atmosphere

A

Article

Multi-Scale Interaction between a Squall Line and a Supercell
and Its Impact on the Genesis of the “0612” Gaoyou Tornado

Jiajia Tang "2(9, Xiaowen Tang "?>*, Fen Xu ® and Fugui Zhang 1

check for
updates

Citation: Tang, J.; Tang, X.; Xu, E;
Zhang, F. Multi-Scale Interaction
between a Squall Line and a
Supercell and Its Impact on the
Genesis of the “0612” Gaoyou
Tornado. Atmosphere 2022, 13, 272.
https:/ /doi.org/10.3390/
atmos13020272

Academic Editors: Tinghai Ou,
Xuejia Wang and Hengde Zhang

Received: 30 December 2021
Accepted: 3 February 2022
Published: 5 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

School of Meteorological Observation, Chengdu University of Information Technology,
Chengdu 610225, China; 3190302034@stu.cuit.edu.cn (J.T.); zfg@cuit.edu.cn (F.Z.)

2 CMA Key Laboratory of Atmospheric Sounding, Chengdu 610225, China

Nanjing Joint Institute for Atmospheric Sciences, Nanjing 210009, China; xufen1130@tom.com
Correspondence: xtang@cuit.edu.cn

Abstract: The interaction between a squall line and a supercell and its impact on the genesis of a
tornado that occurred in Gaoyou, Jiangsu Province, China on 12 June 2020 were analyzed using
multi-source observations. The tornado formed as the result of an intensified meso-y supercell in
a favorable large-scale environment. The supercell developed in front of a squall line and slowly
intensified after its formation. Due to its small size and weak intensity, the supercell did not produce
any severe weather before the approaching of the squall line. As the squall line entered its mature
stage with the formation of a well-organized bow echo, the supercell in front of the bow echo began to
rapidly intensify and finally led to the tornado touchdown. The analysis of mesoscale and storm-scale
wind fields indicated that the bow echo of the approaching squall line modified the kinematic fields
near the supercell in such a way that was favorable for the intensification of the supercell. The
interaction between the squall line and the supercell may have played a critical role in the occurrence
of this tornado.
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1. Introduction

Tornadoes are the most violent atmosphere storms which have been recorded on all
continents except Antarctica. The United States of America has the highest frequency of
tornado occurrence with about 1200 tornadoes each year [1]. Despite much lower annual
occurrence of tornadoes in China [2], they often cause serious fatalities and economic
losses due to China’s large population. With the advance of observation infrastructure
and the social media based on smartphones, more high-impact tornadoes in China have
been reported in recent years. An enhanced Fujita scale 3 (EF3) tornado spawned by the
outer rainband of Typhoon Mujigae hit Foshan, Guangdong Province on 4 October 2015,
leaving a 31 km long damage swath [3]. An EF4 tornado occurred in Funing County,
Jiangsu Province on 23 June 2016, causing 98 fatalities and 846 injuries [4]. The growing
public concern has driven a rapid increase in research and operational forecasting regarding
tornadoes in China.

Due to their small spatial scales, it is difficult to directly identify tornadoes using in
situ observations [5-7]. Weather radars are the most important tool in monitoring and
understanding tornadoes. Early conventional radars related the occurrence of tornado to
supercell storms, or more specifically the hook echo of supercells [8,9]. With the advent
of Doppler radar capable of velocity measurement, mesocyclone [10] and tornadic vortex
signature (TVS) [11] associated with supercells were identified and studied. Corresponding
algorithms were developed and applied in operational tornado warning [12,13]. Supercells
are the most studied parent storm [14] of tornadoes partly due to the fact that they produce
the majority of tornadoes [15]. Despite the wide recognition in research and operation,
neither the hook echo [16] nor the mesocyclone [17] was shown to be a reliable indicator for

Atmosphere 2022, 13, 272. https:/ /doi.org/10.3390/atmos13020272

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos13020272
https://doi.org/10.3390/atmos13020272
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-3366-8838
https://doi.org/10.3390/atmos13020272
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13020272?type=check_update&version=2

Atmosphere 2022, 13, 272

20f15

the occurrence of tornadoes. Due to the “horizon” and “aspect ratio” problems of weather
radars [18], the maximum detection range of TVSs is limited to 100 km even for large
tornadoes (1-2 km).

Tornadoes developed from non-supercell storms were usually small, weak, and short-
lived [19,20], which makes it even more difficult to detect. According to tornado statis-
tics [14], the majority of non-supercell tornadoes occurred in quasi-linear convective sys-
tems (QLCSs), e.g., squall lines and bow echoes. These tornadoes were generally associated
with complex interactions between convective systems of different scales. Funk et al. [21]
showed that tornadoes were produced on the apex of the most intense bow echo in a long-
lived squall line. Dewald and Funk [22] documented a similar case to that of Funk et al. [21],
but further noting that the occurrences of tornadoes was related to the sudden evolution
of a linear convective segment to a bow echo. Trapp and Weisman [23] and Atkins and
Laurent [24] showed that the meso-vortices associated with bow echoes and squall lines
were closely related to the straight-line wind and tornado damages on the ground. Penn
et al. [25] found that two Massachusetts supercell tornadoes each occurred in a squall line.
Goodman and Knupp [26] showed that the merger of a squall line with a strong supercell
led to the subsequent rapid intensification of an existing tornado. Wolf [27] documented
an “unexpected evolution” of a supercell after being intercepted by a bow echo, which
produced damaging winds and tornadoes afterwards. French and Parker [28] documented
21 tornadoes produced by the mergers between supercells and squall lines. The number of
tornadoes that occurred relative to the time of the merger was shown to be related to the
strength of synoptic forcing.

Despite the difficulty of detecting weak tornadoes, the development and interactions
of their parent storms may show important precursors for their occurrences [19], therefore
providing valuable guidance for operational tornado warning. Considering the fact that
most tornadoes in China were weak and developed in various synoptic and geograph-
ical environments [4], it is of great importance to understand the interaction of storms
associated with tornadoes in China. In this study, the environmental condition, structure,
and evolution of a squall line and a supercell associated with an EF2 tornado occurred in
Gaoyou, Jiangsu Province, China on 12 June 2020 were analyzed. It was shown that the
interaction between the bow echo of the squall line and the supercell may be crucial for the
occurrence of this tornado. The remainder of this paper is organized as follows. Section 2
introduces the data and the analysis methodologies used in this paper. Section 3 presents
the analysis of the environment, structure, and evolution of the squall line and the supercell.
Section 4 shows the multi-scale interaction between the squall line and the supercell and its
possible impact on the tornadogenesis. Conclusions and discussions are given in Section 5.

2. Data and Methodology
2.1. Event Querview

A tornado touched down around 1355 LTC (UTC + 08) on 12 June 2020 near the
Gaoyou city in East China (Figure 1a, the red cross). This area has the most frequent
occurrence of tornadoes in China due to its flat terrain and the contrasting thermody-
namic properties between land and sea [29]. Based on the damage survey conducted by
Jiangsu Meteorological Bureau, this tornado lasted about 10 min from 1354 to 1406 LTC
(Figure 1b—d) with a damage path of 1 km long and a peak width of 80 m (Figure 1e). The
intensity of this tornado was estimated to be EF2.
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Figure 1. (a) The locations of the tornado and different observations used in this study. The gray
(green) stars and the gray (green) dotted circles represent the location and the 230 km (75 km)
observation radius of the S-band (X-band) radars. The red cross represents the tornado location.
The purple diamond represents the NJ sounding station. The white dotted square represents the
three-dimensional wind retrieval region. (b—e) The images of ground damage survey.

This tornado was observed by the Huai’an (HA), Nanjing (NJ), Taizhou (TZ) S-band
doppler radars and the Jinhu (JH) X-band polarimetric radar, as shown in
Figure 1la. The S-band (X-band) radars employ a 9-tilt (11-tilt) volume scan from 0.5°
to 19.5° 19.5° (1.5° 1.5° to 11.4°) at a 6 min update. The beam width of the S-band and
X-band radars are 1.0° and 0.93°, respectively. More information about these radars is
listed in Table 1. Due to the complex local environment and the limitation of the radar
hardware, the radar observations were subjected to non-meteorological contamination
and radial velocity aliasing. To improve the reliability of the results, quality control (QC)
procedures were applied to the radar volumetric observations before retrieval and analysis.
An automatic QC script utilizing algorithms presented in various previous studies [30-32]
was applied to remove ground clutters, freckles, velocity aliasing, and interferences. The
remaining quality problems were manually inspected and removed using the National
Center for Atmospheric Research (NCAR) Soloii software. The radar observations after
QC were interpolated into a three-dimensional Cartesian grid with 1 km resolution in both
horizontal and vertical directions for wind retrieval. The analysis domain covers an area
of 240 x 240 km as shown in Figure 1a (the white dotted square) and extends to 15 km
altitude. Unfortunately, the beams of the JH radar toward the south were severely blocked
by buildings. The JH radar was only used to retrieve the mean wind fields. The hourly
ERADS reanalysis data (https://cds.climate.copernicus.eu (accessed on 1 December 2021))
and the NJ sounding data (the purple diamond in Figure 1a) were used to analyze the
environmental conditions of this event.

Table 1. Information of the weather radars.

Radar Longitude Latitude Band Resolution (m) Detection Range (km)
Reflectivity Velocity = Reflectivity = Velocity
NJ 118.69 32.191 S 1000 250 460 230
TZ 119.99 32.557 S 1000 250 460 230
HA 119.02 33.62 S 1000 250 460 230
JH 119.11 32.979 X 60 60 75 75

2.2. Wind Retrieval

To analyze the environmental winds of this tornado, the DVAD (distance velocity
azimuth display) [33] method was applied to the single radar volumetric observations.
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DVAD uses the quantity 7V}, instead of V;, to retrieve averaged environmental wind fields.
The quantity rV; ata point P(x, y, z) observed by a Doppler radar is expressed in terms of
the three-dimensional Cartesian coordinates x, y, z and the velocity components u, v, w
as follows:

rVi=ux+ovy+ (w+vs)z 1)

Both w and v; in (1) are neglected because their mean values are one order of mag-
nitude smaller than those of u and v on the spatial scale covered by a Doppler radar [34].
Representing the horizontal components u and v by finite terms of their Taylor series, the
rV; can be rewritten in a concise form using the summation notation

n i . . .
rV; = Z Z c,-jxl_]y] 2)

i=1j=0

where ¢;; is the coefficient and 7 is the highest degree of the two-dimensional polynomial
function. The coefficients of the polynomial series are related to the mean horizontal winds
by c19 = ugp and c11 = vg. As shown by Tang et al. [34], DVAD is able to provide robust
mean wind retrievals when data contain noise and voids.

The DVAD method can only obtain averaged wind fields within a circle centered at the
radar, which is insufficient to investigate the distribution and variation of convective-scale
wind fields associated with the tornado. A three-dimensional variational-based method [35]
utilizing multiple radar observations was used to retrieve the convective-scale wind fields.
The variational retrieval aims to minimize the following cost function |

J =71+ 7202+ 73)3 +v4Ja +v5)5 3)

where 7; is the weight of each sub-item of the cost function J.
The first term on the right-hand side (RHS) of Equation (3) represents the difference
between the analyzed and the observed radial velocity

" ' ‘ ‘ 2
I = /Z<uxl +oy; + (w + Wiz Vri) )

rl
where m is the number of radars, 7; stands for the distance from the analysis grid to the ith
radar, u, v, and w are the retrieved east-west, north-south, and vertical wind components

045
in the Cartesian coordinates x, vy, and z, respectively. W; = 2.620107 (%0) represents

the terminal fall speed of precipitation particles, Z is the reflectivity, p is the air density, and
po is the air density at the surface.
The second term on the RHS of Equation (3) contains the anelastic continuity equation

with the following form:
ou v dw\?
=G5 %) g

The third and fourth terms on the RHS of Equation (3) constrain the vertical velocity
at the top and bottom layer as follows:

Js = fj w%op (6)
Ja = J:[ w%ottom (7)

where w,, , and w,,,,, are the vertical velocity at the top and bottom boundaries, respectively.
The fifth term is a Laplacian smoothing filter, defined as follows:

Js = fﬂ (V2u)2 + (Vzv)z + (Vzw)z (8)
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3. Observation Analysis
3.1. Synoptic Background

The weather map at 0800 LTC on 12 June 2020 showed a weak short-wave trough
on 500 hPa (the brown line in Figure 2a) over East China. The southwest jets on 850 hPa
(Figure 2b, the yellow contours) provided warm and moist air to the location of the tornado.
Under the southwest jets, there was a low-pressure system on the surface (Figure 2c). The
tornado was spawned on the north side of the southwest jets and the east boundary of
the surface depression. The skew T-logP diagram and the 0-6 km hodograph (Figure 2d)
from the NJ sounding deployed at 0800 LTC on 12 June 2020 showed a veering vertical
wind shear (VWS). The environmental factors related to the development of supercells
and tornadoes are listed in Table 2. The storm motion required for the calculation of the
storm-relative helicity (SRH) was estimated based on the reflectivity field in Figure 3b.
Figure 2 and Table 2 indicate that the synoptic environment was generally favorable for the
development of convection, but only marginal for supercells and tornadoes [36-38].
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Figure 2. The weather map and the NJ sounding at 0800 LTC on 12 June 2020. (a) Geopotential
heights at 500 hPa (the blue contours; gpm), the winds (barbs; m s~ 1). The brown line shows the
weak trough. (b) The winds (barbs; m s7h, temperature (the red contours; °C), and the specific
humidity (shaded; g kg™ !) at 850 hPa. The southwest jets (>8 m s~ 1) are marked by yellow contours.
(c) Mean sea level pressure (the blue contours; hPa) and the 10 m AGL winds (barbs; m s~ 1), the
“L” marks the location of the low-pressure system. (d) The NJ sounding plotted on a skew T-logP
diagram. The temperature T (dewpoint T;) in °C is shown as the red (green) line. The black line
shows the ascending path of a surface-based parcel. The square box in the upper-right corner shows
the 0-6 km hodograph with winds in m s~!. Half barbs and full barbs in (a—c) denote 2.5and 5m s},
respectively. The red crosses in (a—c) represent the tornado location.
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Table 2. The storm environmental factors based on the NJ sounding, including the convective
available potential energy (CAPE), the convective inhibition (CIN), the 0-1 (SRHy_;) and 0-3 (SRHg_3)
km storm-relative helicity, and the 0-1 (VWSy_;), 0-3 (VWSp_3), and 0-6 (VWSy_¢) km vertical wind
shear.

Parameter Value Parameter Value Parameter Value
CAPE 1562 J kg ! SRHp4 37 m? s 2 VWSg_ 7ms™!
CIN —6Jkg ! SRH_3 36 m? 52 VWSg_3 7ms™!
VWS 11ms™!

i

-100 0 100 =100 0 100 =100 700
Distance (km)

Figure 3. Composite reflectivity fields of the meso-f squall line showing its different stages (a—h)
from 1100 to 1430 LTC. The red circle in (b) marks the location of the supercell. The white dashed line
in (b) marks the squall line in its early stage. The white dashed line in (f) marks the bow echo of the
squall line. The black cross represents the tornado location.

3.2. Evolution of the Squall Line and the Supercell

This tornado was related to two convective systems of different scales, viz. a meso-f
squall line and a meso-y supercell. Figure 3 shows the structure and evolution of the
squall line using the composite reflectivity of the HA radar at a 30 min interval. The
initial convection of the squall line formed in the northwest of the HA radar before 1100
LTC and slowly evolved into a group of small-scale convective lines (Figure 3b, the white
dashed line). The small-scale convective lines later organized into a single convective
system by merging convection on the north and south ends (Figure 3c,d). The merged
convection continued to intensify and eventually organized into a squall line with a length
of about 200 km and a width of about 25 km. At the mature stage of the squall line, a “bow
echo” [39] was developed along the outflow boundary in the northern part (Figure 3f, the
white dashed line). After 1430 LTC (Figure 3h), the bow echo collapsed, and the squall line
entered the dissipation stage. The tornado touchdown around 1355 LTC coincided with the
time when the bow echo reached its peak intensity.

Although the meso-f squall line was the predominant feature on the radar echoes, the
distance between the squall line and the tornado was greater than 30 km at the closest time
(Figure 3g). Therefore, the squall line unlikely contributed to the genesis of this tornado
directly. It is noted that an isolated convective cell (the red circle in Figure 3b) with a
diameter of about 10 km was initialized about 100 km in front of the developing squall
line and was responsible for the formation of this tornado. Figure 4 shows the evolution of
radar reflectivity of the supercell from 1300 to 1400 LTC using the HA, NJ, and TZ radars.
The reflectivity fields of the three radars were consistent and indicated that the supercell
intensified slowly before 1330 LTC. The supercell developed a hook echo (the red dashed
circles in Figure 4(d1-d3)) and intensified rapidly after 1330 LTC. The maximum reflectivity
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at the tip of the hook echo exceeded 60 dBZ (Figure 4e2). The touchdown location of the
tornado corresponds well with the south tip of the supercell (Figure 4f).

1300 1312 1324 1336 _ 1348 1400

HdBZ
< 65
55
45
.
z 35
25
15
N
'—
5

Figure 4. Reflectivity fields of the meso-y supercell from 1300 to 1400 LTC. Each row (1-3) shows
reflectivity fields from one radar at the 0.5° elevation angle, and each column (a—f) shows the supercell
at a different time. The red dashed circles in (d) mark the location of the hook echo. The black cross
in (e—f) represents the tornado location.

With the evolution of radar reflectivity shown in Figure 4, the supercell developed
a cyclonic rotation signature (a dipole in the radial velocity field). As shown in Figure 5,
the rotation signature was relatively weak at 1300 LTC with the difference between the
maximum outbound and minimum inbound radial velocities about 22 m s_l(Figure 5a).
However, the velocity dipole rapidly intensified after 1330 LTC and reached the maximum
difference value of 42 m s~! (Figure 5e) at 1348 LTC. After 1400 LTC (not shown), the
rotation signature weakened with the dissipation of the supercell. The existence of the hook
echo and the rotation signature demonstrated that the meso-y convective cell was indeed a
typical supercell.

T @

",4"',,.",“/.'# .’ 2

Figure 5. Radial velocity fields of the meso-y supercell from 1300 to 1400 LTC. Each row (1-3) shows
radial velocity fields from one radar at the 0.5° elevation angle, and each column (a—f) shows the
supercell at a different time. The black cross in (e-f) represents the tornado location.
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3.3. Intensity Evolution of the Supercell

To quantitively analyze the intensity evolution of the supercell, the azimuthal shear in an
area of 40 x 40 km centered at the radial velocity dipole was estimated at a 6 min interval
by the linear least squares derivative method (LLSD) [40]. The evolution of the maximum,
mean, and 95% percentile of the azimuthal shear of the radial velocity dipole is shown in
Figure 6. Despite some minor differences between the radars, the results show a similar and
consistent evolution of azimuthal shear. Before 1330 LTC, the azimuthal shear of the supercell
increased slowly with the maximum value below 2.0 x 1073 s~! for the HA radar. However,
the azimuthal shear increased rapidly after 1330 LTC and reached the maximum values of
32 x 1073 s™! at 1348 LTC for the HA radar, and 4.0 x 102 s~! at 1400 LTC for the TZ
radar. After 1400 LTC, the azimuthal shear weakened rapidly. The quantitative estimation of
the azimuthal shear shown in Figure 6 is consistent with the visual inspection of the radial
velocities shown in Figure 5. The proximity in time and space between the tornado and
the supercell demonstrated that the supercell was the parent storm of this tornado. As the
tornado touched down right after the rapid intensification of the supercell, it is interesting to
investigate the possible mechanisms for the rapid intensification of the supercell.
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Figure 6. Evolution of the azimuthal shear of the HA (a) and TZ (b) radars at the 0.5° elevation angle
from 1312 to 1418 LTC. The red, orange, and green lines are the maximum, mean, and 95% percentile
of the azimuthal shear, respectively.

4. Interaction between the Squall Line and the Supercell

It is noted that the parent storm of the tornado, viz. the supercell, was relatively small
and weak compared to common tornado-spawn supercells [4,41]. During its first two hours
(from 1130 to 1330 LTC) of slow intensification, there was no report of ground damages
along its path. The slow intensification of the supercell was consistent with the environment
conditions shown in Figure 2. Despite that the values of CAPE and VWS were favorable
for the development of convection in general, they were significantly lower than those
reported in typical supercell storm environments [21,26,27]. The ERAS5 hourly reanalysis
showed that the synoptic scale environment was steady (plots not shown), and the sudden
intensification of the supercell was not likely attributed to the large-scale environment. As
mentioned in the introduction, supercells may intensify through the interaction with other
convective systems, which generally enhances the low-level horizontal or vertical vorticity
near the supercell [27,28]. To further investigate the possible interaction between the squall
line and the supercell, as well as the impact of the interaction on the rapid intensification
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of the supercell, the mesoscale and convective-scale wind fields near the supercell were
analyzed in more detail.

4.1. The Squall Line

An approaching squall line may modify the local vertical vorticity field due to the
wind shear before and after the squall line [23,42]. To further analyze the characteristics
of horizontal wind shear associated with the squall line in this case, the vertical wind
profiles (VWPs) at the HA, JH, and NJ radars were computed using the DVAD method
with an analysis radius of 50 km [43,44]. The analysis radius of 50 km was able to represent
the mesoscale mean winds near each radar. The result of the TZ radar was not shown
because it was similar to that of the NJ radar. Figure 7 only shows VWPs below 3 km
height because the winds above 3 km were consistently westerly. The HA radar (Figure 7a)
in the northwest (upstream) of the tornado mainly showed northeasterly and northerly,
while the NJ radar (Figure 7c) in the southeast (downstream) of the tornado mainly showed
southwesterly and southerly. The VWPs from the HA and NJ radars clearly show that the
tornado was spawn in an environment with mesoscale lower-level horizontal wind shear.
The JH radar (Figure 7b), which was the closest to the tornado location, showed veering
lower-level winds around 1400 LTC. The mean winds at the JH radar were closer to those
of the NJ radar before 1400 LTC with a south component, and closer to those of the HA
radar afterwards with a north component. The veering lower-level winds indicate that the
mesoscale horizontal shear associated with the squall line was approaching the tornado
location when the tornado made touchdown. The approaching mesoscale horizontal shear
may enhance the background vertical vorticity near the supercell and contribute to the
intensification of the supercell [45].
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Time (UTC+08)

Figure 7. Time series of VWPs computed from the HA (a), JH (b), and NJ (c) radars from 1312 to
1424 LTC. The half and full wind barbs represent 2.5 m s~ and 5 m s, respectively. The dashed
line in (b) marks the time of the veering lower-level winds.

4.2. The Bow Echo

As shown in Figure 3g, the tornado was spawned when the bow echo of the ap-
proaching squall line reached its mature stage. The development of bow echoes often
generates storm-scale meso-vortices along the cold outflow boundaries [46]. Previous
studies [23,24,27] have shown that these meso-vortices may play an important role in the
genesis of tornadoes. As the bow echo remained more than 30 km away from the tornado,
it is not likely attributed to the genesis of this tornado directly. However, the approaching
bow echo may have indirectly contributed to the tornadogenesis by modifying the local
environment of the supercell. In order to understand the possible impact of the bow echo,
the retrieved three-dimensional winds at 1 km height from 1318 to 1354 LTC are shown in
Figure 8. The wind fields at these three times were similar, with southwesterly and westerly
on the southeast and northwest side of the squall line, respectively. The northeast end of the
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bow echo developed a cyclonic vortex (bookend vortex) [47]. There was a strong northwest
rear inflow jet (RIJ) perpendicular to the orientation of the bow echo on the southwest side
of the cyclonic vortex. The increased momentum due to the RI] may modify the wind fields
in front of the bow echo and impact the evolution of the supercell.
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Figure 8. Retrieved horizontal winds (vector) and reflectivity (shaded) near the tornado location on
1 km height at 1318 (a), 1336 (b) and 1354 (c) LTC. The white circle represents the bookend vortex.
The black cross represents the tornado location.

Figure 9 shows the wind fields and vertical vorticity at 3 km height at the same time
as Figure 8. There was a couplet of vertical vorticity at the south tip of the supercell.
Given a northeast environmental VWS shown in Figure 2d, the vertical vorticity couplet
is oriented perpendicular to the environmental VWS and is consistent with the process of
vertical vorticity generation by tilting of the horizontal vorticity [48-50]. The strength of
the positive vertical vorticity appeared to be intensifying as the bow echo moved closer,
which is consistent with the increase of azimuth shear shown in Figure 6.

60 -30 O

30 60 90-60 -30 0 30 60 90-60 -30 O 30 60 90
Distance (km)

Figure 9. Evolution of the vertical vorticity (contours), horizontal winds (vector), and reflectivity
(shaded) on 3 km height at 1318 (a), 1336 (b) and 1354 (c) LTC. The white (black) contours are negative
(positive) vorticity, and the bold black contours indicate the value of 0. The red cross represents the
tornado location. The white box is the VWP analysis area.

To quantify the modification to the local wind fields of the supercell by the approaching
bow echo, the VWPs averaged over a region of 40 x 40 km centered at the supercell
(the white box in Figure 9) are shown in Figure 10. The VWPs at different times show
intensifying lower-level winds, especially below 6 km height. The # and v winds increased
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by Ims~!and 2 ms~! at 1 km height, respectively. As the evolution of supercell is closely
related to the VWP of the local environment [51,52], the enhancement of local winds may
promote the intensification of the supercell.
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Figure 10. The VWPs of the retrieved three-dimensional winds averaged over a region of 40 x 40 km
centered at the supercell at 1318 LTC (blue), 1336 LTC (green), and 1354 (orange) LTC.

The evolution of midlevel rotation in supercells is relatively well understood, which
can be explained by the following linear theory of midlevel mesocyclogenesis [15]:

(E’i) — (V=C)-V4l +5 x Valk ©)

where S is the 0-3 km mean VWS, V is the 0—6 km mean horizontal wind, C is the mean
translation vector of the supercell updraft, k is the unit vector in the vertical, and {’ and @’
are the perturbation of vertical vorticity and vertical velocity, respectively. Equation (9) is
essentially the linearized version of the vertical vorticity equation written in the moving
frame of a supercell. As the terms on the RHS of Equation (9) can be estimated given a
VWP near the storm, this equation has been widely used in the diagnosis and forecasting
of the evolution of supercell storms [53,54].

The radar reflectivity fields and the VWPs shown in Figures 8 and 10 were used
to estimate the terms on the RHS of Equation (9), and further evaluate the impact of the
enhanced lower-level winds on the intensification of the supercell in this case. The estimated
S, V,and C at 1318 and 1354 LTC were shown in Figure 11. Note that the multi-radar wind
retrieval was not able to recover the winds below 1 km height, which were estimated by
the ERA5 hourly reanalysis. As illustrated in Figure 11, both S and V vectors are directed
towards the northeast, with S to the right of the V. The C further veered towards the east.
The enhanced lower-level winds at 1354 LTC increased the magnitudes of both the S and
V. According to Equation (9), the increase of S is able to increase the local vorticity by
the tilting process [15]. The translation speed (C) also increased substantially with the
increase of lower-level winds. The change of V and C resulted in a greater component of
the storm-relative wind (V — C) perpendicular to the S. The increased streamwise vorticity
could further help to align the positive vertical vorticity center generated by the tilting
process with the updraft core and promote the intensification of the supercell [48,49]. The
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effect of the enhanced lower-level winds on the supercell can be also accessed by the
dynamic parameters shown in Table 3. The VWSs and SRHs were increasing with time
and were generally stronger than those derived from the sounding (Table 2). In summary,
the enhanced lower-level winds associated with the approaching bow echo increased the
crosswise and streamwise vorticity components of the storm-relative velocity vector near
the supercell, which is favorable for the rapid intensification of the supercell. The rapidly
intensified supercell then led to the subsequent tornadogenesis.

South-north wind (m s")

-2 T T T T
-2 0 2 4 6 8 10

West-east wind (m s™)

Figure 11. Wind vectors related to the intensification of the supercell at 1318 (dashed lines) and 1354
(solid lines) LTC, respectively. The grey ones represent the storm-relative winds (V — C), the blue
ones represent the 0—6 km mean horizontal winds (V), the green ones represent the 0-3 km mean
VWSs (S), and the red ones represent the mean translation vectors of the supercell updraft (C).

Table 3. The local environmental factors based on the VWPs in Figure 11, including the 0-1 (VWSy_1),
0-3 (VWS(_3), and the 0-6 (VWS_¢) km vertical wind shear, and the 0-1 (SRH_1) and 0-3 (SRH_3)
km storm-relative helicity.

Time VWSO_l VWS()_3 VWS()_6 SRH()_l SRH()_3

1318 6ms! 8ms~! 12ms~! 33 m?s2 46 m? s~2
1336 6ms ! 9ms! 13ms~! 36 m?s2 52 m?s2
1354 §ms! 10ms~? 13ms~! 48 m?s2 67 m? 572

5. Discussion and Summary

The “0612” Gaoyou tornado was spawned in a favorable synoptic environment with
moderate unstable energy and veering VWS. A noteworthy aspect of this tornado is that its
formation was associated with two convective systems of different scales. The larger system,
viz. the meso-f squall line, formed about three hours prior to the tornado touchdown and
developed a predominant bow echo at its mature stage. Due to the large distance between
the squall line and the tornado, the squall line was believed to be not directly related to the
formation of the tornado. A smaller meso-y supercell initialized in the front of the squall
line two and half hours before the tornado touchdown was the parent storm of this tornado.
The supercell underwent slow intensification in the first two hours without causing any
damage near its path. However, the supercell intensified rapidly in the last half an hour
and finally led to the tornado documented in this paper.

The rapid intensification of the parent supercell and the subsequent tornadogenesis was
attributed to the interaction of the squall line and the supercell. The VWPs retrieved by the
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single doppler radars showed a lower-level mesoscale horizontal shear zone associated with
the squall line, which helped to increase the environment vertical vorticity near the supercell.
The formation of the bow echo and its catching-up with the supercell modified the kinematic
fields near the supercell. The accelerated lower-level winds enhanced the tilting and stretching
processes by increasing the crosswise and streamwise vorticity components. In summary, the
interactions between the squall line and the supercell contributed to the rapid intensification
of the supercell and may have played a role in the subsequent tornadogenesis.

This study showed the complex interactions on the parent storm of tornadoes and
their possible impact on tornadogenesis. However, limited by the available observations,
the hypothesis proposed in this study is subjected to uncertainty and needs to be further
verified by more observational and numerical studies. It is worth noting that other mecha-
nisms, including the self-organization of supercells and thermodynamic processes, could
also have played a role in the intensification of the supercell documented in this study.
As the investigation of other mechanisms is not supported by the current dataset, this
study has no intention to downplay or disprove the importance of other possible processes.
Despite these limitations, this study demonstrated the value of better understanding the
interaction between larger storms associated with tornadoes in order to accurately monitor
and predict the occurrence of tornadoes.
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