The
strengthening of low-level jets easily causes low-level
convergence, promotes the rapid increase of mid-level
potential vorticity, and reinforces the southwest vorticity
into a deep system (Peng et al. B7).

In mid-August 2020, extreme rainstorms occurred
frequently in the western Sichuan Basin, and the rainfall in
10 days reached half of the annual rainfall, particularly
from 20:00 on August 10 to 08:00 on August 11
(hereinafter referred to as the “8-11” process, BJT) and
from 20:00 on August 15 to 08:00 on August 16
(hereinafter referred to as the “8-16” process). In the two
extreme rainstorms in the western Sichuan Basin, the
maximum rainfall intensity reached 156.8 and 118.4 mm
respectively, and the maximum cumulative rainfall in 12 h

reached 428.2 and 428.7 mm, respectively. The circulation
patterns during these two events were similar,
characterized by the generation and dissipation of the
southwest vortex. The rapid development of the southwest
vortex induced the generation of extreme rainstorms. The
southwest vortex in the “8-11” process was shallow and
only has a closed circulation at 850 and 700 hPa levels.
This vortex appeared after the onset of rainfall, indicating
a “rain-generated vortex” influenced by thermal effects (Li
and Chen *). By contrast, in the process of “8.16”, the
southwest vortex developed deeply, extending up to 300
hPa at its peak. In this case, heavy rainfall was induced
after the formation of the vortex, indicating “vortex-
generated rain” influenced by dynamic effects. Why did
the southwest vortices of different intensities produce
extreme rainstorms under similar circulation backgrounds,
and what were the differences in their occurrence and
development mechanism? What were the differences in
dynamic and thermal characteristics? All These issues
need to be analyzed carefully. This study aims to examine
the thermal forcing mechanism and kinetic energy
conversion characteristics of shallow type and deep type
southwest vortices to provide insights into the generation
and development mechanisms of southwest vortices.

2 DATA AND METHODS

2.1 Data

In this study, we used four types of data: (1) ERAS
reanalysis data from the European Centre for Medium-
Range Weather Forecasts (ECMWF), which have an hourly
temporal resolution, a 0.25°x0.25° spatial resolution, and 37
vertical layers (https://cds.climate.copernicus.eu/). The
dataset was utilized for weather analysis and investigating
the dynamic and thermodynamic development mechanisms
of the southwest vortex. (2) ERA5-LAND reanalysis data
from the ECMWF, which have an hourly temporal
resolution and a higher spatial resolution of 0.1°x0.1°.
The dataset was used to analyze the surface sensible heat
flux and latent heat flux distribution. (3) Hourly
precipitation data observed by stations of the China
Meteorological Administration. The dataset was used to
assess the variations in rainfall associated with the
southwest vortex. (4) MICAPS radiosonde data issued by
the China Meteorological Administration. The dataset was
used to analyze the environmental field.
2.2 Thermal energy method

The apparent heat source and water vapor sink are
widely used in the diagnosis and analysis of the southwest
vortex, plateau vortex, and plateau shear line. In this study,
two equations were used to discuss the thermal development
of the southwest vortex. The equations of apparent heat
source and apparent water vapor sink in P coordinates are
expressed as follows (Michio and Richard ®”):

oT Pk 80
0,=C5 +V- VT+(P—O) a%) (1)
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where (0, is the apparent heat source, O, is the apparent
water vapor sink, and the three terms on the right are the
local wvariations in temperature (vapor), the horizontal
advection term of temperature (vapor), and the vertical
transport terms of temperature (vapor), respectively. In

+V-Vg+ow

Egs. 1-2, C, is the specific heat at a constant pressure,
which is 1004.8416 J kg k', T is the temperature, and V'
is the horizontal wind vector. w is the vertical wind
velocity in the pressure coordinate, and 6 is the potential
temperature. k=0.2875, p,=1000 hPa, ¢ is the specific

2.5x10° T kg .
The vertically integrated diabatic heating can be
obtained using Eqs. 3—4:

<Q,>= é,j[:lQldp ©)
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where p is the surface pressure and p,=100 hPa.

The complete-form vertical vorticity equation can be
simplified by assuming that only the external heat source is
retained for heating without considering friction dissipation

; ‘i [401y.
humidity, and L is the condensation latent heat, which is or the development of tilt vorticity (Wu et al. "):
55 —(1— Q [+{80 10va0 , 1 oudQ
V=R (OGS OG Y5 e ta e TR ®)
The terms on the right side of Eq. 5 represent the and Fuelberg “Y):
effect of the ascending motion, heat source, spatially non- Ve V.tV 6
uniform diabatic heating, and residual error (R, which - 'ROUD (6)
consists of the frictional dissipation, slantwise vorticity The kinetic energy per unit mass is expressed as follows:
development, and computational error) on local variations 1 1 1
in vorticity. P is the pressure, and 6 is the potential k= jV' V= ZVR Vrt ZVD' Vot Ve Vb (7)

temperature. O = 0,/ C, represents the diabatic heating
rate in the thermodynamic equation, and Eq. 1 is used for
calculation. Eq. 5 is used to explore the mechanism of the
diabatic heating effect on vorticity.
2.3 Kinetic energy method

The original horizontal wind (V) is converted into
rotational wind (V) and divergent wind (V) (Buechler

K= [[ k. Kp= | kp, Ky =

In Eq. 9, K is the kinetic energy in a limited area
(hereinafter referred to as kinetic energy), Kp is the
divergent kinetic energy, Ky is the rotational kinetic
energy, and Kyp is the kinetic energy of the interaction
between the rotational and divergent winds. The sign of

Ko ff -y

DKy I AF
R | R A A

Gy HF Fg

K ff -y

DK, Iy AF
+ﬂ_VD'V¢+ﬂ_v‘kVD+ f awaFﬂ Vp-F
Gp HF, VF Fp

where up and up, are the zonal rotational and divergent
wind components, respectively, vy and v are the

meridional rotational and divergent wind components,
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The kinetic energy of an atmospheric volume in

isobaric coordinates (A4 is the horizontal computational
area) is as follows:

K=Kp+KptKgp (3
where

A [J dxdydp 9

Kpp depends on the divergent and rotational wind
directions.

The equation for rotational kinetic energy is

expressed as follows (Buechler and Fuelberg [

Endlich )
Vp

AZ B C

(10)
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an

respectively, w is the vertical velocity, f* is the Coriolis

parameter, ¢ is the geopotential, and F is the frictional
force. The sum of AF, AZ, B, and C is hereinafter denoted
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as C(Kp,Kpy), which is the conversion term between Ky,
and Ky, and C(Kp,Ky) greater than O indicates the
conversion from K, to K. The term on the left-hand side,
DK R(DKp) is the change term of K (Kpy) and denotes the
local change of Ky(Kp). Ix(Ip) is the change in Ky (Kp)
caused by the nonlinear interaction between rotational and
divergent winds. AF is the geostrophic effect. Both AF
and AZ are affected by the relative orientations and
magnitudes of V; and V. Term B describes the vertical
exchange of Ky, while term C is related to the
configuration of ¥, with V', and the vertical distribution
of Vp. The term GRr(Gp) is the generation term for
KRr(Kp), which indicates the conversion between Ky (Kp)
and the available potential energy owing to the cross-
contour flow of Vy(Vp). The term HF(HF ;) denotes the
horizontal flux divergence of K by Vi(Vp). The term
FR(Fp) represents friction and is related to the rotational
(divergent) wind, denoting frictional processes and energy
transfer between the resolvable and unresolvable scales of
motion. VF is the vertical flux divergence term for K.

The dynamic energy budget of the rotational wind of
the divergent wind in an open system is shown in Fig. 1,
where A is the atmospheric available potential energy, DK
is the local change in kinetic energy, and DKy, is the local
change in kinetic energy of the rotational wind interaction
of the divergent wind.

3 COMPARISON OF THE SOUTHWEST VOR-
TEX ACTIVITIES

3.1 Comparison of the environmental characteristics
The “8-11” and “8-16” processes had similar upper-
level circulation backgrounds (figure omitted). The 500
hPa western Pacific subtropical high obstructed the
eastward movement of the upper-air trough, resulting in
its stagnation and subsequent impact on Sichuan. Under
the background of the “Trough in the North and Vortex in
the South”, this scenario favored the development of the
southwest vortex. The 200 hPa South Asian high in the
upper troposphere was robust, with the Sichuan Basin
situated on the eastern side of the high-pressure center. The
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Figure 1. Schematic representation of the kinetic energy budget
of divergent wind (rotating wind) in an open system.

divergence development of the upper layer promoted the
convergence growth of the lower layer. However,
environmental conditions were different. According to
the radiosonde data from Wenjiang Station of the China
Meteorological Administration (figure omitted), the
“8-11” process exhibited a stratification pattern
characterized by dryness at the top and wetness at the
bottom. The temperature difference between 850 and 500
hPa reached 23°C, the K index was 42.8°C, the available
potential energy of atmospheric convection amounted to
3292.8 Jkg ', and the level of free convection was at 925
hPa, making it is easy to trigger the development of
convection. In contrast, during the “8-16” process, the
humidity throughout the layer was high, the available
potential energy of convection was only 22.3 Jkg'. The
level of free convection was at 550 hPa, and the energy
was low, necessitating significant lifting force to induce
heavy rainfall.

3.2 Activity path comparison

From the hourly activity path of the southwest
vortices (Fig. 2), the two processes were both active
within the range of 28.5°-30.5°N and 102.8°-104.2°E.
During the “8-11” process, the southwest vortex was
generated and developed in Ya’an and traveled toward
Yibin after 06:00 on August 11, weakening and
disappearing. In contrast, the “8-16” process began in
the west of Yibin, swiftly traveled northwest to Chengdu
and rapidly developed, resulting in extreme precipitation
in the western part of the basin.

During the “8-11” process, from 20:00 to 23:00 on
August 10 (Fig. 3a), a mesoscale convergence system was
formed in the southwest Sichuan Basin (Fig. 3a). There
was a closed isobar of 141 dagpm in the height field, and
convective cloud clusters developed in the center of the
convergence system (figure omitted), triggering heavy
local precipitation, and resulting in 26 stations of heavy
rainfall above 50 mm h™'. From 00:00 to 05:00 on August
11 (Fig. 3b), the circulation of the cyclone rapidly
developed into a southwest vortex, and the height field
was coordinated by a closed isobar of 140 dagpm. The

30°N A

Neijiang

Zigong

29°N 1

Yibin
—The “8-11” process
—>The “8-16” process

4angsha
103°E 104°E 105°E

Figure 2. Hourly moving paths of the southwest vortices during
the two processes in August 2020.
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mesoscale convective cloud cluster further developed, the
scale increased to 200 km (figure omitted), and the rainfall
intensity peaked, with the maximum rainfall reaching
156.8 mm h™!, resulting in 88 stations of heavy rainfall
above 50 mm h™'. After 06:00 on August 11 (Fig. 3c), the
southwest vortex developed from south to north, the
structure of the southwest vortex in the wind field was
asymmetrical, the convective cloud cluster lifted
northward, located over the northern part of the
southwest vortex (figure omitted), and the rainfall
intensity weakened. During the “8:-16” process, from
20:00 to 23:00 on August 15 (Fig. 3d), the southwest
vortex developed in the southwest of Sichuan Basin, with a
closed isobar of 142 dagpm in the height field, and
convective cloud cluster developed in the southwest vortex
area (figure omitted), resulting in 5 stations of heavy
rainfall above 50 mm h™'. From 00:00 to 06:00 on August
16, the southwest vortex strengthened, with a closed isobar
of 140 dagpm in the height field the circulation range
increased. The convective cloud cluster increased to
250 km (figure omitted), resulting in 78 stations of
heavy rainfall above 50 mmh™, and the maximum
rainfall reached 118.4 mm h™'. After 07:00 on August 16,
the circulation weakened (Fig. 3f), as did the intensity and
extent of the rainfall.

In summary, under the favorable circulation
backgrounds of the “Trough in the North and Vortex in
the South”, the southwest vortex developed in both
processes. The process of “8:11” constituted three
stages: mesoscale disturbance, the rapid generation and
development of the southwest vortex, and weakening. In a
high-energy unstable environment, the mesoscale
convergence system triggered the generation of heavy
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rainfall, and the release of condensation latent heat from
the heavy rainfall promoted the generation and
development of the southwest vortex, which was a
typical process of the “rain-generated vortex.”
Meanwhile, the southwest vortex during this process was
relatively shallow (Fig. 4), and the cyclonic circulation
height only developed to 700 hPa. The resulting rainfall
was localized and strong. The process of “8-16”
constituted three stages: generation and the rapid
development and weakening of the southwest vortex,
heavy rainfall was triggered, and the release of
condensation latent heat from the heavy rainfall
strengthened the southwest vortex, which was a typical
process of “vortex-generated rain.” The southwest vortex
developed extensively, and the cyclonic circulation height
reached 300 hPa (Fig. 4). Heavy rainfall was widespread
but slightly weak. In this section, the conversion
characteristics of kinetic energy and the development
mechanism of thermal energy in the two processes were
analyzed.

4 COMPARISON OF THE THERMAL ENERGY
CHARACTERISTICS OF THE SOUTHWEST
VORTEX

4.1 Surface diabatic heating

A study conducted by Zhang and Wang
demonstrated that although the southwest vortex can be
simulated without the surface heat flux, its intensity and
position deviated significantly from the actual scenario, and
the simulation results failed to replicate the precipitation
patterns. Therefore, surface heating played a pivotal role in
the development of the southwest vortex. This notion was
supported by Li et al. ', who asserted that prior to the

[16]

10I°E  103°E  105°E  107°E

\

T
7
i)

12 4 AN
.
—/ﬂ;\ (.‘// j@l]

105°E  107°E 101°E  103°E  105°E  107°E

50 100 250

Figure 3. Flow field (850 hPa) and future three-hour rainfall for the two processes in August 2020 (colored, units: mm). The gray
shadow is 850 hPa Tibetan Plateau topography, and the red triangle represents the geometric center of the southwest vortex. (a) At 20:00
on August 10; (b) at 02:00 on August 11; (c) at 06:00 on August 11; (d) at 21:00 on August 15; (e) at 03:00 on August 16; (f) at 7:00 on

August 16.
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Figure 4. Variation in the southwest vortex center with height
during the two processes in August 2020 at 02:00 on August 11,
and at 03:00 on August 16.

formation of a warm vortex, surface sensible heating and
warm advection in the vicinity of the vortex source
contributed significantly to the generation of positive
nonthermal wind vorticity, thereby underscoring the
significance of surface heat flux. Fig. 5 illustrates the
distribution of the average sensible and latent heat fluxes on
the surface preceding the two rainfall processes.
Throughout these processes, the latent heat flux surpassed
the sensible heat flux. During the “8-11” process, there was
a strong sensible heat flux in the southwest vortex
generation region, and the sensible heat flux obtained by
the atmosphere from the ground reached approximately
5%x10°-6x10° J m™, while the latent heat flux obtained by
the atmosphere from the ground through turbulent diffusion
also reached approximately 10x10°~11x10° J m™. Strong
ground heating caused the convergence system to generate
and develop in the warm region. In the southwest vortex
region of the “8-16” process, the surface sensible heat flux
value was small, and there was nearly no heat exchange
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between the atmosphere and the surface.
4.2 Atmospheric diabatic heating

The relationship between diabatic heating, vorticity,
and rainfall during the southwest vortex in the two
processes was further analyzed, as depicted in the
temporal variation diagram of the area average (Fig. 6,
where the range of the area average was defined by the
geometric center of the 850 hPa wind field of the
southwest vortex [convergence system] serving as the
center of the circle, and one longitude and latitude as the
radius). In the “8-11” process (Fig. 6a), the vorticity
increased rapidly over time, peaked at 04:00 on August 11,
and then decreased rapidly. The variation trends of rainfall
and positive vorticity were consistent. Atmospheric
diabatic heating peaked at 01:00 on August 11, and the
rapid increase (decrease) in diabatic heating preceded the
increase (decrease) in positive vorticity. The vorticity and
diabatic heating intensity in the “8-16” process were
significantly stronger than those in the “8-11” process
(Fig. 6b), and the vorticity peaked at 00:00 on August 16
and then decreased rapidly. The rainfall peaked at 01:00 on
August 16, and the diabatic heating peaked at 02:00 on
August 16 and then decreased rapidly. Therefore, the rapid
increase (decrease) of positive vorticity preceded the
increase (decrease) of diabatic heating.
4.3 Thermal development mechanism

Diabatic heating is closely related to the generation
and development of the southwest vortex. The influence
mechanism of the diabatic heating effect on the vorticity
can be discussed using Eq. 5. According to Yao et al. ™,
the magnitude of the other heat source terms is 107 s,
The spatial non-uniform diabatic heating term is 107 s,
and the variation in vorticity is primarily affected by the
spatial diabatic heating effect. Therefore, the impact
mechanism of the spatially non-uniform heating effect
on the southwest vortex was analyzed based on
representative time periods of 20:00 on the same day
and the maximum hourly rainfall.

During the “8-11” process, at 20:00 on August 10

5

32°N +

30°N o

28°N K

26°N T
100°E 102°E 104°E 106°E 108°E

Figure 5. Average surface sensible heat flux (colored, units: 10° J m™, positive values upward) and latent heat flux (contour line, units:
10° T m™?, positive values upward) of the two processes in August 2020, the green boxes indicating the location of the southwest vortex
(convergence system) on the verge of generation. (a) Average from 16:00 to 19:00 on August 10; (b) average from 16:00 to 19:00 on

August 15.
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(Fig. 7a), the center of the convergence system tilted
toward the southwest as the height increased, and the
spatial non-uniform heating term was concentrated below
700 hPa, showing a heating effect around the southwest
vortex and an asymmetric heating distribution on both
sides of the southwest vortex. There was a 7x107” s~
heating effect center on the northeast side of the southwest
vortex. The heating effect promoted the generation of the
southwest vortex and then strengthened the asymmetric
development of the southwest vortex. At 02:00 on August
11 (Fig. 7b), the circulation center of the southwest vortex
continued to tilt toward the southwest with the increase in
height, and the non-uniform heating effect in the southwest
vortex region weakened. The central value of the heating
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effect was only 2x10 s, but the height increased to 600
hPa, which was also one of the reasons for the shallow
southwest vortex.

During the “8-16” process, at 20:00 on August 15
(Fig. 7c), the center of the southwest vortex tilted
westward as the height increased. The spatial
non-uniform heating effect around the southwest vortex
was mainly concentrated in the northeast of the southwest
vortex, but the heating effect was weak, only 3x107 s’z,
and the heating height was only maintained below 700
hPa. At 03:00 on August 16 (Fig. 7d), the center of the
southwest vortex developed vertically with the rise of
height, and rose to 300 hPa, forming a deep southwest
vortex, and the heating effect appeared around the
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Figure 7. Vertical distribution of spatial non-uniform heating terms for the two processes in August 2020 (units: 10~ s). The black
solid line is the geometric center of the southwest vortex circulation, and the black shadow is the terrain. (a) At 20:00 on August 10; (b)
at 02:00 on August 11; (c) at 20:00 on August 15; (d) at 03:00 on August 16.
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southwest vortex. The maximum value of the heating
effect was nearly 500 hPa, and the extreme value reached
6x107 s

In summary, the non-uniform heating effect was
present in the southwest vortex region, which was similar
to findings obtained by Yao et al. . In the process of
“8-117, the heating effect was the strongest in the
beginning stage, indicating that the thermal effect played
a major role in the development of the southwest vortex in
this process, while at the development stage of the
southwest vortex it was weakened. Conversely, the
heating effect of the “8-16” process was weak at the
beginning stage, the heating effect was enhanced at the
development stage, and the height of the non-uniform
heating exceeded that of the “8-11” process.

5 KINETIC ENERGY CHARACTERISTIC
COMPARISON

After comparing the temporal changes in average
vorticity, K, Ky, Kp, and Kgp in the 850 hPa region and
discussing the response of the kinetic energy and intensity
evolution of the southwest vortex, we observed that the
intensity of kinetic energy during the “8-16” process was
significantly higher than that during the “8-11” process
(Fig. 8). However, the trends of K, Ky, Kp, Krp, and
vorticity remained consistent. In the “8-11” process
(Fig. 8a), kinetic energy reached its maximum at 01:00
and vorticity reached its maximum at 04:00. The increase
(decrease) of kinetic energy was ahead of the increase
(decrease) of vorticity. On the contrary, in the process of
“8-16” (Fig. 8b), the vorticity reached its maximum at
00:00 and the kinetic energy reached its maximum at
03:00; the increasing (decreasing) trend of vorticity was
ahead of the increasing (decreasing) of kinetic energy.

Table 1 presents the mean relative contributions of K,
Ky, and Ky to Ky in the southwest vortex region. In the
two processes, Ky exhibited the most substantial
contribution, which accounted for averages of 54.15%
and 49.25%, respectively, followed by Kyp, which

3.01

accounted for averages of 35.73% and 33%, and Kp
represented the smallest proportion, which accounted for
averages of 10.13% and 17.75%. During the “8-11”
process, K peaked at 5.93x10° J m™ at 20:00 on August 10.
Simultaneously, the kinetic energy of Kyp, Ky, and K
experienced an increase. At 02:00 on August 11, K
decreased slightly, the kinetic energy of Ky increased
significantly, and the proportion also increased to 67.8%.
The increase in rotational wind energy promoted the
development of the southwest vortex. At 08:00 on August
11, although K increased, Ky decreased, Ky, increased,
and the divergence wind energy increased, which was not
conducive to the development of the southwest vortex.
During the “8-16” process, K increased significantly to
7.29x10° Jm™ at 20:00 on August 15, when the Ky
intensity increased, the proportion decreased, and both the
intensity and proportion of Kyp increased. At 02:00 on
August 16, K further increased to 7.87x10° I m™, and the
intensity and proportion of Kyp continued to increase,
resulting in an increase in K, kinetic energy and a decrease
in Ky kinetic energy, which was not conducive to the
continued strengthening of the southwest vortex. At the
same time, the kinetic energy in the generation and rapid
development stage of the southwest vortex in the “8.16”
process was stronger than that in the “8-11” process,
indicating that the south wind accompanied by the deep
southwest vortex was stronger.

The conversion of kinetic energy between rotating
and divergent winds led to changes in the dynamic energy
of rotating winds, resulting in the generation and
extinction of southwest vortex. The following paragraphs
provide a detailed analysis of the kinetic energy
conversion at each stage of the southwest vortex.

The “8-11” process was the pre-generation stage of
the southwest vortex (Fig. 9a, and the transformation
relationship of each physical quantity is shown in Fig. 1),
The available potential energy A converted 0.019 and
0.008x10* T m™ energy to the rotating wind Ky and the
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Figure 8. Evolution of K (black solid line, units: J m’z), K, (red solid line, units: J m’z), Ky (blue solid line, units: J m’z), Kyp (green

solid line, units: T m™?), and vorticity (purple solid line, units: 10"
2020. (a) The “8.11” process; (b) the “8.16” process.
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Table 1. Vertical integration of K, Ky, Kp,, and Ky, from the surface to 500 hPa for the two processes in August 2020 (units: 10° J m™).

Time K (%) Ky (%) Ky (%) Kyp (%)
14:00 on August 10 4.47(100) 2.28(51) 0.48(10.7) 1.71(38.3)
_.20:00 on August 10 593(100) o 298G03) 061(10.3) 234394
02:00 on August 11 4.78(100) 3.24(67.8) 0.22(4.5) 1.3227.7)
08:00 on August 11 528(100) o 251¢475) o esds) 197375
14:00 on August 15 3.99(100) 2.73(68.4) 0.33(8.3) 0.93(23.3)
20:00 on August 15 7.29(100) 4.24(58.2) 0.62(8.5) 2.43(33.3)
©02:00 on August 16 7.87(1000 3.54(45)  146(186) 287(36.4)
08:00 on August 16 9.19(100) 2.33(25.4) 3.27(35.6) 3.59(39)

divergent wind Kp, respectively, through baroclinic and
barotropic processes, increasing in the rotational wind and
divergent wind energy. Then, the divergent wind energy
converted 0.048x10° Jm™ energy to the rotating wind
energy through the term C(Kp,Ky). Therefore, the
rotational wind energy increased and K increased, which
was conducive to the generation of the southwest vortex.
At the same time, in the friction and sub grid effects, the
rotating wind V; and the friction term F transported kinetic
energy to the southwest vortex region, causing the HF
and Fyp values to reach 1.044 and 0.664x10° Jm?
respectively, and I also transported 0.215x10°Jm™
energy to the southwest vortex. Moreover, increasing the
rotational wind energy to 2.984x10° I m™~ was beneficial.
Conversely, the kinetic energy was transported to the
southwest vortex via divergence wind and friction, causing
the HF , and F, values to reach 0.059 and 0.312x10° J m 2,
respectively. The above effects also caused the divergence
wind energy to reach 0.61x10°Jm™ In the rapid
development stage of the southwest vortex (Fig. 9b), the
overall trend was consistent with that of the pre-generation
stage. The energy conversion of available potential energy
A to Ki and Kj through baroclinic and barotropic
processes increased significantly, 10 times that of the
pre-generation stage, and the energy conversion to rotating
wind and divergent wind dynamic energy reached 0.217
and 0.01x10° Jm?, respectively. Although the energy
converted from divergent wind dynamic energy to rotating
wind dynamic energy decreased to 0.027x10° J m™, the
kinetic energy transported by each component to the
southwest vortex increased significantly, particularly, the
HFy, Fgr, and [y increased to 2.815, 0.74 and
0.729x10° T m™, respectively. HF, and I}, also increased
to 2.815 and 0.729x10° J m ™, respectively. Under the joint
action of each sub-term, C(Kp,Ky) reached
0.027x10° Jm™, causing the rotational wind energy to
increase 3.24x10° J m™, thus promoting the development
of the southwest vortex.

The “8-16” process was similar to the “8-11” process,
but the available potential energy to Kkinetic energy
conversion value was smaller. In the generation stage of
the southwest vortex (Fig. 9c), the kinetic energy
converted by the available potential energy A to Kz and

Ky, through baroclinic and barotropic processes was only
0.006 and 0.005x10° Jm™. The rotating wind ¥ and
friction force work transported 2.62 and 0.652x10° J m >
kinetic energy to the southwest vortex region, respectively,
and the F, term transported 0.309x10° J m™ kinetic energy
to the southwest vortex. However, owing to the negative
effect of VF and HF, terms on the southwest vortex, the
divergent wind energy at this time was only
0.62x10° Tm™> C(Kp,Kg) reached 0.171x10° Jm™, and
the kinetic energy converted from divergent wind energy
to rotating wind energy was 3—5 times that of the “8-11”
process, causing Ky to reach 4.24x10° J m?, which was
conducive to the generation and development of the
southwest vortex. When the southwest vortex developed
(Fig. 9d), the available potential energy A converted
0.027x10° J m™ energy to the rotating wind energy. At the
same time, HF had negative impact, and the /y was only
0.269x10° Jm™?, which reduced the rotational wind
energy. Furthermore, C(Kp,Ky) was —0.135x10° J m?,
and the rotational wind energy was converted to the
divergence wind energy, causing a decrease in the
rotational wind energy to 3.54x10° Jm™. The divergent
wind energy increased to 1.46x10° Jm™? and finally, the
divergent wind energy converted to the available potential
energy A. The divergent wind V' had negative impact,
causing HF, I, and I, to be constantly negative. The
decrease in the rotational wind energy of the southwest
vortex was not conducive to the maintenance and further
development of the southwest vortex.

In summary, during the generation stage of the
southwest vortex (pre-generation stage), the available
potential energy was converted to divergent and
rotational wind energy through barotropic and baroclinic
processes. The divergent wind further converted the
kinetic energy into rotational wind energy, thereby
amplifying the rotational wind energy and fostering the
generation and development of the southwest vortex. In
the development stage, the energy converted from the
available potential energy to the rotating wind energy in
the “8-11” process was 10 times that in the “8-16” process,
and the divergence wind energy was converted to the
rotating wind energy, thereby promoting the development
of the southwest vortex. However, during the “8.16”
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Figure 9. Dynamic energy budget of the southwest vortex divergence and rotational wind during the two processes in August 2020
(units: 10° T m™?). (a) At 20:00 on August 10; (b) at 02:00 on August 11; (c) at 20:00 on August 15; (d) at 02:00 on August 16.

process, the conversion of rotational wind energy to
divergent wind energy impeded the continued
development and maintenance of the southwest vortex.

6 CONCLUSION AND DISCUSSION

Considering the two extreme rainstorm events
associated with the southwest vortex in mid-August
2020, we utilized ERAS reanalysis data to compare and
analyze the thermal energy and kinetic energy
characteristics of the shallow southwest vortices during a
“rain-generated vortex” process in the warm sector and the
deep southwest vortex during a “vortex-generated rain”
process. Based on our analysis, the following conclusions
were drawn.

The southwest vortex observed during the “8-117
process was generated in an environment characterized by
strong surface heating and high energy. The mesoscale
convergence system triggered convection, and the release of
latent heat from condensation due to rainfall contributed to
the formation and development of the southwest vortex.
Conversely, during the “8-16” process, the southwest vortex
formed in a low-energy environment. Dynamic uplift
following the formation of the southwest vortex induced
rainfall, and the release of latent heat from condensation
promoted the further development of the vortex.

There was a significant correlation between
atmospheric diabatic heating, kinetic energy, and changes

in rainfall intensity. Sudden increases or decreases in
diabatic heating and kinetic energy during the “8-11”
process corresponded to changes in vorticity. Similarly,
rapid changes in vorticity during the “8-16” process led to
corresponding changes in diabatic heating and kinetic
energy.

Non-uniform heating effect was present around the
southwest vortex region, and the heating intensity varied in
different stages. In the “8-11” process, the heating effect
was the strongest in the initial stage, but weakened during
the development stage. On the contrary, the heating effect
was weak in the initial stage of the “8-16” process, and
enhanced during the development stage.

Among the changes in kinetic energy, rotational wind
energy exhibited the largest proportion, followed by
divergent and rotational wind energies, with divergent
wind energy being the smallest. During the generation or
the pre-generation stages, the available potential energy
was converted into divergent and rotational wind energies
through barotropic and baroclinic processes. The divergent
wind also converted kinetic energy into rotational wind
energy, thereby augmenting the rotational wind energy and
facilitating the formation and development of the
southwest vortex. In the development stage, the available
potential energy of the “8-11” process experienced a
significant increase through the baroclinic effect, leading
to an increase in the kinetic energy of the rotational and



178 Journal of Tropical Meteorology

Vol.30

divergent winds, which was ten-fold that of the “8-16”
process. Moreover, divergent wind energy continued to be
converted into rotational wind energy, thereby promoting
the formation and development of the southwest vortex.
Conversely, during the “8-16” process, rotational wind
energy was converted into divergent wind energy, resulting
in a reduction in rotational wind energy, which impeded
the continue development and maintenance of the
southwest vortex.

It is important to note that this study only compared
and analyzed individual cases, and the findings cannot
fully explain the characteristics of these weather processes.
In the future, multiple dynamic synthesis analyses will be
conducted for these weather scenarios to further
understand the characteristics of southwestern vortices.
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