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Abstract: This study introduces a tornado perturbation model utilizing the cyclostrophic
wind model, implemented through a shallow-water equation framework. Four numerical
experiments were conducted: a single cyclonic wind perturbation (EXP1), a single low-
geopotential height perturbation (EXP2), a cyclonic wind perturbation with a 0 Coriolis
parameter (EXP3), and a single anticyclonic wind perturbation (EXP4). The outputs showed
that in a static atmosphere setting, a small-scale cyclonic wind perturbation generated a
tornado-like pressure structure. The centrifugal force in the central area exceeded the
pressure gradient force, causing air particles to flow outward, leading to a pressure drop
and strong pressure gradient. The effect of the Coriolis force is negligible for meso-γ-
scale and smaller systems, while for meso-β-scale and larger systems, it begins to have a
significant impact. The results indicate that a robust cyclonic and an anticyclonic wind field
can potentially generate a pair of cyclonic and anticyclonic tornadoes when the horizontal
vortex tubes in an atmosphere with strong vertical wind shear tilt, forming a pair of positive
and negative vorticities. These tornadoes are similar but have different rotation directions.

Keywords: tornado; numerical simulation; tornado-like low; small scale

1. Introduction
A tornado is a violently rotating column of air that is funnel-shaped and extends from

a cumulonimbus cloud, typically less than 2 km in diameter [1]. It is a small-scale weather
system with immense destructive power. Due to its unpredictable occurrence in terms of
time and location, direct observation is challenging, making numerical simulation a vital
tool for studying tornadoes.

Most of the research studies about tornadoes use complex 3D models, which are
most close to reality; however, the uncertainties in the initial conditions, microphysical
parameterizations schemes, and a sub-grid scale convection scheme can lead to inaccurate
simulations of precipitation location and intensity [2]. Therefore, the dynamic and synoptic
mechanism of tornado formation is still unclear. So, we simplified the complex real flow
field through the ideal simulation, only the dynamic disturbance is retained to study the
dynamics of the tornado-like low.

Research has identified that tornado formation requires significant vertical vorticity
in the low-level atmosphere [3–7], often associated with low-level strong horizontal wind
shear [8]. The environmental vorticity contributes to stronger upward pressure gradi-
ent accelerations [9,10]. Two primary mechanisms have been proposed to explain how
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air parcels near the surface gain substantial vertical vorticity. The first, known as the
downdraft mechanism, involves horizontal vorticity tilting upward or downward through
downward flow [3,11], a concept supported by several numerical simulations [12,13]. This
mechanism may explain the generation of the initial vorticity. The second mechanism,
termed “in-and-up mechanism,” occurs when the horizontal vorticity vector tilts upward
due to a strong ascending motion gradient on the ground, leading to the formation of
vertical vorticity [6,14–16]. Both mechanisms involve the tilting of horizontal vortex tubes.
When a horizontal vortex tube tilts into a vertical vortex, a strong horizontal rotating
wind field forms. However, the intense pressure characteristic of tornadoes does not
emerge immediately. Key questions arise: How are the extremely low pressure and strong
horizontal pressure gradient inside a tornado generated? Are these phenomena related
to the quasi-equilibrium relationship between the pressure field and wind field, as pro-
posed by [17]? What is the time scale of such adaptive process? These questions merit
further investigation.

In large-scale weather systems such as cyclones and anticyclones, the Coriolis force
plays a crucial role. For instance, the dynamics of a tropical cyclone can be viewed as a bal-
ance among the Coriolis force, pressure gradient force, and centrifugal force. The impact of
the Coriolis force on smaller-scale weather systems, like tornadoes, has been a subject of de-
bate. Some researchers believe that tornadoes, often occurring within supercell systems, are
influenced by the Coriolis force, so its effect should not be disregarded [18–20]. For instance,
a weak Coriolis force could alter the vortex’s rotation direction, as indicated by modifi-
cations in the minimum value of the Ginzburg–Landau equation [21]. Conversely, other
studies suggest that the Coriolis force is frequently overlooked in dimensional analyses of
supercells and tornadoes [22]. In the realm of numerical tornado simulation, approaches
vary. Some studies exclude the Coriolis force entirely, e.g., [9,16], while others incorporate
it, focusing primarily on wind perturbations, e.g., [6,7,10,23,24]. Certain simulations aim to
maintain a balance among pressure gradient, Coriolis force, and friction force to keep the
ambient wind profile constant [25]. Although the Coriolis force is often considered in the
context of supercell and tornado-like vortex scales, its influence on smaller tornadoes and
their parent bodies remains unclear. This area warrants further investigation to understand
the full extent of the Coriolis force’s impact on tornado genesis.

In atmospheric studies, most observed tornadoes exhibit cyclonic rotation, with an-
ticyclonic tornadoes being relatively rare [20]. For instance, Snider [26] found only one
anticyclonically rotating tornado among 100 cases. Similarly, Fujita [27] reported 29 anticy-
clonic tornadoes in the USA over a span of 27 years. In Japan, a study by Niino et al. [28]
covering 1961 to 1993 indicated that approximately 15% of tornadoes were anticyclonic.
Additionally, Chernokulsky et al. [29] presented a database of Northern Eurasian tornadoes
from the 10th century to 2016, revealing that only five out of 203 tornadoes with known
rotation directions were anticyclonic. The rotation direction of tornadoes may be linked to
middle-level mesoscale vortices. Most middle-level vortices in supercells are mesocyclones,
spreading toward the right side of the weighted average wind of the troposphere [30]. In
rarer instances, they manifest as mesoanticyclones, resembling the mirror image of cyclonic
supercells [31,32]. These mesoanticyclones can produce anticyclonic tornadoes [33,34].
Anticyclonic tornadoes can also form in cyclonic supercells, typically at the end of rear-
flank gust front, and may coexist with strong mesocyclones or cyclonic tornadoes [1,35–39].
Complex terrain also influences tornado rotation direction. Carbajal et al. [20] found that
in Mexico’s volcanic belt region, the proportion of anticyclones reached 50%. On a larger
scale, cyclones in the northern hemisphere generate low pressure, and anticyclones produce
high pressure. When rotation is weak, the centrifugal force is weak, primarily between the
pressure gradient force and the Coriolis force. However, in small-scale tornadoes, both
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cyclonic and anticyclonic tornadoes form depressions. The formation of depressions within
strong vertical negative vorticity in anticyclone wind fields is particularly noteworthy.

This study aims to delve deeper into the formation process of anticyclonic tornadoes.
Utilizing the shallow-water equation model, we constructed an ideal cyclostrophic wind
field for small-scale tornadoes. We simulated the tornado pressure field formation process
and investigated the role of the Coriolis force in the rotational airflow equilibrium of
tornadoes through comparative experiments.

2. Model and Methods
2.1. Introduction of the Shallow-Water Equation Model

The shallow-water equation model employed in this study was developed by Erbes
at Stockholm University, Sweden [40]. This model represents a high-resolution, non-
oscillatory staggered method. It is grounded in hyperbolic conservation laws and utilizes
the Lax–Friedrichs scheme. The accuracy of this model surpasses that of traditional finite
difference schemes.

This model operates in a 2D flux form. It omits the impacts of factors such as viscosity
and stratification, ensuring adherence to the principles of mass conservation and momen-
tum conservation. It is designed to handle discontinuous phenomena effectively. Spatial
differences are calculated using a centered difference scheme, while temporal differences
are addressed with the leap-frog scheme, complemented by Asselin smoothing. Radia-
tion boundary conditions are incorporated. This mode provides a robust approximation
of actual atmospheric and oceanic motions. The underlying equation for the model is
as follows:
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2
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+
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where
s(uh) = −gh

∂hT
∂x

+ f vh + K∇2(uh), (4)

s(vh) = −gh
∂hT
∂y

+ f uh + K∇2(vh), (5)

s(h) = K∇2(h). (6)

where u and v represent the horizontal wind speeds in the x- and y-directions, respectively;
h denotes the fluid depth; and hT stands for the terrain height. The diffusion coefficient is
represented by K, g indicates the gravitational acceleration, and f is the Coriolis parameter.
The symbol ∇2 denotes the Laplace operator. The model’s horizontal resolution is set at
40 m. The average fluid depth is assumed to be 1000 m. The grid consists of 501 × 501
lattice points, covering an area of 20 × 20 km2. The time step for the simulation is 0.1 s,
with the output of results at every 1 s interval, and the total integration time is 2 min.

2.2. Initial Field of Tornado

The tornado wind model in this study was derived from the equilibrium between
the pressure gradient force and the inertial centrifugal force in an ideal perturbation
geopotential height field. Given that a tornado is characterized by a depression system
with an extremely steep pressure gradient, the geopotential height field perturbation is
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configured to decay exponentially from the center outward. The mathematical expression
for this configuration is as follows:

ϕ = ϕ0e−cr3
, (7)

where c represents the attenuation coefficient, and ϕ0 denotes the perturbation geopotential
height at the tornado’s center. The variable r is used to indicate the distance of an air
particle from the tornado’s center. Considering the extremely strong pressure gradient force
typically found in tornadoes, this model uses r3 for more accurate representation. Once
the perturbation geopotential height field is established, the wind field in a rectangular
coordinate system can be determined. In the context of a cyclostrophic wind condition,
where the pressure gradient force and the inertial centrifugal force are in equilibrium, the
relationship between the velocity of the cyclostrophic wind and the geopotential height in
a polar coordinate system is expressed follows:

V2
c = −∂ϕ

∂n
r, (8)

where Vc refers to the speed of cyclostrophic wind; ∂ϕ
∂n refers to the geopotential height

gradient of the polar coordinate system; and in the rectangular coordinate system,
r =

√
x2 + y2.

The relationship between the geopotential height gradient in the polar coordinate
system and that in the rectangular coordinate system:

∇ϕ =
∂ϕ

∂n
r =

∂ϕ

∂x
i +

∂ϕ

∂y
j, (9)

Hence, the conversion relation between the geopotential height gradient in the polar
coordinate system and that in the rectangular coordinate system is(

∂ϕ
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=
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(
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, (10)

and
V2

c = u2 + v2, (11)
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(x2 + y2), (12)

Equations (10) and (11) are substituted into Equation (8) to obtain Equation (12).
As illustrated in Figure 1, consider the position coordinates of an air particle in the

rectangular coordinate system to be (x,y). Let θ represent the angle between the line
connecting these coordinates to the origin and the x-axis. Using these definitions, we can
establish the relationship x, y, u, and v as follows:

tan θ =
y
x
=

u
v

. (13)

Substitute Equation (13) into Equation (12) and derive the expression of u and v
as follows:

u = y


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, (14)
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v = x
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Figure 1. Schematic diagram of the relationship between polar coordinates and rectangular coordinates.

Utilizing Equations (7), (14) and (15), we can determine the perturbation geopotential
height field and the perturbation wind field at the initial moment of the simulation. Setting
ϕ0 as −800 gpm, we obtain an idealized perturbation geopotential height and perturbation
wind, as illustrated in Figure 2. Figure 2a depicts the initial perturbation, which has a
diameter of approximately 700 m. This dimension aligns closely with the typical scale
of actual tornadoes. Figure 2b,c show the corresponding wind field, with a maximum
wind speed of approximately 100 m s−1. This speed also mirrors real-world tornado
scenarios, reflecting the model’s accuracy in simulating tornado-like conditions. The initial
background field of the model is a static atmosphere. This is represented by setting the
background geopotential height uniformly to 1000 gpm across the entire field and assuming
an initial wind speed of 0 m s−1.
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2.3. Experiment Protocol

In this study, we designed four idealized experiments to study the formation and
development of tornadoes. The specifics of each experiment protocol are summarized in
Table 1. These experiments involved varying the initial field and the Coriolis parameter to
create three sets of comparative tests. In EXP1, we used a cyclonic wind field as the initial
condition without an equilibrium geopotential height field. The Coriolis parameter, f, was
set as 7.292 × 10−5 s−1. The results from EXP1 serve as a basis for comparison with the
other three experiments. The EXP2 setup involved a geopotential height field without an
equilibrium wind field, also with f set at 7.292 × 10−5 s−1. This allowed for the analysis of
the evolution of a single pressure field in comparison to EXP1. Similar to EXP1, in EXP3,
we used a cyclonic wind field as the initial condition without an equilibrium geopotential
height field, but with f set to 0. This design helps analyze the influence of the Coriolis
force on tornado development in comparison to EXP1. In EXP4, we used an anticyclonic
wind field as the initial condition without an equilibrium geopotential height field, with f
again at 7.292 × 10−5 s−1. This helped analyze the evolution process of anticyclonic wind
perturbation in comparison to EXP1. All experiments were conducted against a backdrop
of a static atmospheric field.

Table 1. Numerical test protocols.

Test Name Initial Field
Perturbation Type

Coriolis
Parameter f (s−1) Purpose

EXP1 Cyclonic wind field 7.292 × 10−5 Simulate the evolution process of a single given
cyclonic wind field.

EXP2 Geopotential height
perturbation 7.292 × 10−5 Simulate the evolution process of a single given

pressure field.

EXP3 Cyclonic wind field 7.292 × 10−5 or 0

Simulate the evolution process of a single given
cyclonic wind field considering or without

considering the Coriolis force. Sixteen tests were
designed to analyze the influence of the Coriolis force

in vortices with different scales, as seen in Table 2.

EXP4 Anticyclonic wind
field 7.292 × 10−5 Simulate the evolution process of the perturbation of

a single given anticyclonic wind field.
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Table 2. Numerical test protocols of EXP3.

Test
Name

Diameter of
Vortex (km) f (s−1) Test

Name
Diameter of
Vortex (km) f (s−1)

EXP3.1 0.56 0 EXP3.9 0.56 7.292 × 10−5

EXP3.2 1.2 0 EXP3.10 1.2 7.292 × 10−5

EXP3.3 2.48 0 EXP3.11 2.48 7.292 × 10−5

EXP3.4 5.4 0 EXP3.12 5.4 7.292 × 10−5

EXP3.5 11.2 0 EXP3.13 11.2 7.292 × 10−5

EXP3.6 24.6 0 EXP3.14 24.6 7.292 × 10−5

EXP3.7 52 0 EXP3.15 52 7.292 × 10−5

EXP3.8 112.8 0 EXP3.16 112.8 7.292 × 10−5

3. Numerical Simulation
3.1. EXP1
3.1.1. Geopotential Height

Figure 4 illustrates the evolution of the geopotential height and wind during the EXP1
simulation. This experiment demonstrates the effects of a strong cyclostrophic wind field
on the central geopotential height of a cyclone. At t = 1 s, there was a slight decrease in
the central geopotential height. At t = 2 s, the central geopotential height had dropped
below 900 gpm. At t = 3 s, it further decreased to below 750 gpm. The minimum value
was reached at t = 7 s, falling below 550 gpm, which resulted in a strong pressure gradient.
Subsequently, the central geopotential height began to gradually increase, reaching above
850 gpm by t = 25 s. Throughout the simulation, the wind speed consistently decreased
due to dissipative effects. The maximum wind speed in the field dropped from the initial
100 m s−1 to 60 m s−1 at t = 7 s and to 30 m s−1 when t = 25 s. The wind field transitioned
from a non-divergent state to an outwardly divergent cyclonic rotation. During the intense
depression development stage, specifically from t = 3 to 7 s (Figure 4c–e), the peripheral
geopotential height of the system increased, exceeding the average fluid depth. EXP1
successfully simulated a tornado-like depression system characterized by extremely low
central pressure and a strong pressure-gradient structure.

Figure 5a provides a detailed view of the temporal changes in the central geopotential
height during the EXP1 simulation, illustrating the dynamics of the tornado-like system’s
geopotential height. The variation in geopotential height over time is characterized by
a parabolic shape. The geopotential height of the center rapidly decreased when the
simulation began, reached its lowest value of 505.22 gpm a t = 7 s, and then rapidly
increased to nearly 800 gpm before continuing to slowly increase. After t = 40 s, the
geopotential height approached the average fluid depth, stabilizing around 1000 gpm.

Figure 6 presents a 3D structure chart of the geopotential height, vividly illustrating
the development of a tornado-like funnel-shaped structure from top to bottom. Initially,
the surface geopotential height was set at 1000 gpm. As the simulation progressed, the
surface geopotential height at the center of the perturbation rapidly decreased, leading
to the formation of a funnel-like structure characteristic of a tornado. This formation can
be attributed to the high-speed rotation of air, generating substantial centrifugal force.
Initially, the pressure field failed to quickly develop an inward pressure gradient force to
counterbalance this centrifugal force, resulting in the outward flow of air due to centrifugal
action. This outward flow led to a decrease in the mass of the air column near the center,
causing a drop in pressure (or a decrease in geopotential height), consequently forming a
depression. This dynamic is clearly evidenced when comparing the centrifugal force and
pressure gradient force, as shown in Figure 4b. Until approximately t = 6 s, the centrifugal
force exceeded the pressure gradient force. After this point, at t = 13 s, the pressure gradient
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force became greater than the centrifugal force, leading to airflow convergence and the
eventual filling of the depression. This phenomenon aligns with real atmospheric behaviors.
In convective clouds, strong horizontal vortex tubes tilt, creating vertical vorticity. The
resulting high-speed rotation of the air causes the pressure field to lag in balancing with
the centrifugal force, leading to air flowing outward from the vortex center and forming a
strong depression. Notably, the equilibrium process of the pressure field adapting to the
wind field can be completed within a few seconds, as demonstrated under the influence of
the wind field perturbation in our simulation.
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Figure 5. (a) Vortex center geopotential height (gpm), (b) changes in the centrifugal force (N), and
pressure gradient force (N) of the unit mass air at a lattice point of 40 m from the eastern part of the
vortex center in the EXP1 simulation. (The first place of the number in parentheses in the figure refers
to the integral time (s), and the second place refers to the central geopotential height value (gpm); the
same applies below).



Atmosphere 2025, 16, 108 9 of 19

Atmosphere 2025, 16, 108 9 of 20 
 

 

refers to the integral time (s), and the second place refers to the central geopotential height value 
(gpm); the same applies below). 

Figure 6 presents a 3D structure chart of the geopotential height, vividly illustrating 
the development of a tornado-like funnel-shaped structure from top to bottom. Initially, 
the surface geopotential height was set at 1000 gpm. As the simulation progressed, the 
surface geopotential height at the center of the perturbation rapidly decreased, leading to 
the formation of a funnel-like structure characteristic of a tornado. This formation can be 
attributed to the high-speed rotation of air, generating substantial centrifugal force. Ini-
tially, the pressure field failed to quickly develop an inward pressure gradient force to 
counterbalance this centrifugal force, resulting in the outward flow of air due to centrifu-
gal action. This outward flow led to a decrease in the mass of the air column near the 
center, causing a drop in pressure (or a decrease in geopotential height), consequently 
forming a depression. This dynamic is clearly evidenced when comparing the centrifugal 
force and pressure gradient force, as shown in Figure 4b. Until approximately t = 6 s, the 
centrifugal force exceeded the pressure gradient force. After this point, at t = 13 s, the 
pressure gradient force became greater than the centrifugal force, leading to airflow con-
vergence and the eventual filling of the depression. This phenomenon aligns with real 
atmospheric behaviors. In convective clouds, strong horizontal vortex tubes tilt, creating 
vertical vorticity. The resulting high-speed rotation of the air causes the pressure field to 
lag in balancing with the centrifugal force, leading to air flowing outward from the vortex 
center and forming a strong depression. Notably, the equilibrium process of the pressure 
field adapting to the wind field can be completed within a few seconds, as demonstrated 
under the influence of the wind field perturbation in our simulation. 

 

Figure 6. Three-dimensional structure chart of geopotential height in the EXP1 simulation (colored-
in area, gpm) and its projection on a horizontal plane (contour line, gpm). 

Figure 7 features a video snapshot captured during a tornado event in Dafeng Dis-
trict, Yancheng, Jiangsu Province of China, on 13 August 2023. The video commences with 
the funnel-shaped cloud already mid-air. Analysis of the footage reveals that the tornado’s 
funnel descended rapidly from mid-air to the ground, taking approximately 6 s from the 
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Figure 6. Three-dimensional structure chart of geopotential height in the EXP1 simulation (colored-in
area, gpm) and its projection on a horizontal plane (contour line, gpm).

Figure 7 features a video snapshot captured during a tornado event in Dafeng District,
Yancheng, Jiangsu Province of China, on 13 August 2023. The video commences with the
funnel-shaped cloud already mid-air. Analysis of the footage reveals that the tornado’s
funnel descended rapidly from mid-air to the ground, taking approximately 6 s from the
start of the recording to touchdown. This observation suggests that the entire descent from
the cloud base to the ground likely took more than 10 s. Comparatively, this real-world
tornado’s development timeline closely aligns with our simulation results. In the simulation,
the tornado-like structure developed its most intense stage within approximately 7 s
following the initial perturbation.
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3.1.2. Divergence and Vorticity

Figure 8 illustrates the evolution of the divergence field during the EXP1 simulation,
shedding light on the airflow dynamics, particularly the outflow from the central region.
Initially, the cyclostrophic wind field exhibited vorticity but no divergence. However, as
the simulation progressed, the air began to diverge and flow outward. The tornado-like
depression-intensification stage (t = 1–7 s, Figure 7a–e) is marked by increasing divergence
at the tornado-like structure’s center. The divergence area’s radius gradually expanded,
reaching approximately 250 m for regions with divergence greater than 0.1 s−1. The
maximum divergence value recorded was 0.3 s−1 at t = 3 s, which was approximately
104 times higher than the magnitude of large-scale divergence of 10−5 s−1. A ring of
convergence formed outside the divergence region, corresponding to the high geopotential
height area seen in Figure 4. This convergence, along with the increase in geopotential
height, indicates air accumulation and an increase in the mass of the air column.
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Figure 8. Evolution of the divergence field (colored-in area, s−1) and wind field (vector, m s−1) in the
EXP1 simulation.

At the peak of the tornado-like structure (t = 7 s, Figure 8e), the central divergence
value was 0.12 s−1, with a radius of approximately 500 m for the divergence region. Post
t = 7 s, the divergence region expanded rapidly outward while decreasing in intensity. By
t = 9 s, the center began to show signs of convergence. As the divergence area expanded
outward, the wind speed decreased, and the centrifugal force also decreased. Consequently,
due to the inward pressure gradient force, air converged inward, filling the depression
region and further diminishing the tornado-like activity. At t = 25 s (Figure 8i), the tornado-
like activity tended to dissipate, and the divergence approached 0.
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Figure 9 depicts the east–west distribution of divergence and vorticity through the
center of the tornado-like structure at various stages of the simulation. At t = 1 s, the
maximum divergence value was located approximately 100 m from the vortex center. It
then rapidly moved toward the center. The central region exhibited positive vorticity,
peaking at a distance of approximately 100 m from the vortex center. The vorticity value
decreased from roughly 0.8 s−1 at t = 1 s to around 0.4 s−1 at t = 7 s. This maximum vorticity
magnitude was nearly 104 times greater than the typical large-scale vorticity. Interestingly,
a region of negative vorticity formed on the outer side of the positive vorticity area. This
was primarily due to the negative shear created by the rapid decrease in wind speed along
the radial direction, particularly near the 400 m mark outside the tornado-like vortex.
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3.2. EXP2

After the equilibrium of atmospheric motion was disrupted, the wind field and pres-
sure field adjusted to each other and reestablished a new equilibrium relationship. The
wind field adapted to the pressure field in large-scale motion, while the pressure field
adapted to the wind field in small-scale processes. EXP1 indicates that strong cyclonic
wind field perturbations can excite the tornado-like depression structure. EXP2 was de-
signed to investigate whether a tornado-like wind field structure could emerge solely from
geopotential height perturbation in the absence of a strong cyclonic wind field. In this
experiment, f = 7.292 × 10−5 s−1, the background geopotential height was 1000 gpm, and
the geopotential height at the depression center after the perturbation was added was
200 gpm.

Figure 10 shows the geopotential height field and wind field in the EXP2 simulation.
At the beginning of the integration, the geopotential height perturbation quickly excited a
purely radial wind field without generating a rotating wind. The maximum wind speed
initially increased, peaking at around 40 m s−1 at t = 3 s, before subsequently decreas-
ing. The peak wind speed occurred several hundred meters from the center, leading to
strong central convergence, and divergence outside the maximum radial wind speed zone.
Due to air convergence, the central region’s geopotential height increased rapidly. By
t = 3 s, it rose to above 450 gpm, eventually transforming into a high-pressure center by
t = 5 s. The divergence outside the maximum radial wind speed resulted in a decrease in
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geopotential height, forming “high–low–high” patterns in the geopotential height struc-
ture. EXP2 failed to simulate the vortex flow field of the tornado, suggesting that under
small-scale conditions, even with a large Coriolis parameter, simple atmospheric pressure
perturbations cannot evolve into tornado vortices. This suggests that tornadoes likely
develop in convective clouds only if a strong rotating wind field emerges, creating an
extremely low-pressure field due to centrifugal force action. The Coriolis force, while not
crucial in the formation of small-scale tornadoes, may play a role in the mesoscale system
of the tornado’s parent environment.
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3.3. EXP3

The effect of the Coriolis force decreases with the scale of the system, but at which
scale can it be neglected? EXP3 designed 16 tests by increasing the diameter of the vortex.
The specifics of each experiment protocol are summarized in Table 2. The vortex scales
of EXP3.1 to EXP3.8 are gradually increased from 0.56 km to 112.8 km, and the Coriolis
parameter of these eight sets of experiments is taken as 0. EXP3.9 to EXP3.16 are designed as
the control group considering the effect of Coriolis force, for which the Coriolis parameter
is taken as 7.292 × 10−5 s−1. Since the vortex maintenance time becomes longer as its
scale increases, the integration time is extended accordingly. EXP3.1 to EXP3.4, and EXP3.9
to EXP3.12 were integrated for 240 s; EXP3.5 to EXP3.7, and EXP3.13 to EXP3.15 were
integrated for 80 min; and EXP3.8 and EXP3.16 were integrated for 2 h.

EXP3.1 was designed to delve deeper into the influence of the Coriolis force on tornado
formation. This was achieved by setting the Coriolis parameter to 0 in the same setup
as EXP1.

EXP3.1 yielded a tornado-like structure akin to that observed in EXP1. Figure 10a,b
display the temporal trends of the vortex center’s geopotential height in EXP1 and EXP3.1,
respectively. Figure 11c highlights the differences between the two simulations over
time. In EXP3.1, under the influence of the rotating wind, the geopotential height at
the vortex center rapidly declined, reaching its lowest point of 505.22 gpm at t = 7 s,
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before gradually recovering. Comparatively, the lowest geopotential height in EXP1 was
505.36 gpm, showing a negligible difference. The maximum geopotential height difference
between the two experiments was 0.21 gpm at t = 11 s. This minor discrepancy underscores
the limited impact of the Coriolis force on the formation of the tornado’s core structure.
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EXP3.1 simulations: (a) EXP1, (b) EXP3.1, and (c) EXP1-EXP3.1.

Figure 12(a1–a16) show the potential height along the axis of the vortex when the
potential height drops to its lowest, and Figure 12(b1–b16) show the potential height of
the vortex center (hmin) over time. As the diameter of the vortex increased, hmin also
decreased gradually from 505.36 gpm (Figure 12(b1)) to 251.98 gpm (Figure 12(b8)). In
the northern hemisphere, the Coriolis force causes the wind to drift to the right, thus
enhances the outward flow of air, so the cyclonic wind field has larger divergence, resulting
in lower potential height. Therefore, all hmin in Figure 12(b9–b16) are lower than that in
Figure 12(b1–b8).

In order to better determine the scale at which the effect of the Coriolis force begins to
be significant, the difference between the minimum of hmin for f = 0 and f ̸= 0 (DMH) over
the integration time is shown in Figure 13a, and the proportion of DMH to the minimum
of hmin (PDMH) is further obtained in Figure 13b. It is clear that DMH is always positive,
which means that the hmin of vortices considered the Coriolis force is lower than that of
vortices without the Coriolis force. Meanwhile, DMH increased from 0.08 gpm to 19.21 gpm
as the scale of the vortex increased. For the first five vortices with diameters less than
20 km, DMH is less than 2 gpm and PDMH is less than 1%, but for the sixth vortex with a
diameter of 24.6 km, DMH increases significantly. For the eighth vortex with a diameter of
about 110 km, DMH reaches 20 gpm, with PDMH nearly 9%. Therefore, the effect of the
Coriolis force is negligible for meso-γ-scale (horizontal scale between 2 km and 20 km) and
smaller systems, while for meso-β-scale (horizontal scale between 20 km and 200 km) and
larger systems, the Coriolis force has a significant effect.
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3.4. EXP4

How anticyclonic tornadoes develop was interesting. The earlier experiments about
the possibility of anticyclonic tornadoes were conducted by Ying and Change [41].
Snider [26] recorded a process in which cyclonic and anticyclonic tornadoes coexisted
and briefly analyzed their relationship. Monteverdi et al. [33] documented a rare anticy-
clonic tornado event that occurred in Sunnyvale and Los Altos, San Francisco Bay Area, on
4 May 1998. This was the first time an anticyclonic tornado was recorded by the WSR-88D.
Markowski and Richardson [9] indicated that relatively strong low-level vertical wind
shear may be necessary for the formation of anticyclonic vortices. This mechanism is
similar to the formation of cyclonic vortices, as it is related to the tilting of horizontal
vortex tubes formed by vertical wind shear. Bluestein et al. [30] discussed four anticyclonic
tornado processes recorded by a Doppler radar in Oklahoma and Kansas and analyzed
some of their common characteristics. They believed that the occurrence of anticyclonic
tornadoes might have multiple mechanisms like cyclonic tornadoes do. Two cases showed
that anticyclones existed in the lower troposphere, and two other cases were not thoroughly
analyzed in terms of the existence of anticyclones due to low data quality or the short
duration of the tornadoes. The above study indicates that the presence of an anticyclone
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in the lower troposphere before the occurrence of an anticyclonic tornado may be crucial.
For this purpose, an experiment was designed to create small-scale anticyclonic wind field
perturbations in EXP4.

While a majority of tornadoes are characterized by cyclonic wind fields, there exist
rare instances of anticyclonic tornadoes. These unique phenomena can emerge either
from mesoscale anticyclones or occur in tandem with strong mesocyclones or cyclone
tornadoes. Given the scarcity of anticyclonic tornadoes, there is a notable gap in data and
research surrounding their dynamics. This study aims to address this gap by simulating
the development process of anticyclonic tornadoes through an idealized model.

EXP4 introduces perturbations in an anticyclonic wind field against a static atmo-
spheric background, as shown in Figure 2c. The geopotential height field observed in EXP4
showed striking similarity to the cyclonic tornado-like structure observed in EXP1, includ-
ing the formation of a depression system. Figure 14 compares the changes in geopotential
height at the vortex center over time for both EXP1 and EXP4. Both EXP1 and EXP4 reached
their lowest geopotential height value at t = 7 s. For EXP4, this value was 505.5 gpm,
marginally higher than the 505.22 gpm observed for EXP1. As shown in Figure 14c, the
difference between the two experiments is minimal, peaking at a maximum difference of
only 0.42 gpm at t = 11 s. These findings suggest that the strength and evolutionary process
of both cyclonic and anticyclonic tornado-like structures are quite similar. This parallelism
implies that in convective clouds, the centrifugal force generated by strong anticyclones
can cause central air pressure to drop, leading to tornado formation. In environments with
strong vertical wind shear, the uneven horizontal distribution of vertical speed can cause
the horizontal vortex tube to tilt, potentially resulting in the formation of positive and neg-
ative vorticity pairs. Under appropriate conditions, this can give rise to both cyclonic and
anticyclonic wind fields and, consequently, a pair of cyclonic and anticyclonic tornadoes.
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3.5. Error Analysis of Difference Scheme

The error of the difference scheme is related to the wavelength and the horizontal
resolution of the model. The error of the difference scheme will increase with the decrease
in the wavelength under a certain horizontal resolution. However, the scale of the tornado
is very small, and its wavelength is about 2 km (diameter about 1 km), so it is necessary to
analyze the error of the difference scheme at such a small scale.

If an element field can be represented as f = eikx, where k = 2π
L is the wavenumber

and L is the wavelength, its first derivative is

f ′(x) = ikeikx, (16)

and the derivative of the central difference approximation can be represented as

f ′D(x) =
f (m∆x + ∆x)− f (m∆x − ∆x)

2∆x
=

eik(m+1)∆x − eik(m−1)∆x

2∆x
=

i sin k∆x
∆x

eikm∆x (17)

Thus, the ratio of f ′D(x) to f ′(x) is

RR =
f ′D(m∆x)
f ′(m∆x)

=
sin k∆x

k∆x
=

sin(2π∆x/L)
2π∆x/L

(18)

When k∆x → 0 , RR → 1 ; that is, the accuracy of the difference increases as ∆x de-
creases and the wavelength increases.

Accordingly, the variation curve of RR with L at different resolutions is drawn as
shown in Figure 15, where ∆x = 40 m is the resolution of EXP1, EXP2, EXP4, EXP3.1-3.3,
and EXP3.9-11; ∆x = 100 m is the resolution of EXP3.4, 3.5, 3.12, and 3.13; ∆x = 300 m is
EXP3.6 and 3.14′s resolution; ∆x = 500 m is EXP3.7 and 3.15′s resolution; and ∆x = 1200 m
is EXP3.8 and 3.16 resolution. The red dots and their values are the RR of the wavelength
of the smallest vortex in the corresponding numerical test (e.g., for ∆x =100 m, the red dot
corresponds to the wavelength of EXP3.4). It can be seen that RR at all the dots is above
0.99, indicating that the error of the difference scheme is small.

Atmosphere 2025, 16, 108 17 of 20 
 

 

is very small, and its wavelength is about 2 km (diameter about 1 km), so it is necessary 
to analyze the error of the difference scheme at such a small scale. 

If an element field can be represented as ikxef =  , where 
L

k π2=   is the wave-

number and L is the wavelength, its first derivative is 
ikxikexf =)(' , (16)

and the derivative of the central difference approximation can be represented as 

xikm
xmikxmik

D e
x
xki

x
ee

x
xxmfxxmfxf Δ

Δ−Δ+

Δ
Δ=

Δ
−=

Δ
Δ−Δ−Δ+Δ= sin

22
)()()('

)1()1(

 (17)

Thus, the ratio of )(' xf D  to )(' xf  is 

Lx
Lx

xk
xk

xmf
xmfRR D

/2
)/2sin(sin

)('
)('

Δ
Δ=

Δ
Δ=

Δ
Δ=

π
π

 (18)

When 0→Δxk , 1→RR ; that is, the accuracy of the difference increases as xΔ  
decreases and the wavelength increases. 

Accordingly, the variation curve of RR with L at different resolutions is drawn as 
shown in Figure 15, where xΔ = 40 m is the resolution of EXP1, EXP2, EXP4, EXP3.1-3.3, 
and EXP3.9-11; xΔ = 100 m is the resolution of EXP3.4, 3.5, 3.12, and 3.13; xΔ = 300 m is 
EXP3.6 and 3.14′s resolution; xΔ  = 500 m is EXP3.7 and 3.15′s resolution; and xΔ  = 1200 
m is EXP3.8 and 3.16 resolution. The red dots and their values are the RR of the wave-
length of the smallest vortex in the corresponding numerical test (e.g., for xΔ  =100 m, 
the red dot corresponds to the wavelength of EXP3.4). It can be seen that RR at all the dots 
is above 0.99, indicating that the error of the difference scheme is small. 

 

Figure 15. The ratio of f’D(x) to f’(x), (a) dx = 40 m, (b) dx = 100 m, (c) dx = 300 m, (d) dx = 500 m, and 
(e) dx = 1200 m. 

4. Conclusions and Discussion 
This study developed a tornado perturbation model using a cyclostrophic wind 

model based on the shallow-water equation model. Under a static atmospheric back-
ground, four numerical experiments were conducted to analyze the effects of individual 

Figure 15. The ratio of f’D(x) to f’(x), (a) dx = 40 m, (b) dx = 100 m, (c) dx = 300 m, (d) dx = 500 m, and
(e) dx = 1200 m.



Atmosphere 2025, 16, 108 17 of 19

4. Conclusions and Discussion
This study developed a tornado perturbation model using a cyclostrophic wind model

based on the shallow-water equation model. Under a static atmospheric background, four
numerical experiments were conducted to analyze the effects of individual wind field and
geopotential height perturbations, variations in the Coriolis parameter, and wind field
perturbations with different rotation directions.

Under the background of a static atmosphere, EXP1 successfully simulated a tornado-
like pressure field structure under small-scale cyclonic wind perturbation. The geopotential
height dropped from 1000 gpm to approximately 505 gpm in approximately 7 s, creating a
strong pressure gradient and central divergence. The comparison between centrifugal force
and pressure gradient force indicates that the centrifugal force in the central area is larger
than the pressure gradient force, causing air particles to outflow from the central area and
the pressure to drop. This can explain the phenomenon of strong vertical vorticity forming
a tornado when it occurs in the actual atmosphere.

At the beginning of EXP2, there was only a geopotential height field without an
equilibrium wind field. Although there was a large Coriolis parameter, the perturbation
excited a purely radial wind field. When the integration began, the central area converged
and the geopotential height rapidly increased. At t = 5 s, the depression center changed
into a high-pressure center. Small-scale depressions could not simulate the vortex flow
field of tornadoes, indicating that under small-scale conditions, even with a large Coriolis
parameter, simple atmospheric pressure perturbations cannot develop into tornado vortices.

For small-scale vortices, the Coriolis force has negligible impact on the formation
of small-scale tornadoes, as evidenced by the similarity in results with EXP1, where the
Coriolis parameter was set to 0. In order to determine to what magnitude the vortex scale
the Coriolis force begins to have an impact, EXP3.1 to EXP3.16 were designed, and the
results showed that the potential height can drop lower with the influence of the Coriolis
force; and for systems smaller than meso-γ scale, the effect of the Coriolis force is negligible,
while for systems larger than meso-β scale, the Coriolis force has a significant effect.

Compared to EXP1, EXP4 showed that the anticyclonic wind field perturbation could
excite the tornado-like phenomenon, whose geopotential height field is very similar to EXP1.
This indicates that a pair of cyclonic and anticyclonic tornadoes may form in the atmosphere
with strong vertical wind shear when the horizontal vortex tubes tilt to form a positive and
negative vorticity pair. They are similar except for the different rotation directions.
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