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This paper analyzes the weather background and triggering mechanism before
the occurrence of an EF3 tornado on 14 May 2021, in southern Jiangsu, using
multi-source data. Results show that 1) the tornado occurred in the warm and
humid area inside the low-level shear line and the inverted trough at the surface,
the southeast wind field to the east of the surface convergence line and high value
area of water vapor flux on the left side of low altitude jet axis exit zone. 2) The
intensity of the heavy rainfall supercell storm was strengthened after entering the
Taihu Lake, and mesocyclones were detected with decreasing heights and
increasing shear strengths which leading to the formation of the tornado
parent storm. Tornado vortex storm bottom height dropped to 0.3km, the
shear value increased to 169.1 X 107 s-1, strong echoes above 60 dBZ
reached to the ground, the difference between the lowest elevation Radial
velocity (LLDV) and the maximum Radial velocity (MXDV) reached up to the
largest value when tornado occurred. 3) The strong convergence of the
ground and the enhancement of mesoscale frontal zone resulted in the strong
development of thunderstorm cells. The deep rear inflow behind the heavy
precipitation supercell storm passed through the stratiform cloud area and
produced strong updraft due to the convergence of wind direction and wind
speed. The updrafts generated vertical vorticity under the influence of wind shear,
which was further stretched in the middle layer of the troposphere to form the
core of the tornado. 4) The flat underlying surface, abundant water vapor, lake
surface thermal boundary, and strong wind convergence on the east bank of Taihu
Lake provided favorable conditions for the occurrence of the tornado. The centers
of the mesocyclones in the lower and middle layers were close to each other in the
horizontal direction, which provided stable and vertical updrafts for the
mesocyclones and strengthened the suction effect of the mesocyclones on
the low-level vortices, facilitating the formation of the tornado.

KEYWORDS

tornado, heavy rainfall supercell storm, TVS, dual-polarization Doppler weather radar,
lowest elevation radial velocity (LLDV)

1 Introduction

Tornadoes are highly destructive, small-scale convective weather phenomena
accompanied by short-term heavy rainfall, thunderstorm winds, hail, and other severe
convective weather causing serious casualties and losses. The diameter of a tornado is
generally below 100 m, strong tornado can reach several hundred meters to about 1 km
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(Bates, 1968; Fujita, 1971; Brown et al., 1978; Davies Jones et al,,
2001; Doswell I11, 2001). Tornadoes include supercell tornadoes and
non-supercell tornadoes (Browning and Foote, 1976; Fujita, 1987).
Supercell tornadoes are produced by supercell thunderstorms and
are usually associated with mesocyclones. Fujita (1963) first
proposed the concept of a mesocyclone, which is represented as
positive and negative velocity pairs not far apart along the azimuth
direction on radial velocity plot, typically with a scale of less than
10 km. Sustained mesocyclones are easily triggered to cause
tornadoes under the environment of large 0-1km vertical wind
shear and low lifting condensation level (Ray et al., 1975; Lemon and
Doswell 111, 1979; Moller et al., 1994; Doswell III et al., 1993; Craven
and Brooks, 2004). When conducting statistical research on strong
tornadoes in the United States, the convective modes that produce
tornadoes with an EF2 level or higher are divided into three
categories: the first category is relatively independent individual
bodies that aggregate into discrete circular or elliptical bodies, with a
maximum echo of over 50 dBZ; The second type is quasi linear
convection with a main axis length exceeding 100 km and at least
three times the length of the minor axis, and a common leading
boundary moving in series; The third type is cluster convection
where multiple monomers gather into clusters and it is difficult to
distinguish whether it is discontinuous or linear. The echo area
above 40 dBZ is at least 2500 km? (Grams et al., 2012). Smith et al.
subdivide the three types of convective forms into five: QLCS.
linear hybrid, supercell, marginal, disorginized (Smith et al,
2012). The Mesocyclone of El Reno tornado in Oklahoma,
United States, In 2013, inclined northward with height (Bluestein
et al.,, 2019).

Tornadoes are low-probability weather events in China, occurring
with a frequency less than one-10th that of the United States (Fan and
Yu, 2015). However, due to the fact that the high incidence areas of
tornadoes in China are mainly concentrated in densely populated and
economically developed areas such as the eastern plains and the Pearl
River Delta (Wei and Zhao, 1995; Fan and Yu, 2015; Yao et al., 2015;
Feng et al,, 2017), even weak tornado events can cause significant
casualties and property damage. Therefore, Chinese meteorologists
have conducted investigations and studies based on different time
series and regions to analyze the characteristics and disaster damage of
tornadoes in different regions of China (Xue and Yang, 2003; Xu et al.,
2010; Feng et al,, 2012). In recent years, FY satellite (Song et al., 2022;
Shu et al,, 2022; Zhang et al., 2022) and radar data assimilation (Shen
et al,, 2016; Shen et al., 2020; Shen et al., 2022) have been applied in
monitoring and prediction of meso-scale weather system. Tornadoes
in China mainly occur in the plain areas of the eastern half of the
mainland, such as the Jianghuai, Huanghuai, and Northeast Plains,
among which Jiangsu Province has the highest frequency of tornadoes
(Feng et al,, 2017; Yu et al,, 2021), so many scholars have conducted
research on tornadoes in Jiangsu Province. On 23 June 2016, an
EF4 tornado occurred in Funing County, Yancheng City, Jiangsu
Province, causing significant casualties and property losses. Zheng
et al. (2016) and Zhang et al. (2016) respectively evaluated and
analyzed the intensity and mesoscale characteristics of the tornado
process. Wu et al. (2009) analyzed the causes of the tornado weather
that occurred in Gaoyou, Yancheng, and Tianchang, Anhui on 3 July
2007, pointing out that the tilting term in the mesoscale vorticity
equation was an important reason of the tornado weather. Zeng et al.
(2016) synthesized and analyzed 11 tornado processes during the
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Meiyu season and identified that the area near the right side of the
surface mesoscale strong cyclone, 200-300 km below the right side of
the low-level mesoscale vortex in the troposphere, and the area
between the left and rear sides of the low-level jet stream are areas
of high concern for tornadoes. Xu et al. (2021) conducted a statistical
analysis of the temporal and spatial distribution, grade distribution,
weather background characteristics, and storm morphology of
tornadoes in Jiangsu from 2006 to 2018, and pointed out that
more than 50% of tornadoes in Jiangsu were generated in
mesocyclone supercell embedded in multicell storm systems, while
30% of tornadoes occurred within quasi-linear convective systems.
Wang et al. (2018) conducted a statistical analysis of mesocyclones in
Nanjing radar for 10 years and found that mesocyclones lasting for
three continuous sweeps and the Mesocyclone with low centroid and
strong shear are conducive to tornadoes. Mu et al. (2021) conducted a
detailed analysis of the EF2-EF3 tornado weather process that
occurred in northern Jiangsu on 22 July 2020, and believed that
when the mesocyclone bottom height was low and the shear value
remained strong, combined with the evolution of the surface
mesocyclone scale system, it could provide help for tornado warnings.
Domestic and foreign scholars had conducted many studies on
the causes and mechanisms of tornadoes, but there were little research
on the occurrence of strong tornadoes in southern Jiangsu. Therefore,
this article will discuss the weather process of an EF3 level strong
tornado occurred in Suzhou based on multi-source observation data,
including radar, wind profile, and ground automatic station data,
combined with hourly reanalysis data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA5. This article
analyzed the environmental background, key physical parameters,
Supercell radar echo evolution characteristics, etc., in detail which
caused the strong tornado. And the role of the Taihu Lake in
maintaining and enhancing the intensity of Supercell storms was
discussed, in order to provide reference for such strong tornado
monitoring and early warning, and to reduce losses from tornado
disasters from a meteorological perspective. However, due to
insufficient monitoring density and limited detection technology,
the study of tornadoes remains a challenge in small-scale synoptic
studies. The following analysis is only a preliminary exploration.

2 Data and methods
2.1 Data

The data used in this article include: 1) The fifth generation
global atmospheric reanalysis data ERA5 (ECMWF reanalysis v5)
reanalysis data released by the European Center for Medium Range
Numerical Forecasting (ECMWEF), with a spatial resolution of 0.1° x
0.1°, with a time resolution of 1 h from 08:00 to 20:00 on 14 May
2021; 2) On 14 May 2021, from 08:00 to 20:00, the minute
precipitation, temperature, and 2-min average wind direction and
wind speed of automatic stations within the Suzhou area (Figure 1);
3) Changzhou, Huzhou and Qingpu Doppler weather radar data
[operates in S band and adopts Doppler signal processing
2700 MHz-3,000 MHz, the
maximum detection range is 460 km, and the detection elevation

technology, frequency range is

range is —1° to +92°. The quality control of Doppler radar in this
article adopts the data quality control algorithm developed by
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Suzhou automatic meteorological station (plot) and Changzhou, Huzhou and Qingpu Doppler weather radar (Q) and Kunshan microwave

radiometer (R).

Minshida Company (Wen et al., 2016)] from 08:00 to 20:00 on
14 May 2021 (Figure 1); 4) Kunshan microwave radiometer Data
(QFW6000) from 08:00 to 20:00 on 14 May 2021 [(Kunshan
Microwave radiometer adopts passive microwave remote sensing,
which can detect water vapor density profile, humidity profile,
temperature profile, refractive index profile and other products,
and has played a certain role in weather monitoring and analysis
(Mao et al., 2022), Figure 1].

2.2 Methods

Using Grads and Python mapping software, Micaps 3.2 system
and meso scale analysis tools (Gao et al., 2014), weather System,
dynamic conditions, and energy condition that caused the
EF3 tonordo process were analyzed using the synoptic method
and meso scale analysis technology.

3 Overview of the process and weather
background
3.1 Weather conditions

From 18:36 to 19:06 on the afternoon of 14 May 2021
(Beijing time, the same below), strong convective weather

such as thunderstorms, short-term  heavy rainfall,
thunderstorm  gusts, and small hailstones occurred
successively in the jurisdiction of Suzhou, Wujiang,

Wuzhong, Zhangjiagang, and Changshu in Jiangsu Province.
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A total of 33 stations in the city had hourly rainfall intensity
exceeding 20mm, with a maximum hourly rainfall intensity of
51.1 mm (from 18:00 to 19:00 in Daxin Town, Zhangjiagang).
Thunderstorm gale of level 8 or above were recorded at
9 stations, with the largest thunderstorm gale of 31.9 m/s
(level 11) occurring at Xiaoleishan in Taihu Lake. Around 19:
00, a strong EF3 tornado with a maximum wind force of 17 hit
Shengze Town in Wujiang District, Suzhou City.

3.2 Tornado intensity and path information

The expert team of the Jiangsu Provincial Meteorological Bureau
organized a disaster investigation team to conduct a disaster
investigation on site for the first time on the night of the 14th,
collecting relevant disaster evidence through aerial photography,
photography, visiting villagers, and collecting videos. According to
the comprehensive analysis and judgment of the national and
provincial expert groups in combination with the weather
situation and the actual data of the observation station, the
tornado occurred at about 19:00 in Shengze, Wujiang City. The
maximum wind force in the tornado center was 17, and the level was
EF3. The main impact path of the tornado in Jiangsu Province began
to form around 18:50 near Hehua Village, Shengze Town, Wujiang
District, Suzhou City, and dissipated near Xiangjiabang, Tianning
Town, Jiashan County, Zhejiang Province at approximately 19:10,
lasting for about 20 min. The movement path of the tornado is about
19 km, with a length of about 8 km within Jiangsu Province. The
obvious damage width is about 100 m, and the severe damage width
is about 50 m (Figures 2A-E).
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FIGURE 2
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hengtian village

Tornado disaster situation (A-D) of Jiangsu Shengze on 14 May 2021 and Tornado Movement Path (E).

3.3 Tornado disaster situation

The Wujiang Shengze tornado caused a total of 4 deaths,
19 minor injuries, and 130 minor injuries on May 14th. Power
facilities and multiple houses were damaged, with 84 households and
an area of 1,500 square meters damaged; 17 damaged enterprises,
with a damaged area of 13,000 square meters.

3.4 Weather background

At 08:00 on the 14th, Jiangsu was located in the divergence zone
on the right side of the 200 hPa high-altitude jet stream axis. The
120°E ridge line of the 500 hPa Western Pacific Subtropical High
(hereinafter referred to as the subtropical high) was located near
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20°N with low vortices generated in the mid latitude 90°E plateau.
The subtropical high has weakened due to the eastward movement
of the plateau trough. Most of Jiangsu was located in front of the
trough and in the warm and humid southwest airflow around the
periphery of the subtropical high, with a warm ridge extending
eastward and northward in the north of Zhejiang, which in
conjunction with the warm and humid southwest jet in front of
the trough to continuously transport water vapor and unstable
energy to southern Jiangsu. There was a southwest-southeast
shear line existed between 32 and 33°N, and southern Jiangsu
was located in the warm southwest jet stream on the south side
of the warm shear. In the afternoon, the southwest jet near 30°N
further strengthened and extended eastward, and the southwest
wind speed at 850hPa in southern Jiangsu increased from
12 m/s-18 m/s. The low-level jet axis was located in northern
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Zhejiang, with a wind speed of 20 m/s. The divergence in the upper
layers, the shear line in the low-levels, and the enhancement of the
jet stream formed a circulation background conducive to the
development of tornadoes (Figures 3A-D).

Under the combined action of positive vorticity advection and
warm moist advection in front of the trough, the surface pressure
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decreased, and a low-value system developed. Suzhou was located at
the top of the low-pressure inverted trough, and the southeast airflow
on the north side of the inverted trough transported water vapor from
the sea to Suzhou. The temperature and dew point temperature
difference on the ground was low, indicating high humidity. At
18:00, a north-south convergence line developed on the ground.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1211062

Cao et al.

10.3389/feart.2023.1211062

TABLE 1 Environmental parameters of Hangzhou Station at 08:00 and 20:00 BT on 14 May2021.

CAPE (J/kg) CIN (J/kg) SI T850-500 (°c) 0-1 km wind shear (m/s)
08:00BT 391 195 37.5 -3.7 28 14
20:00BT 2,334 0 413 -35 30 16
A 100 - B 100 -

Height/hPa

900 |/~
1000 — v -
-40 -30 -20 -10

0

Height/hPa

~
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L

-20 -10

0

T/(°C)

FIGURE 4

Sounding map of HangZhou station at 08:00 (A) and 20:00 (B) BT on 14 May2021.
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0-1 km vertical wind shear (A) and pseudo-equivalent potential temperature (unit:K) (B) at 18:00 BT on 14 May2021.

During the eastward movement of the convergence line, the intensity
of the convergence line continued to strengthen. Tornado occurred in
the warm and humid area inside the low-level shear line and the
inverted trough at the surface, the southeast wind field to the east of
the surface convergence line and high value area of water vapor flux
on the left side of low altitude jet axis exit zone (Figures 3E, F).
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3.5 Unstable atmospheric structure

At 08:00 on the 14th, the sounding at Hangzhou station showed
(Figure 2A; Table 1) that the Convective Available Potential Energy
(CAPE) was 391 J/kg, the Convective Inhibition (CIN) was 195 J/kg,
the K-index was 37.5°C, and the Showalter Index (SI)
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was —3.7 indicating the presence of strong unstable energy in the
atmosphere. By 20:00, the CAPE rapidly increased to 2334 J/kg
(Figure 4B), the CIN decreased to 0]J/kg, and the K-index was
41.3°C, the temperature difference between 850 and 500 hPa was
close to 28°C, indicating a further increase in unstable energy in the
atmosphere. Compared with the physical quantity index when
tornado occurred in Jiangsu Province, that is the CAPE value of
1,000 J/kg, K index of 30°C, SI index of 0.5°C, the temperature
difference between 850 and 500 hPa of 25°C, each physical quantity
value during this weather process exceeded the threshold for
tornado occurrence in Jiangsu Province. The temperature lapse
rate from the surface to 925 hPa was close to dry adiabatic lapse
rate. The temperature-dew point difference near surface was less
than 2°C, indicating that the surface was close to saturation, and both
the temperature and humidity vertical lapse rates were large. There
was a dry layer with a temperature-dew point difference greater than
or equal to 5°C between 700 and 450 hPa. At 14:00, the temperature-
dew point difference in the middle layer further increased,
presenting an overall bell mouth structure of “dry and cold at the
top, warm and humid at the bottom”, with the lifting condensation
level near the surface, which was conducive to the triggering of deep
moist convection.

On the sounding map of Hangzhou at 08:00, there was a
consistent southwest wind above the ground (Figure 4A). The
vertical wind shear was mainly characterized by wind speed
shear, and the wind field near the ground was weak, with a wind
speed of only m/s, approaching calm winds. The wind speed at
700 hPa was 18 m/s, and the wind speed from 650 hPa to 400 hPa
was 20 m/s. At 18:00, the horizontal distribution of vertical wind
shear at 850 hPa in southern Jiangsu showed that both 0-1 km and
0-6 km vertical wind shear had large centers (Figure 5A), and the
center values exceeded 18 m/s. The vertical wind shear at deep-layer
and low-level reached a moderate strength, and strong 0-1km
conducive to the occurrence of

vertical wind shear was
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tornadoes, with a storm-relative environmental helicity (SREH)
reaching 264 m*/s>.

From the 850 hPa pseudo-equivalent potential temperature
(Bse) at 18:00 on the 14th (Figure 5B), the northeast southwest
direction high-value belt of Ose on the northwest side of the
subtropical high extended to the southern part of Jiangsu
Province, with a center value of over 351 K. Tornadoes
occurred on the warm and humid side of the Ose frontal zone.
On the vertical profile of pseudo-equivalent potential temperature,
the frontal surface over southern Jiangsu (30-30°N) tilted with
altitude, with a unstable layer structure where Ose decreased with
altitude below 500 hPa,
atmospheric tilt, which was conducive to the occurrence and

reflecting the characteristics of
development of mesoscale convective systems. At 16:00 on the
14th, water vapor strongly converged in the southeastern part of
Jiangsu Province, with abundant warm and humid airflow
transport and accumulation, making the lower atmosphere in
southern Jiangsu very humid, providing favorable warm and
humid environment for the occurrence and development of
tornadoes (Figure omitted).

4 Characteristics of the evolution of the
supercell thunderstorm

4.1 Initial stage of the convective storm

At 15:24 on the 14th, there were several new formed convective
cells arranged in a north-south direction in the area between
Xuancheng and southern Nanjing with loose organizational
structure. The convective cell in the southern part of Nanjing had
a central intensity exceeding 60 dBZ, and moved in the northeast
direction with obvious backward propagation (Figure 6A). At 15:30, a
mesocyclone was detected at the rear of the convective cell. Later on,
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FIGURE 7

1.5° elevation Basic reflectivity factor (A) Radial Velocity (B) Reflectivity Factor Profile (C) Radial Velocity Profile (D) at 16:54 BT of Changzhou Radar
Station on 14 May2021.; 4.3° elevation Basic reflectivity factor at 17:00 BT (E) and 2.4° elevation Basic reflectivity factor at 17:30 BT (F) of Changzhou Radar
Station on 14 May2021.; 1.5° elevation Basic reflectivity factor at 17:48 BT (G) at 17:54 BT (H) at 18:00 BT (1) at 18:06 BT (J) at 18:12 BT (K) at 18:18 BT (L) at
18:24 BT (M) at 18:30 BT (N) of Qingpu Radar Station on 14 May2021.
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1.5 elevation Basic reflectivity factor (A) and 0.5° elevation CC (B) at 19:00 BT of Qingpu Radar Station on 14 May2021.; 0.5° (C) 1.5° (D) 2.4° (E) 3.4° (F)
4.3°(G) 6.0° (H) elevation Radial Velocity at 19:00 BT of Qingpu Radar Station on 14 May2021.; Reflectivity Factor Profile (I) Radial Velocity Profile (J) CC
Profile (K) of Qingpu Radar at 19:00 BT on 14 May2021.

the north-south convective cells gradually formed an organized  strengthened in intensity, and the maximum central intensity
structure and became arranged in strips. Among them, the reached 65dBZ before entering Taihu Lake. Mesocyclones were
convective cell located in the north of Huzhou rapidly  detected at multiple times since 16:36 (Figure 6B).
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TABLE 2 Parameters of Qingpu radar TVS on 14 May2021.

Time/BT  Bottom height/km  Top height/km = Shear value/(103%/s) Maximum shear height/km  LLDV/(m/s) MXDV/HGT/km

17:18 13 7.6 66.5 63 24 56.0/7.6

17:36 12 7 423 5.8 19 30.5/3.9

17:42 11 6.6 324 5.5 23 225/1.1

17:48 11 6.3 312 5.2 20 21.5/6.3

17:54 0.9 5.5 416 46 20 26/2.2

18:00 0.9 54 446 45 18 26.0/5.4

18:06 0.9 54 56 45 13 30.5/4.2

18:12 0.7 47 53.5 4 12 28/4.7

18:24 0.6 41 55.2 3.5 19 25.5/3.3

18:36 0.5 33 734 28 11 26.5/3.3

18:54 0.4 21 165.7 17 46 46/0.4

19:00 0.3 21 169.1 1.8 16 41/13
4.2 Development sta ge of the supercell by mesocyclones of multiple body scans, and continuous occurrence
thunderstorm of TVS at seven body scans. Tornado parent vortex was formed in

the heavy rainfall supercell storm (Figures 7G-N).

At 16:54, the convective storm entered the Taihu Lake Lake to
maintain its development, with strong divergence at the storm top,
and typical hail supercell characteristics. The hook like structure 4.3 Mature stage of the supercell
began to appear on the echo shape with obvious positive and ~thunderstorm
negative velocity pairs on the radial velocity map at an elevation
of 0.5°, with a rotational speed of 11 m/s (Figures 7A,B). It can be At 18:30, the storm moved eastward into Wujiang, with a
seen that echo development was vigorous, with a top height of 1I5km ~ maximum vertical integrated liquid water content (VIL)
and echo overhang on the profile. Convergence occurs in the lower  exceeding 21 kg/m?, and the strong echo core shifted to the right
layers of the storm, while strong divergence occurs in the upper  side with increasing altitude. At 19:00, when the tornado occurred
layers (Figures 7C,D). After the main body of the storm entered  near Shengze, it can be seen from the basic reflectivity factor map of
Taihu Lake, its intensity was maintained and even strengthened, and ~ Qingpu radar at 1.5° elevation that the tornado hook structure is
mesocyclones were detected continuously during multiple body  further clear, corresponding to the cyclonic vortices appeared in the
scans (Figures 7E,F). At 17:18, a new convective cell was  velocity field (Figure 8A). It can be seen from the radial velocity field
triggered again in the southern part of Suzhou, with an initial  at 1.5° elevation that there is a corresponding cyclonic vortex near
central intensity exceeding 55 dBZ, and the first TVS appeared  the Hook echo. Smaller scale cyclonic vortex near the Hook echo can
on the Qingpu radar, with a shear intensity of 66.5 x 107/s, a  be seen from the radial velocity diagram at 0.5 - 6.0 ‘elevation,
bottom height of 1.3 km, and a maximum shear height of 7.6 km. At corresponding to the strong rotation of tornadoes. From the profile
17:30, when the convective storm moved to the east of the Taihu  of the basic reflectivity factor, it can also be seen that strong echoes
Lake, its intensity was slightly weakened, and the hook structure was ~ above 60 dBZ reached the ground There were strong positive and
not very clear, two convective echoes in the southern part of Suzhou  negative velocity pairs of 20 m-s-2 and -20 m-s-2 near the ground on
gradually merged, and the echo range gradually expanded. At 17:36,  the radial velocity profile, and the positive and negative velocity
typical supercell characteristic can be seen in the vertical profilesuch  differences reached 44 m/s, clearly indicating the characteristics of
as echo overhang and bounded weak echo region. Three body  tornado grounding (Figures 8C-H). The echo top height exceeded
scattering features were detected multiple body scans from 17: 18 km, and the center of the echo top height was located north of the
00 to 17:36, but disappeared at 17:42. At 17:54, the convective  tornado occurrence site, indicating that the convective storm was
storm began to merge with the convection cell moved in from  tilted under the strong vertical wind shear, and the horizontal
Huzhou. At 18:18, it merged again with the convection cell movedin  distribution of the echo top height was extremely uneven,
from Huzhou, and the hook like structure was appeared again. The  indicating that the intensity of the updraft had a large horizontal
bottom height gradually decreased from 1.2 km to 0.7 km, and the  gradient (Figures 8L]). It can be seen from the dual polarization
shear intensity gradually increased. During the eastward movement  radar parameter CC that at 19:00, the tornado had obvious tornado
of the intense precipitation supercell, its intensity continued to be  debris characteristics (TDS). There was a low CC value area of
maintained, with central intensity exceeding 70 dBZ, accompanied ~ 0.3-0.6 near the Hook echo, and the abnormal low CC value area can
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FIGURE 9

Characteristic of mesocyclone (A) and Characteristic of TVS (B) from 17:18-19:00 BT of Qingpu radar station on 14 May2021.

also be seen from the CC profile, mainly due to the fact that
tornadoes near the ground throwed debris into the air with
random directions and irregular shapes, resulting in a small
correlation coefficient CC at the TDS feature (Figures 8B,K).

4.4 Mesocyclone and TVS evolution

From the evolution trend of Mesocyclone detected by Qingpu
radar, it can be seen that Mesocyclone was recognized in
9 consecutive individual scans from 18:00 to 19:00, and TVS
characteristics appeared in Mesocyclone, indicating the possibility
of tornado gradually increased. Within 30 min before the tornado
appeared, the bottom height of Mesocyclone was basically below
2 km, especially at 18:42 before the tornado appeared, the bottom
height of Mesocyclone was below 1km, and the shear strength
jumped to 34 x 107/s (Figures 9A,B).

Table 2 showed the TVS characteristics identified by Qingpu radar
from 17:18-19:00 on 14 May 2021, where LLDV represents the
minimum elevation Radial velocity difference, MXDV represents the
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maximum Radial velocity difference. It can be seen that from 18:00 to
18:48, the bottom height of TVS remained basically around 1 km, while
the top height of TVS showed a continuous downward trend. At the
same time, the maximum shear height rapidly decreased from 6 km to
below 2km, indicating that the tornado vortex is continuously
decreasing. At 18:54 when the tornado occurred, the TVS bottom
height dropped to 0.4 km and the shear rapidly increased to 165.7 x 10%/s.
As the tornado Hook echo structure became clearer at 19:00, the
TVS bottom height further decreased to 0.3 km, and the shear
further increased to 169.1 x 1073/s, while the strongest shear
height dropped to near the TVS bottom at 18:54, indicating that
the tornado vortex had grounded. In summary, the low bottom
height and strong shear of TVS have important indicative
significance for tornado warning.

The value of the lowest elevation Radial velocity difference
(LLDV) of the tornado was all more than 10 m/s from 17:18-19:00,
and more than 20 m/s at most times, reaching a maximum of 46 m/s
at 18:54 when the tornado occurred. The maximum Radial velocity
difference gradually increased before the tornado occurred, and also
reached the maximum value (46 m/s) at 18:54 when the tornado
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10 min average wind and pseudo-equivalent potential temperature (A) surface divergence and combined reflectivity (B) vertical velocity (vector),
vorticity (contour), and divergence (shaded) profiles along 30.8° E (C) at 18:00 BT on 14 May2021.

occurred. The height of the maximum speed difference gradually
decreased, reaching a minimum value of 0.4 km at 18:54 when the
tornado occurred, and the height of the maximum speed difference
was close to the ground. It can be seen that the tornado occurred at
the moment when the difference between the lowest elevation Radial
velocity (LLDV) and the maximum Radial velocity (MXDV)
reached up to the largest.

5 Triggering and formation
mechanisms

5.1 Surface convergence

The surface convergence line is an important system for the
occurrence and development of tornadoes. At 18:00 on the 14th, the
temperature in most parts of Suzhou was between 29°C and 30°C, and
the thermodynamic conditions were good. There was a surface
convergence line formed by a northerly wind and a southeasterly
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wind and a convergence center with divergence of —40x10™/s in
Huzhou to the southwest of Suzhou. The northerly wind increased
on the north side of the convergence line, the convergence center
strengthened, and the divergence increased to 50 x 10™/s. The strong
convergence and the strengthening of the mesoscale front zone made the
thunderstorm cell develop strongly, and finally develop into a tornado
parent supercell storm. At 19:00, there were two convergence centers in
the north and south of Suzhou, and the convergence intensity was
reduced, indicating that the organized structure of the storm began to
weaken. At 20:00, the storm continued to move eastward and gradually
moved away from the surface convergence line. Suzhou turned into a
divergence field, and the surface of Wujiang is dominated by northeast
winds, and the severe convective weather ended (Figures 10A,B).

At 18:00 on the 14th, there was strong convergence below
500 hPa in southern Jiangsu, with a convergence center value
exceeding —10x107*/s, which greatly enhanced the updraft, with
a whole layer of upward motion from 850 hPa to 200 hPa in
southern Jiangsu. The updraft generates vertical vorticity under
the effect of wind speed and wind direction shear, which started

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1211062

Cao et al. 10.3389/feart.2023.1211062
A
31.42
65 65
3.2 5 o 5
o [aa]
z Z
45 45
2 2
+ +
Q 8]
(V) (V]
% %%
30.80 - & &
}- 15 15
30. 60 S 5 5
120. 00 120. 48 120.95 150 m's 120. 38 120. 83 121.28 150 m's
C
12 60
N
2
10 ~
50 -
=
= 8 2
= 40 B
£ 6 e
D T
] 30 =
T
4 3
| .
P
2 20 X
L
0 - z T 10
120. 3888 °E 120.4382°E 120. 4876°E 15.0 m/s
30.9545°N 30.9767°N 30.9989°N .
FIGURE 11

Superposition map of reflectivity factor ZH and 1 km wind field at 18:24 BT (A) and at 18:48 BT (B); ZH Profile and Wind Field Overlay Map at 18:24 BT

(C) on 14 May2021

to rotate in the horizontal direction, and the strong vertical
motion gradient caused the wind field to a rapid increase in the
cyclonic rotation of the wind field. There was a deep positive
vorticity center below 850 hPa in the vortex field, which
matched the strong upward motion area. The low-level
cyclonic vorticity developed strongly before the tornado
occurred, and the stronger the horizontal vorticity field in the
lower troposphere, the stronger the vertical vorticity converted
into the updraft, which was further stretched by the updraft to
form a tornado (Figure 10C).

5.2 Rear inflow

Using the multi-radar inversion technology based on three-
dimensional variational techniques developed by Potvin et al.
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(2012), the wind field structure in the thunderstorm before the
tornado occurred was inverted. It can be seen that there was a
mesoscale front zone on the north side of the convergence line. At
18:24 as the Huzhou cell moved northward and merged with the
Suzhou cell, the frontal inflow rapidly increased, forming a hook
structure, and vortex pairs appeared near the hook structure. At 18:
54, there was a cyclonic rotation of the wind field in the front of the
middle-y scale supercell to the northwest of Wujiang, which
progressed into the convective system under the convergence
airflow, and enhanced the vertical vorticity in the middle-y scale
supercell area, promoting the rapid strengthening of the middle-y
scale supercell in the middle troposphere to form the tornado core,
and the rapidly enhanced supercell finally led to the tornado process
(Figures 11A,B).

The generation of a tornado is a prerequisite for the formation of
a low-level mesocyclone, and the formation of a low-level
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Wind field of Surface automatic weather station in southern Jiangsu (blue shaded: Taihu Lake) at 18:30 (A) 18:40 (B) 18:50 (C) 19:00 (D) BT; Surface
temperature distribution in central and southern Jiangsu at 18:00 (E) 18:30 (F) BT on 14 May2021.

mesocyclone is related to the rear inflow. When the Huzhou cell
moved near the surface convergence line, the outflow boundary of
the storm met the surface convergence line, which enhanced the
uplift effect. Taking a vertical profile along the maximum rear inflow
of the convective storm, it can be seen that the flow field is mainly
composed of system-relative flow from back to front. During the
development stage of the heavy rain supercell storm, there is a deep
rear inflow from 0 to 12 km in the rear of the storm. When it passes
through the stratiform cloud area, strong updrafts are produced due
to the convergence of wind direction and speed, and the vertical
vorticity is generated under the strong wind shear, which starts to
rotate horizontally (Figure 11C).

5.3 Analysis of Taihu Lake’s role

The occurrence of tornadoes is closely related to the properties
of the underlying surface, and they are more likely to occur in flat
areas near rivers and lakes (JTANG L et al., 2022). The tornado
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occurred in Shengze, Wujiang, 20 km away from the east bank of the
Taihu Lake. On the one hand, the broad surface of Taihu Lake,
provided a flat underlying surface for the occurrence of the tornado,
and the abundant water vapor near the lake surface provided the
necessary conditions for maintaining and strengthening the
tornado’s parent storm. On the other hand, the east bank of
Taihu Lake is a plain, and the wind is mainly westerly in this
region at 18:00 on the 14th. The wind speed over the lake is
significantly larger than that on the land, and wind convergence
forcing uplift near the east bank of Taihu Lake. At 18:30, a mesoscale
cyclonic rotation appeared in the east part of Taihu Lake along the
convergence line, and the cyclonic wind field was weak at this time.
During the eastward movement of the cyclonic wind field at 18:40,
its intensity rapidly increased and its range narrowed, forming a
small-scale vortex in the south of Wujiang on the southeast coast of
Taihu Lake. At 18:50, the wind direction recorded by the four
nearest automatic stations showed a convergence toward the
tornado’s location. This means that the tornado’s location was in
the upward motion area at the center of the convergence during this
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00 BT on 14 May2021.

period. When the vortex met the upward motion area of
convergence, it was stretched, causing the rotation to accelerate
and forming the tornado (Figures 12A-D).

When the temperature between the cold pool and the
environment is suitable (less than 4°C), and the ground outflow
generated by the cold pool and the environmental inflow reach a
balance, the frontal tilt is small, and the centers of the lower and
middle-layer mesocyclone are close to each other in the horizontal
direction, providing stable and vertical updraft for the mesocyclone,
which enhances the suction of middle mesocyclone on the lower-level
vortex and facilitates the formation of a tornado. At 18:30 on the 14th,
the storm moved to the east of Taihu Lake, and the cold pool behind
the storm was located in the center of the Taihu lake. Due to the large
heat capacity of water, the temperature in the center of the cold pool
was 26°C-27°C, with only a 2°C drop in temperature within an hour.
The surrounding environment temperature was 28°C-29°C, and the
temperature difference between the two was only 2°C. The intensity of
the cold pool was not strong, which was favorable for the formation
and maintenance of the tornado parent storm. At this time, the hook
echo location was about 25 km southeast of the center of the cold pool
(Figures 12E,F).

The thermal boundary of the lake surface was also the weather
background for the occurrence of the tornado storm. The wind field
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and temperature distribution of nearby ground automatic stations
showed that there was no significant difference in temperature in
the lake center and east bank at 17:30, and the thermal boundary
was not obvious. From 18:00 to 18:30, the convective storm moved
eastward to the east of Taihu Lake, and convective precipitation
occurred on the lake from west to east. The temperature of the lake
surface decreased, and the temperature difference between the east and
the coast of the lake increased. The lake land breeze circulation could be
seen on the wind field profile. A strong west-southwest wind and a high
dew point temperature area from the lake surface were formed on the
front side of the cold pool in the southeast of Taihu Lake and the east
bank. The dew point temperature in the control area of the lake wind on
the eastern bank of Taihu Lake had been relatively high, indicating
strong water vapor transport by the lake wind, and the water vapor is
replenished when the heavy precipitation supercell storm passed
through the lake, providing favorable low-level water vapor
conditions for the maintenance of storm intensity. When the storm
meets the eastern bank lake wind, strong wind speed convergence and
water vapor transport accumulation were very conducive to the uplift
and strengthening of the front side of the storm. There was a
continuous supply of strong southerly warm and humid air flow to
the core of the storm, which maintains the intensity of the heavy rain
supercell storm when passing through the Taihu Lake.
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5.4 Baroclinity

At the time near the occurrence of the tornado, both the
instability of atmospheric stratification and the wet baroclinity
were significantly enhanced, which led to the strong development
of cyclonic vorticity, providing extremely favorable dynamic
conditions for the occurrence of the tornado. The evolution of
relative humidity and temperature from the microwave
radiometer over Kunshan Station on the 14th evening can
further confirm that an unstable layer with dry and cold air
above and warm and moist air below had formed over Suzhou
before the tornado occurred (Figures 13A,B). From 18:00, the
relative humidity decreased significantly from 1 to 3 km, and
disturbances in water vapor density began to appear, indicating
the dry air entrainment. From 18:30 to 19:00, as the tornado
continued to develop downward, the dry layer near the ground
extended upward to a height of 1.8 km, and the relative humidity
rapidly increased to over 90% at a height of 1.8-5 km, with a
significant increase in liquid water near a height of 1.5 km, with a
central value exceeding 0.44 g/cm (Figures 13C,D). This indicates
the existence of dry air entering the mid-to-high levels, which is
conducive to the continuous evaporation of precipitation
particles during the descent process, thus maintaining and
strengthening the negative buoyancy of the downdraft. On the
other hand, the unstable layer with dry air above and moist air
below was further enhanced.

6 Conclusion

This paper analyzes the weather background, instability
mechanism, and lifting conditions of an EF3 tornado that
occurred in Shengze, Wujiang, Jiangsu on 14 May 2021. Using
reanalysis data and wind field inversion from four radars, a detailed
analysis of the internal structure of the tornado storm is conducted,
and the following conclusions are obtained:

(1) The tornado occurred in the warm and humid area inside the low-
level shear line and the inverted trough at the surface, the southeast
wind field to the east of the surface convergence line and high value
area of water vapor flux on theleft side of lowaltitude jet axis exit zone.

(2) Theintensity oftheheavy rainfall supercell storm was strengthened
after entering the Taihu Lake, and mesocyclones were detected with
decreasing heights and increasing shear strengths which leading to
the formation of the tornado parent storm. Tornado vortex storm
(TVS)bottom height dropped to0.3km, the shear value increased to
169.1 x 107/, strong echoes above 60 dBZ reached to the ground,
the difference between the lowest elevation Radial velocity (LLDV)
and the maximum Radial velocity (MXDV) reached up to the
largest value when tornado occurred.

(3) The strong convergence of the ground and the enhancement of
mesoscale frontal zone resulted in the strong development of
thunderstorm cells. The deep rear inflow behind the heavy
precipitation supercell storm passed through the stratiform
cloud area and produced strong updraft due to the
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convergence of wind direction and wind speed. The updrafts
generated vertical vorticity under the influence of wind shear,
which was further stretched in the middle layer of the
troposphere to form the core of the tornado.

(4) The flat underlying surface, abundant water vapor, lake surface
thermal boundary, and strong wind convergence on the east
bank of Taihu Lake provided favorable conditions for the
occurrence of the tornado. The centers of the mesocyclones
in the lower and middle layers were close to each other in the
horizontal direction, which provided stable and vertical updrafts
for the mesocyclones and strengthened the suction effect of the
mesocyclones on the low-level vortices, facilitating the
formation of the tornado.
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