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Abstract: Tornadoes are extremely destructive natural disasters, and East China has become a high-
incidence area for tornadoes in China in recent years. On 7 July 2013, an EF2-intensity tornado
occurred in Gaoyou County, Jiangsu Province in eastern China, within a supercell storm near a
Meiyu frontal system. To investigate the dynamical process of the tornado, a numerical simulation
was performed using four one-way nested grids within the Advanced Regional Prediction System
(ARPS). Data from a nearby operational S-band Doppler radar are assimilated using a 4D ensemble
Kalman filter (4DEnKF) at 5 min intervals. Forecasts are run with a nested 50 m grid, capturing
the tornado embedded within the supercell storm with a reasonable agreement with observations.
The tornadogenesis processes within the simulation results are analyzed in detail, including the
three-dimensional evolution of the tornado vortex. It is found that a cold surge within the rear flank
downdraft region plays a key role in instigating tornadogenesis when the leading edge of the cold
surge approaches a near-ground convergence center located underneath the main updraft, and the
enhancement of the convergence center caused by the descending of the low-level mesocyclone is the
direct cause of the rapid increase in tornado vorticity. Backward trajectories are calculated based on
model output, and the origins of the parcels feeding the intensifying tornado vortex are identified.
It is found that parcels from the mid-level of the rear flank downdraft region follow the cold surge,
descending to the ground under the influence of the downdraft in the cold surge, and then entering
the convergence center, merging into the core of the tornado and being lifted up. Vertical profiles
of the mass and vorticity fluxes into the core of the tornado vortex are examined, and it is found
that the near-ground airflow contributes significantly to the growth of the tornado vorticity, with the
contribution increasing as it gets closer to the ground.

Keywords: tornadogenesis; real-data simulation; backward trajectory

1. Introduction

Tornadoes are an extremely hazardous and violent weather phenomenon in the atmo-
sphere. They appear as narrow columns of rotating air with a small scale, typically 1-2 km
in diameter, and only a few hundred meters at their minimum. These powerful events have
a short duration, lasting from only a few minutes to half an hour [1]. Near the center of
a tornado, the wind speed can reach up to 140 m s~!, accompanied by severe convective
weather, including hail and heavy rainfall, resulting in casualties and property damage
wherever they pass through [2]. The American meteorological community has proposed
the Enhanced Fujita Scale (EF Scale), ranging from EF0 to EF5. This scale considers the
degree of damage to buildings, storm-generated wind speed, and tornado path width.
Tornadoes rated EF2 or higher, with wind speeds exceeding 50 m s~!, are considered strong
tornadoes as a convention.

There are mainly two types of tornadoes: supercell tornadoes and nonsupercell tor-
nadoes. The supercell tornado forms in supercell thunderstorms with obvious rotation
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and containing mid-level mesocyclones [2], and the most destructive tornadoes are usually
supercell tornadoes. It has been more than 50 years since Browning [3] introduced the term
“supercell” to describe the large thunderstorm cells generated by rotating updrafts. Since
then, significant progress has been made in the study of supercells and tornadoes with the
understanding of relevant atmospheric dynamical processes and environmental conditions.
However, a thorough understanding of the complete process of tornado formation and
evolution is still lacking [4].

The foundation of current research on supercell dynamics can be traced back to the
numerical and theoretical studies in the late 1970s and early 1980s [5-13]. These studies
explained many observation features of supercells, including storm splitting, mid-level
rotation, convergent downdrafts, and low-level horizontal rotation in the forward flank
region [11,13]. Davies-Jones and Brooks [14] explained that the development of vertical
vorticity in supercells is caused by the growth and tilting of streamwise horizontal vorticity
due to the horizontal pressure gradient force during the downdraft process. With the
advances in computing ability, Wicker and Wilhelmson [15] and Klemp and Rotunno [11]
conducted higher-resolution numerical simulations of tornadic supercells in idealized
experiments. According to their research, the mid-level downdrafts increase the upward
pressure gradient force, producing strong low-level updrafts. This low-level updraft tilts
the horizontally generated vorticity vertically and, through stretching, results in tornado
formation. However, their studies are unable to explain how the generation of near-
surface vorticity.

Over the past few decades, most of the idealized numerical studies conducted in the
1980s and 1990s have been verified by observations. In particular, the VORTEX (Verifi-
cation of the Origins of Rotation in Tornadoes Experiment) large-scale experiment, led
by the National Oceanic and Atmospheric Administration (NOAA) in collaboration with
multiple research institutions and universities, has achieved numerous important scientific
achievements in tornado formation and evolution mechanisms. However, the relation-
ship between baroclinic and tornadogenesis in supercells observed during the VORTEX
experiment remains unexplained [16]. These observations suggest that both tornadic and
nontornadic supercells have mid-level mesocyclones, indicating that the physical mecha-
nism behind mid-level mesocyclone formation may not be sufficient to explain tornado
formation [17-22].

Although valuable results have been obtained through observation studies and ideal-
ized experiments, these researches often neglect factors such as horizontal heterogeneity and
land surface processes in realistic environments, which may be crucial for tornadogenesis.

Tornadoes have a short lifespan and small spatial scale, making them difficult to
capture using conventional observation methods [4]. Furthermore, observational data have
many limitations in terms of temporal and spatial resolution and coverage. As a result, a
combination of observational data with numerical models is the primary research method
for tornadoes nowadays. In recent years, there has been significant progress in numerical
simulation and forecasting of extreme weather, particularly for small-scale tornadoes [23].
With the progress of computing resources, high-resolution numerical models can more
accurately simulate the physical processes in the tornado-scale [24]. Primary, 3Dvar and
EnKF data assimilation methods have been well-developed and effectively applied to
assimilate convective-scale radar data [24-28]. Hu et al. [29] successfully simulated an
F4-level supercell tornado for the first time using high-resolution radar data assimilation
with a 50 m grid spacing. Xue et al. [30] further validated the forecast results.

Based on high-resolution numerical simulations of real tornadic supercells, the near-
surface dynamical progress during tornadogenesis has been revealed. Mashiko et al. [31]
and Schenkman et al. [32], respectively, investigated tornadoes generated in microcells
within typhoon rain-band and quasi-linear convective systems (QLCSs). They found
that the secondary strengthening of the rear-flank gust front and surface frictional ef-
fects were crucial for tornado formation in high-resolution simulations. Subsequently,
Schenkman et al. [33] proposed a new theory that surface-friction-generated vorticity is an
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important source of vorticity for tornado formation, based on a detailed diagnostic analysis
of a simulated F4 tornado-producing supercell using real data. The generation of frictional
vorticity, particularly its role in tornadogenesis in the early stages of a supercell’s lifecycle,
has been further confirmed by idealized tornado simulations [34,35].

Recent research has shown that the majority of parcels that enter the tornado vortex
come from the rear flank downdraft (RFD) of the supercell. Radar observations have also
shown that tornado formation is often accompanied by strong echoes sinking to the ground
in the early stages [36], and the strengthening of the “cold surge” originating from the rear
cold pool has been observed [37]. The cause of the cold surge and its role in tornadogenesis,
as well as the thermodynamic and dynamic characteristics of parcels entering the tornado,
are issues of concern to scientists in recent times. Schenkman et al. [38] analyzed the cause
of cold surges using tornado simulation results based on real data. The analysis reveals
that the cold internal outflow surge is forced by the dynamic part of the vertical pressure
gradient, which is the result of a high-pressure perturbation in an area of stagnating flow
on the west and northwest sides of the low-level mesocyclone. Dawson et al. [39,40] found
through numerical simulations of actual tornado cases that changes in the hail and raindrop
spectrum distribution in the microphysical parameterization scheme can alter the intensity
of cold pools and the thermodynamic characteristics of inflow, thus determining whether a
tornado can form. Dawson et al. [41] further analyzed the dynamic mechanism of vertical
acceleration of airflow and vortex stretching after entering the tornado vortex. These works
represent the forefront of international research on numerical simulation and dynamical
analysis of real tornado cases.

The frequency of tornado occurrences is closely related to the geographical distribution
and environmental conditions of tornado formation in each region. Despite being located in
the mid-latitudes of the Northern Hemisphere, China has recorded much fewer tornadoes
compared to the United States. Over the past 50 years, the average number of tornadoes
with EF1 intensity or higher in China was 21 per year [42], compared to 495 in the United
States [43]. However, tornadoes in China often occur in densely populated inland plains and
coastal areas, resulting in significant impacts and casualties due to the lack of awareness
of disaster prevention. Incomplete statistics show that tornadoes have caused at least
1772 deaths in China from 1961 to the present [42]. Recently, the frequency and intensity
of tornadoes in China have been increasing, particularly in eastern China. About 81% of
tornadoes in China occurred in eastern China from 1960 to 2009, with the highest number
and strongest intensity occurring in Jiangsu Province according to Yao et al. [44] This
is likely due to the favorable conditions for tornado formation in the East China Plain,
particularly in northern Jiangsu, where the flat terrain is influenced by strong low-level
southerly winds and northern weather systems.

Since the increasing frequency of tornado occurrence in eastern China, in-depth re-
search on the dynamical characteristics of tornadoes in this region is extremely necessary.
Moreover, the tornadogenesis and numerical simulation of tornadoes are also cutting-edge
scientific issues that have not been resolved internationally. This study focuses on a su-
percell tornado that occurred in eastern China. Based on real observation data, numerical
simulations were performed and radar data were assimilated to improve the simulation
accuracy and credibility. The simulation results are used to analyze the formation process of
the tornado and to identify the key factors that affect the tornadogenesis and the source of
the tornado vortex. The study aims to enhance our understanding of the dynamical process
and formation mechanism of tornadoes in eastern China and contribute to improving
forecasting and warning capabilities for tornado disasters in this region.

The Section 2 of this paper introduces the actual situation of the selected tornado
process based on radar observation data, and the experimental design and parameter
selection for numerical simulation and data assimilation. The Section 3 analyzes the life
history of the tornado process through simulation results, explores the key factors that
affect the formation of the tornado, and quantitatively calculates the initial source of the
tornado vortex using backward trajectory analysis. Additionally, the mass and vorticity flux
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of the tornado are quantitatively calculated. The Section 4 concludes this study, discussing
existing problems and shortcomings and outlining plans for future research.

2. Case Overview and Experimental Design
2.1. Case Overview

From 7 to 8 July 2013, heavy rainfall occurred in central Jiangsu in eastern China,
accompanied by strong convective weather, such as thunderstorm gusts and short-term
heavy precipitation. According to other research [45], the accumulated precipitation in 24 h
at 00:00 UTC on 8 July is over 100 mm in Gaoyou County, and the maximum precipitation
per hour is over 50 mm during the tornado period. In the afternoon of 7 July, a tornado was
reported in Gaoyou City, at the border of Anhui and Jiangsu Province. According to media
reports, the tornado was reported to hit Gaoyou around 0840 UTC (1640 LST) and then
tracked through at least six villages near Gaoyou County between 08:50 and 09:10 UTC.
The destructive wind near the ground was over 20 m s~ ! and lasted for about 20 min, with
a damage path of 10 km long and 400 m wide [46]. The damage to factories, power and
communication poles and lines, trees, crops, and other infrastructure was severe. Cars were
overturned, 600 houses were damaged, including 4 houses flattened. The tornado caused
injuries to over 50 people, with more than 570 households affected and over 1100 houses
damaged. Large trees were uprooted, and crops suffered significant damage. According
to statistics, the direct economic losses from the disaster were approximately 45 million
RMB yuan (http:/ /www.globaltimes.cn/content/794507.shtml, accessed on 26 April 2023).
Based on the degree of damage to houses and trees and eyewitness descriptions, the tornado
intensity can be determined as an EF2 tornado.

According to the combined radar echoes in East China (Figure 1a,b), the tornadic supercell
was formed in the unstable environment on the northeast of a mesoscale convective vortex
(hereinafter referred to as MCV) system, which is near a Meiyu frontal system. On 7 July
2013 at 04:00 UTC (Figure 1a), a clear Meiyu frontal system (red dotted line in Figure 1a)
appeared in the Anhui and Jiangsu Province of eastern China, with the rain belt distributed
southwest—northeast. As the Meiyu frontal system developed, an MCV system appeared at the
boundary between Anhui and central Jiangsu and moved northeast at 08:50 UTC (Figure 1b).
The supercell storm, where the tornado occurred, formed in the unstable environment in the
northeast part of the MCV system (highlighted in the red box in Figure 1b).

A tornado vortex signature (hereinafter referred to as TVS) is a rotational feature on
the radar reflectivity image which is indicative of a strong cyclonic rotation and is often
a precursor to the formation of a tornado. TVS is typically represented by a curved or
hook-shaped reflectivity echo, which implies the possible presence of a tornado. Based
on the Doppler radar data from the Taizhou S-band radar, located about 50 km from
Gaoyou, the TVS was evident in the vicinity of Gaoyou between 08:55 and 09:12 UTC,
with a hook-shaped reflectivity echo on the radar reflectivity image (Figure 1c, in red
circle), and adjacent centers of maximum and minimum values on the radial velocity image
(Figure 1d, in red circle), which indicated the presence of a strong near-surface cyclonic
circulation or a meso-cyclonic shear. According to online sounding data provided by the
University of Wyoming, the maximum convective available potential energy (CAPE) in
the vicinity of Nanjing (about 100 km south of Gaoyou) reached 1689 J/kg at 12:00 UTC
on 7 July 2013, which was highly favorable for the development and intensification of the
tornadic supercell.

2.2. Experimental Design

The simulation of the 7 July 2013 Gaoyou tornado is performed using the Advanced
Regional Prediction System (ARPS) [47,48] model using four one-way nested grids in order to
capture the evolution of the tornado outbreak on a variety of scales (Figure 2a). The outermost
grid has 5 km grid spacing and contains 300 x 200 grids. The Global Forecast System (GFS)
reanalysis data are used to provide the initial condition (IC) and the lateral boundary conditions.
A deterministic simulation is performed from 00:00 to 09:30 UTC for the outermost domain.
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Figure 1. (a,b) The combined radar echoes (dBZ) in the East China region at 04:00 UTC and 08:50
UTC on 7 July 2013, respectively. (c,d) The reflectivity (dBZ) and radial wind (m s~!) of the Taizhou
radar at 09:00 UTC on 7 July 2013. The elevation angle of the radar in (c) is 1.45PPI, and the elevation

angle of the radar in (d) is 2.42PPL
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Figure 2. (a) The four-layer grid design process in this study, and (b) a schematic diagram of the
1 km, 200 m, and 50 m grid areas in the experiment. The gray area in the figure represents the water

surface, and the asterisk indicates the location of the Taizhou radar.
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A1 km grid-spacing domain is nested within the 5 km domain, containing 100 x 100 grids,
including Gaoyou County where the tornado occurred and its surrounding areas (Figure 2b).
The outermost 5 km grid simulation result at 08:00 UTC is interpolated to the inner domain.
Based on this IC, perturbations are added to form the initial ensemble for the inner domain.
A total of 40 members are generated with random-smoothed perturbations. Five-minute
data assimilation cycles are performed over a 90 min period beginning at 08:00 UTC. Radjial
velocity data from the Doppler radar at Taizhou city (approximately 50 km southeast of
Gaoyou, marked in Figure 2b) are assimilated within these cycles using the 4D ensemble
Kalman filter (4DEnKF) while the reflectivity data are assimilated using a complex cloud
analysis package [49]. Due to the outstanding advantages of 4DEnKF in convective-scale
radar data assimilation in recent studies, especially tornado-scale simulation, this study
adopts this method for radar data assimilation of the tornado simulation [50-60].

Two very-high-resolution domains are nested within the 1 km domain to contain the
supercell and tornado region (indicated by the red dotted box) as in Figure 2b. The outer
domain has 200 m grid spacing and contains 300 x 250 grids. One of the analysis fields at
08:40 UTC from the 1 km domain is used to initialize the 50 min long simulation on a 200 m
grid. We note here that the choice of the analysis field is based on the simulation test from
all 40 ensemble members. The deterministic forecast till the tornado time of each member
is evaluated and the member with the best forecast result is selected, where the evaluation
criteria are mainly the organization of the supercell and the maximum velocity and vertical
vorticity at the first grid level (about 10 m) above the surface. A 50 m grid-spacing domain
is further nested within the 200 m domain, contains 900 x 800 grids, and begins at 09:00
UTC and lasts 30 min. No additional data assimilation is performed on the 200 or 50 m grid.
In the vertical direction, the 5 km and 1 km domain uses a stretching grid with 53 vertical
levels and 400 m average vertical grid spacing, while the 200 m and 50 m domain have
100 levels and 200 m average vertical grid spacing in order to contain more information in
low levels. For all four domains, the lowest vector and scalar model grid point is about
10 m AGL. The simulation uses about 60 cores for parallel computing and takes several
hours to complete.

Model configurations for all four domains are summarized as follows. The Lin 3 ice
scheme [61] is used for parameterizing microphysics. Default values of the intercept
parameters are used for the outer domains. The default values are 8 x 100, 3 x 109,
and 4 x 10* m~* for rain, snow, and hail, respectively. Only the innermost 50 m domain
uses smaller rain and hail intercept parameters. The values are 2 x 10° and 4 x 10> m~*.
Fourth-order computational mixing is used to suppress spurious shortwaves; the default
value coefficient of this filter in ARPS is used. Surface fluxes are calculated using stability-
dependent drag coefficients [62], while surface roughness length is dependent on vegetation
properties. For radiation parameterization, radiative processes are calculated from the
National Aeronautics and Space Administration (NASA) Goddard Space Flight Center
long- and short-wave radiation package. The planetary boundary layer scheme proposed
by Sun and Chang [63] was used. The subgrid-scale turbulence is parameterized by a
1.5-order turbulence kinetic energy (TKE) scheme [64]. A two-layer soil model based on
Noilhan and Planton [65] is used. More details on the parameterizations within the ARPS
can be found in [47,48].

3. Simulation Results

In this section, the simulated tornado is first inspected based on the simulation results.
Because the focus of this paper is on the dynamical processes responsible for tornadogenesis
in the supercell, the remainder of this section is focused on the 50 m grid-spacing simulation.
We then provide an overview of the evolution of tornadogenesis processes, including
the three-dimensional evolution of the tornado vortex. This discussion is followed by a
backward trajectory analysis of the origins of the parcels feeding the tornado vortex. The
mass and vorticity fluxes into the core of the tornado vortex are then examined. In this
study, a simulated vortex is considered a tornado if it has vertical vorticity greater than
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(km)

1.0 s~! and winds greater than 30 m s~ (F1 intensity) at the first grid level (about 10 m)
above the surface.

The innermost 50 m grid reproduces the tornado embedded within the supercell storm.
Figure 3a shows the simulated radar reflectivity and horizontal wind field at 20 m above
ground level (hereinafter referred to as AGL) at 09:16 UTC, while the concentrated vertical
vorticity contours indicate the location of the tornado. Figure 3b shows the reflectivity
distribution at a 1.45 PPI elevation angle from the Taizhou radar at 09:12 UTC. We note
here that the X and Y axes in Figure 3 and the remaining figures in this paper represent
the distance in the 50 m grid-spacing simulation domain to the southeast corner, and both
the X and Y axes have their origin at the lower-left corner of the domain in each figure.
The coordinate of the origin at the southeast corner of the domain is (32.67° N, 119.28° E),
which is also (0 km, 0 km) of the X and Y axes.
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Figure 3. (a) The model output of the 20 m AGL radar reflectivity (shaded, dBZ) and wind arrow
(m s~ 1) of the 50 m simulation domain (the X and Y axes have their origin at the lower-left corner of
the domain) at 09:16 UTC on 7 July 2013. The contours represent the vertical vorticity (s~!), starting
at 0.05 s~! with an interval of 0.05 s~!. (b) The Taizhou radar reflectivity (shaded, dBZ) at 09:12 UTC
on 7 July 2013, with a radar elevation angle of 1.45PPI.

Both the simulation and the radar observation exhibit a clear “hook” echo feature in
Figure 3. The simulation reproduces the characteristics of the mature stage of the tornado
within the supercell reasonably well and shows a good agreement with the observed
reflectivity pattern. The maximum value of the vertical vorticity in Figure 3a is found at
the center of the “hook” echo, exceeding 1.0 s~!. The wind field around the maximum
vorticity center has a cyclonic distribution, with a maximum near-surface wind speed of
over 30 m s~ 1. These results indicate the occurrence of a relatively strong tornado at this
location, with an estimated intensity of EF1 to EF2 according to the maximum near-ground
wind speed. It is noteworthy that the simulated tornado supercell is located about 2 km
west and 4 km south of the observed hook echo position, and the appearance of the hook
echo is delayed by about 5 min. The overall intensity is also relatively weak, possibly due
to unavoidable biases in the simulation process. Nevertheless, the simulation reproduces
the tornadic supercell well and captures the tornado embedded within the supercell storm
with a reasonable agreement with observations in the mature stage of tornado.
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max updraft max vertical vorticity

3.1. Life Stage of Tornado

According to the classic theory of tornadogenesis, tornadoes often generate after
the descending of the low-level mesocyclone, which is manifested as a rapid increase
in the near-surface vertical vorticity accompanied by strong updrafts [12]. In order to
further determine the accurate time and intensity of the tornadoes in the simulation results,
maximum vertical velocity and maximum vertical vorticity were calculated at different
heights within the supercell area at different times based on the position and area of the
supercell at each moment. Then, a time-height diagram of the maximum vertical velocity
and maximum vertical vorticity was constructed in Figure 4. The core of the low-level
mesocyclone in a supercell is usually accompanied by strong updrafts, and the maximum
vertical velocity often exceeds 15 m s~!. Therefore, the specific location and temporal
evolution of the mesocyclone in the area can be determined by the distribution of the
maximum vertical velocity in height and position [14].

0
09:05

09:07

09:09

09:11

20 800

600

200

0
09:13 09:15 09:17 09:19 09:05 09:07 09:09 09:11 09:13 09:15 09:17 09:19
time time

Figure 4. The time-height diagrams of the maximum vertical velocity (m s~ 1) (a) and maximum
vertical vorticity (s~ (b) in the supercell region. The black vertical lines indicate the time of TLV
formation (left) and tornado formation (right), and the green horizontal line represents 30 m AGL.

According to the time-height diagram of the maximum vertical velocity in the su-
percell region (Figure 4a), it can be seen that the core of the low-level mesocyclone first
appeared around 09:10 UTC, at an altitude of about 500 m AGL, and then rapidly descended
to around 200 m AGL (red arrow), while its intensity continued to increase and reached
its maximum at 09:16 UTC (black solid line), influenced by the strong suction caused
by the mesocyclone’s intense low-pressure center. At this time, the maximum vertical
velocity near the ground at around 30 m AGL (green solid line) also reached 10 m s~ 1. The
descending of the low-level mesocyclone is closely related to the triggering of tornadoes.
The strong low-pressure center of the mesocyclone will form a strong suction effect near
the ground, forming a convergence center near the ground. At this time, the internal
airflow with preexisting positive vertical vorticity near the surface will be stretched in
the convergence center, leading to a rapid increase in vertical vorticity and triggering the
tornadogenesis [11,13].

According to the time-height diagram of the maximum vertical vorticity in the su-
percell region during the same period (Figure 4b), the growth of vorticity near the ground
(vorticity greater than 0.15 s~ 1) began at 09:13 UTC (black solid line), then continued to
strengthen and extend upward, rapidly increased at 09:16 UTC (exceeding 1.0 s~ 1) and
extend to an altitude of 400 m AGL. This is well coordinated with the descending of the
low-level mesocyclone core (red arrow), indicating that the near-ground convergence center
created by the descending of the low-level mesocyclone causes the internal airflow with
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preexisting positive vertical vorticity near the surface to undergo stretching and lead to
a rapid increase in vertical vorticity. Based on the above analysis, both wind speed and
vertical vorticity reached the tornado intensity at 09:16 UTC, so this time is defined as the
trigger time of the tornadogenesis. Before the trigger time, the growth of vertical vorticity
had already begun at 09:13 UTC. Although the vorticity and speed were not as strong as
those of a tornado, the growth of vorticity during this period is particularly important for
studying the source of tornado vorticity. It is usually referred to as a tornado-like vortex
(hereinafter referred to as TLV) before the trigger time of the tornadogenesis, so 09:13 UTC
is defined as the time of TLV formation.

The equivalent potential temperature (hereinafter referred to as 6,) is used to describe
the stability of air parcels in the atmosphere. It refers to the temperature that an air
parcel would have if all its water vapor condensed and released its latent heat during
adiabatic compression or expansion as it descends or rises to a reference pressure level.
6. is conserved during a saturated adiabatic process, and it is often used to study the
vertical motion of airflow in small-scale convective processes. Therefore, in this study, the
distribution of 6, will be used to analyze the effects of different environmental factors on
the tornadogenesis process.

Figure 5 shows the distribution of ., perturbation pressure, and wind field at 20 m
AGL at 09:00 UTC (Figure 5a) and 09:05 UTC (Figure 5b), 16 min and 11 min before
tornadogenesis time, respectively. The location of the gust front is indicated by the red
dashed line. At 09:00 UTC, which is the initialization time of the 50 m simulation, the
rear flank downdraft (RFD) is approaching the low-pressure center behind the gust front,
and a near-ground convergence center (indicated by the red arrow) has formed ahead of
the gust front, corresponding to the low-level mesocyclone core above. According to the
previous analysis, the low-level mesocyclone core has not yet begun to descend, so the
intensity of the surface convergence center is relatively weak. As the supercell evolves
(Figure 5b), the downdraft motion of the RFD intensifies and creates a strong cold surge
that rapidly moves towards the near-ground convergence center, causing a distinct bow
echo to form on the gust front (indicated by the blue arrow). At the same time, the low-level
mesocyclone is also descending, causing the near-ground convergence center to further
strengthen. In recent years, numerous studies have revealed that the cold surge originating
from the RFD plays a crucial role in tornadogenesis [36,37,39,40]. Schenkman et al. [38]
found that in a numerical simulation study based on real data of a supercell tornado in the
United States, the cold surge from the RFD caused the near-surface internal out-flow to
develop streamwise vorticity due to surface friction, which was then lifted and stretched
by the convergence center, ultimately resulting in the tilting and rapid intensification of the
tornado vortex.

In order to further investigate the role of the cold surge in the tornadogenesis process,
we analyzed in detail the evaluation of the tornado vortex in the 5 min’ prior tornadogenesis
(Figure 6). It can be seen that as the cold surge moves towards the convergence center
(indicated by the red arrow), the gust front further bends and splits into the front flank
gust front (FFGF) and the rear flank gust front (RFGF) with the convergence center as
the boundary (Figure 6a). At this time, a vertical vorticity maximum center appears on
the rear side of the gust front at the leading edge of the cold surge, and it continuously
moves towards the convergence center as the cold surge is approaching. At this time, the
vertical vorticity is still relatively small and no vortex wind field is formed, so we refer
to it as the pre-tornado vortex (hereinafter referred to as PTV; Figure 6a,b). Then, as the
cold surge further approaches, the PTV also approaches the convergence center. Under the
influence of stretching in the convergence center, the vertical vorticity begins to rapidly
increase and a vortex wind field is formed, which indicates the tornado vortex entering
the TLV stage (Figure 6¢c—e). According to the previous analysis, at this time, the core of
the low-level mesocyclone is also continuously descending and strengthening, causing the
near-ground convergence center also strengthen. This leads to further stretching of the TLV
in the convergence center and rapid strengthening, resulting in clear cyclonic features in
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the wind field, which causes the gust front to completely split and the near-surface wind

speed to continuously increase, ultimately reaching tornado intensity (Figure 6f).
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Based on the above analysis, it can be concluded that the cold surge from the RFD plays a
crucial role in the formation of tornadoes. The cold surge approaches towards the near-ground
convergence center ahead of the gust front, and the sinking airflow ahead of the cold surge
generates vertical vorticity at the leading edge of the cold surge. As the cold surge approaches
the convergence center, the descending of the low-level mesocyclone further strengthens the
convergence center. Subsequently, the vortex is stretched by the convergence center, causing the
vertical vorticity to rapidly increase and eventually form a tornado.

By analyzing the position and intensity changes of the tornado vortex at various times
during its life stage (Figure 7a), it can be seen that after the tornado vortex is generated
along the leading edge of the cold surge, it advances continuously along with the cold
surge and slowly enlarges, then starts to intensify rapidly and reaches the tornado intensity
after entering the near-ground convergence center. The tornado vortex then maintains
its position near the convergence center, gradually weakens, and eventually disappears
around 09:23 UTC. Figure 7b shows the horizontal wind field and perturbation pressure
during the mature stage of the tornado. It can be seen that the tornado vortex core produces
a violent low-pressure center, which is the product of the coincidence of the tornado vortex
with the near-ground convergence center. The intense low-pressure center continuously
sucks in the surrounding airflow into the tornado vortex core, forming a distinct cyclonic
wind field structure around the tornado, which increases the wind speed continuously.
Meanwhile, the stretching effect of the low-pressure center also further strengthens the
tornado vortex. Observing the vertical cross-section passing through the tornado core at this
moment (Figure 7c), it can be seen that the tornado vortex column has extended to a height
of 400 m AGL and sloped northwestward due to the influence of the low-level mesocyclone.
The closer the tornado vortex is to the ground, the stronger the vortex is, indicating that the
source of the tornado vortex is the near-surface airflow. The downdraft of the cold surge
enters the convergence center, undergoes a stretching effect in the convergence center, and
the vertical vorticity rapidly increases near the ground, extending to the upper layer, which
is consistent with the research results of Schenkman et al. [33].

To further investigate the three-dimensional structure evolution of the tornado vortex,
the three-dimensional vertical vorticity iso-surface at different times during its formation
process was plotted (Figure 8), with the viewing angle from northwest to southeast. It
can be observed that during the tornadogenesis process, the vorticity maximum core
corresponding to the low-level mesocyclone continuously descends and intensifies (red
arrow), with a near-ground convergence center directly underneath it. Meanwhile, the
cold surge (blue arrow) approaches the convergence center from right to left, pushing the
PTV (black arrow) at the leading edge of the cold surge closer to the convergence center
(Figure 8a). Later, the PTV moves under the low-level mesocyclone, and their vorticity
“merges” from the bottom (Figure 8b), indicating that the PTV enters the near-ground
convergence center and begins to intensify. As the low-level mesocyclone continues to
descend, the convergence center constantly strengthens, causing violent stretching of
the tornado vortex and a rapid increase in the vertical vorticity, entering the TLV stage
(Figure 8c). Subsequently, the tornado vorticity intensifies and eventually becomes a
tornado (Figure 8d). The three-dimensional evolution of the tornado vortex further confirms
the analysis presented above: The cold surge from the RFD moves towards the near-
ground convergence center, and the downdraft at the leading edge of the cold surge
produces vertical vorticity maxima, forming the PTV, which continuously approaches
the convergence center with the cold surge. Meanwhile, the descending of the low-level
mesocyclone further strengthens the convergence center. Subsequently, the PTV is stretched
after entering the convergence center, and the vertical vorticity rapidly increases and
ultimately causes tornadogenesis.
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Figure 7. (a) The positions of tornado vortices at different times on 7 July 2013, with the shading and
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0.2 57! (black). The red arrow represents a near-surface mesocyclone, the blue arrow represents the
cold air surge direction, and the black arrow represents the tornado vortex.
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3.2. Backward Trajectory Analysis

Backward trajectory analysis is a common method in tornado-related research, which
can visually reveal the parcels’ origin and movement process before entering the tornado
vortex core. The backward interpolation and integration of each term along the trajectories
can reveal the changes in the dynamic and thermodynamic states of parcels during the
movement process and play an important role in studying the origination of the tornado
vortex [39]. In early tornado research, accurate calculations of parcels’ backward trajectories
could not be performed due to incomplete observation data and a lack of near-surface
data. With the development of numerical models, gridded tornado process simulation data
have made backward trajectory analysis possible and greatly promoted the development
of tornado theory. In particular, the abundant computing resources in recent years have
increased the credibility of parcels’ trajectory calculations for high-resolution near-surface
process simulations. Some studies using high-resolution numerical simulation results
and backward trajectory analysis methods have made breakthroughs in exploring the
tornadogenesis mechanism of real tornadoes [33-35,38]. Therefore, in this study, a back-
ward trajectory will be calculated to analyze the specific sources and development of the
tornado vortex.

According to the analysis above, the approaching of the RFD cold surge to the near-
ground convergence center, along with the descending of the low-level mesocyclone which
strengthens the convergence center, subsequently rapidly intensifying the preexisted PTV
at the leading edge of the cold surge by the large stretching as the cold surge merged
into the convergence center, is the direct cause of tornadogenesis. The initial vertical
vorticity of PTV obtained by the downdraft at the leading edge of the cold surge during its
movement is the fundamental origin of the tornado vortex. Therefore, this study selected
the moment of 09:13:20 UTC (Figure 8c) as the initial time for the backward trajectory. At
this time, the PTV at the leading edge of the cold surge had already entered the near-ground
convergence center. Under the influence of the descending of the low-level mesocyclone, the
convergence center continued to strengthen, causing the PTV column to experience intense
stretching and the extending upward, forming a TLV from the surface with maximum
vertical vorticity exceeding 0.2 s~. Selecting this moment as the initial time for backward
trajectory can ensure that the parcels’ trajectory includes the above movement processes,
including the approaching of the cold surge, the downdraft of the mesocyclone, and the
stretching and lifting in the convergence center, so that the backward trajectory analysis
can fully reflect the entire process of the tornadogenesis. Besides that, at the same time, the
selected moment, which before the vortex rapidly intensifies further, can avoid the intense
stretching effect of the vorticity in later moments, which would lead to the stretching effect
occupying too much of the vorticity increment in the backward trajectory analysis and
affecting the determination of the origin of the parcel’s vorticity.

In summary, 896 parcels were selected at the moment when the vertical vorticity was
greater than 0.15 s~! (Figure 9) as the initial parcels for backward trajectory analysis. To
ensure that the parcels’ trajectory reflects the contributions of different effects to the growth
of the tornado vortex reasonably, the initial parcels were uniformly distributed in space,
with a spacing of 10 m between each parcel in both the horizontal and vertical directions.
The height of the bottom parcel is 10 m AGL, which is the lowest level of the model. It
can be seen that the distribution of parcels in space is more concentrated near the ground
than at higher levels because the growth of vertical vorticity starts from near the ground
and extends upward. This can reflect the movement process of parcels near the ground
as accurately as possible, and the parcels at upper levels can also reflect the process of
stretching and lifting under the influence of the convergence center comprehensively. In
order to accurately and comprehensively record the movement process of parcels, the time
step for calculating the backward trajectory was set to 0.2 s, which is one-tenth of the output
time interval of the model. This can ensure that the calculated trajectory reflects the actual
movement process of the parcels as much as possible. At the same time, the backward
trajectory calculation was continued backward to the initial time of the innermost grid
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of the simulation, which is 09:00 UTC, so that the trajectory results can comprehensively
rebuild the entire life of the parcels and their origin.
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Figure 9. Distribution of initial positions of the trajectories. The red contour represents the vertical
vorticity of 0.15 s 1at09:13:20 UTC on 7 July 2013.

Figure 10 displays the horizontal trajectory map of all parcels initialized in the tornado
vortex column, from the model start time (09:00 UTC) to the moment when they converge
into the tornado vortex (09:13:20 UTC). The color of the trajectory indicates the parcel’s
height at that moment. The starting time of each trajectory is marked in the figure, and the
red dot denotes the position of the tornado vortex and the endpoint of all trajectories. It can
be seen that most of the parcels come from the near-surface environment surrounding the
tornado vortex, and they move near the ground for most of the time, with their positions
distributed around the near-ground convergence center. After the convergence center
increases due to the descending of the low-level mesocyclone, these parcels are influenced
by the suction effect of the convergence center and are “sucked” into the convergence
center, converging into the tornado vortex core and being lifted up by the influence of the
convergence center. The movement process of these parcels is relatively simple, without
experiencing large-scale upward and downward motion.

At the same time, about 100 parcels were initiated in the RFD region and followed the
cold surge to the northeast direction (blue arrow). During this process, they experienced
upward and downward motion and then merged into the near-ground convergence center
with the cold surge. Before converging into the tornado vortex core and being lifted up, they
experienced significant near-ground motion. The trajectories of these parcels are consistent
with the analysis presented above: The parcels originating from the RFD followed the cold
surge to approach the convergence center, and influenced by the downdraft in the cold
surge, these parcels were forced to descend to the ground, where the initial vorticity was
generated because of the frictional effect near surface. Then, they followed the leading edge
of the cold surge into the convergence center, where the vertical vorticity rapidly increased
by the stretching effect in the convergence center, and lifted by the updraft, forming a
tornado vortex. Therefore, it can be inferred that these parcels play an important role in
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the initial vorticity generation process of the tornado. In the following part, we will extract
these parcels separately and further analyze and verify the hypothesis above.
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Figure 10. The trajectory plot of the parcels, where the color of the trajectories represents the height
(m) of the parcels. The red dots indicate the location of the tornado vortex. The blue arrows represent
the direction of the cold front.

By separately plotting the trajectories of the parcels following the cold surge (the
parcels in black and the trajectories in gray) and superimposing them onto the 6, field (in
color) and wind field (in arrow) at the average altitude of the parcels at the corresponding
time (Figure 11), it can be seen that the parcels originating from the RFD were initially
located at an altitude of approximately 200 m AGL. As the cold surge approached towards
the convergence center, these parcels followed and converged at the leading edge of the
cold surge (Figure 11a). Meanwhile, under the influence of the downdraft within the cold
surge, the average altitude of these parcels continued to decrease. At 09:05:00 UTC, the
mean altitude of the parcels was 180 m AGL (Figure 11a) and subsequently decreased to
60 m AGL by 09:07:30 UTC (Figure 11b) as they descended with the downdraft. After that,
the parcels quickly descended towards the near-surface layer by 09:10:50 UTC, and their
average altitude was only 10 m AGL (Figure 11c). It should be noted that the bottom layer
of the simulation model was set at 10 m AGL, indicating that the parcels were horizontally
moving at ground level at this time. During this period, the parcels remained at the leading
edge of the cold surge and constantly approached towards the near-ground convergence
center. Based on the time-height plot of the parcels, it was estimated that the parcels
moved near the surface for approximately 6 min. Subsequently, the parcels followed the
cold surge into the convergence center and were lifted upwards due to the stretching
effect within the convergence center (Figure 11d). The rapid increase in vertical vorticity
within the convergence center led to the formation of a tornado. The black solid line in the
figure represents the average trajectory of the parcels. Previous studies have shown that
the near-surface movement of parcels usually causes the frictional generation of vorticity,
which is considered to be the source of the initial vorticity of tornadogenesis [33-35,38].
This phenomenon was also observed in this study.
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Along the vertical profile of the average trajectory shown by the black solid line in

at (a) 09:05:00 UTC, (b) 09:07:30 UTC, (c) 09:10:50 UTC, and (d) 09:13:20 UTC on 7 July 2013. The
trajectories of parcels from the cold surge are superimposed on the plot (in gray), with the average
Figure 11d, the vertical distribution of ¢, field (in colors), vertical velocity field (contour
lines), and the parcels” position (black dots) were further observed (Figure 12). At the
beginning stage, the parcels were uniformly distributed at 100200 m AGL (Figure 12a),
located on the leading edge of the cold surge (blue arrow). In front of the cold surge, the
center (red arrow) was formed. With the movement of the cold surge (Figure 12b), the

updraft core corresponding to the low-level mesocyclone (black arrow) extended to the
ground and was located at about 600 m AGL, below which a near-ground convergence
parcels were influenced by the downdraft within the cold surge and moved downwards

Figure 11. The 20 m AGL equivalent potential temperature (shaded, K) and wind arrows (m s™1)

trajectory shown in black.
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to below 100 m AGL. At the same time, the low-level mesocyclone also kept descending,
leading to further strengthening of the convergence center. Subsequently, all the parcels
sank to the ground level (Figure 12c), approaching the convergence center continuously
with the cold surge. Meanwhile, the mesocyclone descended further to 300 m AGL, causing
the convergence center to continue to grow. Finally, the parcels quickly lifted after entering
the convergence center (Figure 12d), leading to the strengthening of the tornado vortex.
This further confirms the previous hypothesis and demonstrates the crucial role of the cold
surge in tornadogenesis, which is consistent with recent studies [33,38].
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Figure 12. Vertical cross-sections of equivalent potential temperature (shaded, K) and vertical velocity
(contours, m s~ 1) along the mean track shown by the black line in Figure 11a at (a) 09:05:00 UTC,
(b) 09:07:30 UTC, (c) 09:10:50 UTC, and (d) 09:13:20 UTC on 7 July 2013. The position of the parcels at
the corresponding time is indicated by a black dot. The red arrow denotes the center of the low-level
convergence, the blue arrow indicates the direction of the cold surge, and the black arrow represents

the near-surface cyclone.

3.3. Flux Analysis of Tornado

To study the mass distribution of the airflow entering the core of the tornado vortex
during its formation, as well as the contribution of airflow at different levels to the growth
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of the vorticity of the tornado vortex column, the vertical distribution of mass flux and
vorticity flux of the airflow entering the tornado vortex was investigated. Figure 13a shows
a schematic diagram of a three-dimensional tornado vortex column at the moment of
tornado formation (09:13:20 UTC, also the initial time of trajectory analysis), with the red
iso-surface representing the 0.1 s~! vertical vorticity. Using the tornado vortex column as
the core, a blue cylindrical surface encompassing the tornado core was established. The
upper and lower boundaries of the cylinder are located at 10 m AGL and 410 m AGL,
respectively. The diameter of the lower circle is 200 m, with the center at the vortex core
near the ground, while the diameter of the upper circle is 400 m, with the center at the
corresponding height of the vortex core. The cylinder completely encloses the tornado
core with the upper and lower circles as boundaries and is uniformly distributed linearly
in the vertical direction. Note that the diameter of the lower circle is smaller than that of
the upper circle, taking into account that the tornado vortex is mainly developed from
near the ground, where the parcels are stretched and lifted to the upper level by the near-
ground convergence center. Therefore, the parcels at the upper levels enter the tornado
core earlier than those at the lower levels, and the vorticity of the parcels at the upper levels
decreases during the stretching and lifting process due to the decrease in velocity with
increasing height. This leads to the “thick bottom and thin top” structure of the tornado
vortex. Therefore, to eliminate the difference between the upper and lower layers within
the tornado vortex, the diameter of the upper circle is designed to be larger than that of the
lower circle.
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Figure 13. (a) The 0.1 s~ ! vertical vorticity contour surface of the tornado at 09:13:20 UTC on 7 July
2013, viewed from northeast to southwest. (b,c) The vertical profiles of mass flux (g m2s 1) and
vorticity fluxes (m~2) calculated with respect to the blue cylindrical surface in (a), where the direction
of the inflow to the cylinder is defined as positive.

Figure 13b,c show the vertical profiles of the mass and vorticity fluxes of the airflow at
different altitudes on the blue cylindrical surface in Figure 13a, with the airflow entering
the tornado vortex as positive flux and the outflow as negative flux. From the vertical
profile of mass flux (Figure 13b), it can be seen that most of the airflow entering the tornado
vortex comes from the lower atmosphere below 300 m AGL, and the mass flux increases
with decreasing height, reaching a maximum near the ground. The negative flux at heights
above 300 m AGL represents the outflow of the upper-level airflow from the tornado
vortex. The same phenomenon can also be observed in the vertical profile of vorticity flux
(Figure 13c): The vorticity flux is positive in the lower atmosphere below 200 m AGL and
increases quickly with decreasing height, reaching the maximum in the ground level, while
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the upper layers are dominated by negative vorticity flux. The analysis above indicates
that the airflow entering the core of the tornado mainly comes from levels below 300 m
AGL, with a larger inflow at lower altitudes. Moreover, the low-level inflow contributes
positively to the growth of the tornado vortex, indicating that the airflow contributing to
the growth of the tornado vortex mainly comes from the levels below 200 m AGL, and is
mainly concentrated near the ground.

This conclusion is consistent with the results of trajectory analysis in the previous
section: Parcels entering the tornado vortex experience vorticity generation due to surface
friction during near-ground motion. As it enters the near-ground convergence center, it
undergoes stretching and uplift, resulting in rapid intensification of vertical vorticity and
the formation of a tornado.

4. Discussion and Conclusions

In this study, a typical supercell tornado event in eastern China is selected for numer-
ical simulation, and its formation mechanism is analyzed in depth. On the afternoon of
7 July 2013, an EF2 tornado occurred in Gaoyou County, Jiangsu Province. The tornado
formed in a supercell thunderstorm near the Meiyu front system and lasted for about
20 min. The ARPS numerical model is used in this study, and the 4DEnKF is applied
to assimilate Taizhou S-band Doppler radar data located near the tornado. A four-layer
one-way nested grid with the inner-most horizontal grid spacing of 50 m is used. The
simulation results reproduce the tornado embedded within the supercell with a reasonable
agreement with observations. Based on the 50 m grid simulation results, the following
conclusions are disclosed:

(1) The cold surge from the RFD plays a key role in tornadogenesis. The cold surge
approaches towards the near-ground convergence center ahead of the gust front. The
downdraft within the cold surge generates vertical vorticity as descending to the ground,
forming a vertical vorticity maximum which is defined as PTV, which approaches the
convergence center as the cold surge moves forward. Meanwhile, the descending of the
low-level mesocyclone further strengthens the convergence center. The vortex is stretched
in the convergence center, causing a rapid increase in vertical vorticity, ultimately forming
a tornado.

(2) The backward trajectory analysis indicates that parcels originating from the RFD
move towards the convergence center following the cold surge. During the process, the
parcels are influenced by the downdraft within the cold surge and move near the surface,
and vertical vorticity is generated during the movement near the ground. Subsequently,
they merge into the convergence center following the cold surge, then being stretched and
lifted with the pregenerated vertical vorticity rapidly increasing, and forming the tornado
vortex eventually.

(3) Analysis of the mass and vorticity flux of the tornado vortex column indicates that
the airflow entering the tornado core comes mainly from the levels below 300 m AGL, and
the closer to the ground, the larger the inflow flux is. Furthermore, the low-level inflow
also contributes positively to the tornado vorticity flux, which mainly comes from the level
below 200 m AGL and is concentrated near the ground. This indicates that the near-surface
airflow contributes significantly to the growth of the tornado vorticity and the closer to the
ground, the greater the contribution has.

The results of this study further reveal the key importance of near-surface processes
in the formation of tornadoes and are first demonstrated in the real data simulation of
tornadoes in eastern China, which is consistent with cutting-edge theoretical advances
in this field in recent years, making a significant contribution to the investigation of the
dynamical process and formation mechanism of real tornadoes.

In addition, quantitative analysis of different vorticity equation terms on tornadogene-
sis, especially the contribution of surface friction to tornado vorticity generation, still needs
further investigation.
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