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Abstract

This study introduces a tornado perturbation model utilizing the cyclostrophic wind model, implemented through a shallow-

water equation framework. We conducted numerical simulations to examine development of perturbations within a static

atmosphere background. 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 of these experiments were analyzed using comparative methods. In a

static atmosphere setting, EXP1 generated a tornado-like pressure structure under a small-scale cyclonic wind perturbation.

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. EXP2 induced a purely radial wind field; upon initiation, the central area

exhibited convergence, and the geopotential height increased rapidly, indicating that a small-scale depression is insufficient

to generate a tornado’s vortex flow field. EXP3’s results, with a 0 Coriolis parameter, are marginally different from EXP1,

suggesting the Coriolis force’s negligible impact on small-scale movements. EXP4 demonstrates that a small-scale anticyclonic

wind field perturbation can also trigger tornado-like phenomena akin to EXP1. 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.
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Abstract 25 

This study introduces a tornado perturbation model utilizing the cyclostrophic wind model, 26 

implemented through a shallow-water equation framework. We conducted numerical simulations 27 

to examine development of perturbations within a static atmosphere background. Four numerical 28 

experiments were conducted: a single cyclonic wind perturbation (EXP1), a single low-29 

geopotential height perturbation (EXP2), a cyclonic wind perturbation with a 0 Coriolis 30 

parameter (EXP3), and a single anticyclonic wind perturbation (EXP4). The outputs of these 31 

experiments were analyzed using comparative methods. In a static atmosphere setting, EXP1 32 

generated a tornado-like pressure structure under a small-scale cyclonic wind perturbation. The 33 

centrifugal force in the central area exceeded the pressure gradient force, causing air particles to 34 

flow outward, leading to a pressure drop and strong pressure gradient. EXP2 induced a purely 35 

radial wind field; upon initiation, the central area exhibited convergence, and the geopotential 36 

height increased rapidly, indicating that a small-scale depression is insufficient to generate a 37 

tornado’s vortex flow field. EXP3’s results, with a 0 Coriolis parameter, are marginally different 38 

from EXP1, suggesting the Coriolis force’s negligible impact on small-scale movements. EXP4 39 

demonstrates that a small-scale anticyclonic wind field perturbation can also trigger tornado-like 40 

phenomena akin to EXP1. The results indicate that a robust cyclonic and an anticyclonic wind 41 

field can potentially generate a pair of cyclonic and anticyclonic tornadoes, when the horizontal 42 

vortex tubes in an atmosphere with strong vertical wind shear tilt, forming a pair of positive and 43 

negative vorticities. These tornadoes are similar but have different rotation directions. 44 

 45 

Plain Language Summary 46 

This research introduces a new approach to understanding tornadoes, a severe weather 47 

phenomenon. By developing a specialized model, it investigates the formation and dynamics of 48 

both common cyclonic and rare anticyclonic tornadoes. The study uniquely combines wind 49 

models with shallow water equations to simulate tornadoes in a static atmosphere. Key findings 50 

reveal that both types of tornadoes share similar formation processes and structures. This insight 51 

is crucial for improving weather prediction models and could enhance our ability to forecast 52 

tornadoes more accurately, potentially leading to better preparedness and response strategies in 53 

severe weather situations. This study bridges a significant gap in tornado research, especially in 54 
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understanding the less common anticyclonic tornadoes, and contributes to a broader scientific 55 

comprehension of atmospheric phenomena. 56 

1 Introduction 57 

A tornado is a violently rotating column of air, funnel-shaped and extending from a 58 

cumulonimbus cloud, typically less than 2 km in diameter (Wurman & Kosiba, 2013). It is a 59 

small-scale weather system with immense destructive power. Due to its unpredictable occurrence 60 

in terms of time and location, direct observation is challenging, making numerical simulation a 61 

vital tool for studying tornadoes. 62 

Research has identified that tornado formation requires significant vertical vorticity in the 63 

low-level atmosphere (Davies-Jones & Brooks, 1993; Dahl et al., 2014; Parker & Dahl, 2015; 64 

Fischer & Dahl, 2022; Dahl & Fischer, 2023), often associated with low-level strong horizontal 65 

wind shear (Rasmussen & Blanchard, 1998). The environmental vorticity contributes to stronger 66 

upward pressure gradient accelerations (Markowski & Richardson, 2014; Coffer & Parker, 67 

2017). Two primary mechanisms have been proposed to explain how air parcels near the surface 68 

gain substantial vertical vorticity. The first, known as the downdraft mechanism, involves 69 

horizontal vorticity tilting upwards or downwards through downward flow (Davies-Jones and 70 

Brooks, 1993; Trapp and Weisman, 2003), a concept supported by several numerical simulations 71 

(Schenkman et al., 2014; Fischer & Dahl, 2020). This mechanism may explain the generation of 72 

the initial vorticity. The second mechanism, termed “in-and-up mechanism,” occurs when the 73 

horizontal vorticity vector tilts upwards due to a strong ascending motion gradient on the ground, 74 

leading to the formation of vertical vorticity (Flournoy & Coniglio, 2019; Tao & Tamura, 2020; 75 

Boyer & Dahl, 2020; Fischer & Dahl, 2022). Both mechanisms involve the tilting of horizontal 76 

vortex tubes. When a horizontal vortex tube tilts into a vertical vortex, a strong horizontal 77 

rotating wind field forms. However, the intense pressure characteristic of tornadoes does not 78 

emerge immediately. Key questions arise: How are the extremely low pressure and strong 79 

horizontal pressure gradient inside a tornado generated? Are these phenomena related to the 80 

quasi-equilibrium relationship between the pressure field and wind field, as proposed by Ye & Li 81 

(1964)? What is the time scale of such adaptive process? These questions merit further 82 

investigation. 83 
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In large-scale weather systems such as cyclones and anticyclones, the Coriolis force plays 84 

a crucial role. For instance, the dynamics of a tropical cyclone can be viewed as a balance among 85 

the Coriolis force, pressure gradient force, and centrifugal force. The impact of the Coriolis force 86 

on smaller-scale weather systems, like tornadoes, has been a subject of debate. Some researchers 87 

believe that tornadoes, often occurring within supercell systems, are influenced by the Coriolis 88 

force and that its effect should not be disregarded (Zavolgenskiy & Rutkevich, 2009; Pashitskii, 89 

2010; Carbajal et al., 2019). For instance, a weak Coriolis force could alter the vortex’s rotation 90 

direction, as indicated by modifications in the minimum value of the Ginzburg-Landau equation 91 

(Fabrizio, 2020). Conversely, other studies suggest that the Coriolis force is frequently 92 

overlooked in dimensional analyses of supercells and tornadoes (Oliveira et al., 2022). In the 93 

realm of numerical tornado simulation, approaches vary. Some studies exclude the Coriolis force 94 

entirely (e.g., Markowski & Richardson, 2014; Boyer & Dahl, 2020), while others incorporate it, 95 

focusing primarily on wind perturbations (e.g., Coffer & Parker, 2017; Davies-Jones, 2021; 96 

Fischer & Dahl, 2022; Dahl & Fischer, 2023; Peters et al., 2023). Certain simulations aim to 97 

maintain a balance among pressure gradient, Coriolis force, and friction force to keep the 98 

ambient wind profile constant (Roberts et al., 2020). Although the Coriolis force is often 99 

considered in the context of supercell and tornado-like vortex scales, its influence on smaller 100 

tornadoes and their parent bodies remains unclear. This area warrants further investigation to 101 

understand the full extent of the Coriolis force’s impact on tornado genesis. 102 

In atmospheric studies, most observed tornadoes exhibit cyclonic rotation, with 103 

anticyclonic tornadoes being relatively rare (Carbajal et al., 2019). For instance, Snider (1976) 104 

found only one anticyclonically rotating tornado among 100 cases. Similarly, Fujita (1977) 105 

reported 29 anticyclonic tornadoes in the USA over a span of 27 years. In Japan, a study by 106 

Niino et al. (1997) covering 1961 to 1993 indicated that approximately 15% of tornadoes were 107 

anticyclonic. Additionally, Chernokulsky et al. (2020) presented a database of Northern Eurasian 108 

tornadoes from the 10th century to 2016, revealing that only five out of 203 tornadoes with 109 

known rotation directions were anticyclonic. The rotation direction of tornadoes may be linked to 110 

middle-level mesoscale vortices. Most middle-level vortices in supercells are mesocyclones, 111 

spreading towards the right side of the weighted average wind of the troposphere (Bluestein et 112 

al., 2016). In rarer instances, they manifest as mesoanticyclones, resembling the mirror image of 113 

cyclonic supercells (Nielsen-Gammon & Read, 1995; Knupp & Cotton, 1982). These 114 
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mesoanticyclones can produce anticyclonic tornadoes (Monteverdi et al., 2001; Bunkers & 115 

Stoppkotte, 2007). Anticyclonic tornadoes can also form in cyclonic supercells, typically at the 116 

end of rear-flank gust front, and may coexist with strong mesocyclones or cyclonic tornadoes 117 

(Brown & Knupp, 1980; Fujita, 1981; Wurman & Kosiba, 2013; Wurman et al., 2014; Bluestein 118 

et al., 2015; Snyder et al., 2020). Complex terrain also influences tornado rotation direction. 119 

Carbajal et al. (2019) found that in Mexico's volcanic belt region, the proportion of anticyclones 120 

reached 50%. On a larger scale, cyclones in the Northern Hemisphere generate low pressure, and 121 

anticyclones produce high pressure. When rotation is weak, the centrifugal force is weak, 122 

primarily between the pressure gradient force and the Coriolis force. However, in small-scale 123 

tornadoes, both cyclonic and anticyclonic tornadoes form depressions. The formation of 124 

depressions within strong vertical negative vorticity in anticyclone wind fields is particularly 125 

noteworthy. 126 

This study aims to delve deeper into the formation process of anticyclonic tornadoes. 127 

Utilizing the shallow water equation model, we constructed an ideal cyclostrophic wind field for 128 

small-scale tornadoes. We simulated the tornado pressure field formation process and 129 

investigated the role of the Coriolis force in the rotational airflow equilibrium of tornadoes 130 

through comparative experiments. 131 

2 Model and Methods 132 

2.1 Introduction of the shallow water equation model 133 

The shallow water equation model employed in this study was developed by Erbes at Stockholm 134 

University, Sweden (1993). This model represents a high-resolution, non-oscillatory staggered 135 

method. It is grounded in hyperbolic conservation laws and utilized the Lax-Friedrichs scheme. 136 

The accuracy of this model surpasses that of traditional finite difference schemes. 137 

This model operates in a 2D flux form. It omits the impacts of factors such as viscosity and 138 

stratification, ensuring adherence to the principles of mass conservation and momentum 139 

conservation. It is designed to handle discontinuous phenomena effectively. Spatial differences 140 

are calculated using a centered difference scheme, while temporal differences are addressed with 141 

the leap-frog scheme, complemented by Asselin smoothing. Radiation boundary conditions are 142 
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incorporated. This mode provides a robust approximation of actual atmospheric and oceanic 143 

motions. The underlying equation for the model is as follows: 144 
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where, 148 
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   2s h K h  .                                 (6) 151 

u and v represent the horizontal wind speeds in the x- and y-directions, respectively. h denotes 152 

the fluid depth, while hT stands for the terrain height. The diffusion coefficient is represented by 153 

K, g indicates the gravitational acceleration, and f is the Coriolis parameter. The symbol 
2 

154 

denotes the Laplace operator. The model’s horizontal resolution is set at 40 m. The average fluid 155 

depth is assumed to be 1,000 m. The grid consists of 501 × 501 lattice points, covering an area of 156 

20 × 20 km
2
. The time step for the simulation is 0.1 s, with the output of results at every 1-s 157 

interval, and the total integration time is 2 min. 158 

2.2 Initial field of tornado 159 

The tornado wind model in this study was derived from the equilibrium between the pressure 160 

gradient force and the inertial centrifugal force in an ideal perturbation geopotential height field. 161 

Given that a tornado is characterized by a depression system with an extremely steep pressure 162 
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gradient, the geopotential height field perturbation is configured to decay exponentially from the 163 

center outward. The mathematical expression for this configuration is as follows: 164 

3

0

cre   ,                            (7) 165 

Where, c represents the attenuation coefficient and 0  denotes the perturbation geopotential 166 

height at the tornado’s center. The variable r is used to indicate the distance of an air particle 167 

from the tornado’s center. Considering the extremely strong pressure gradient force typically 168 

found in tornadoes, this model uses r
3
 for more accurate representation. Once the perturbation 169 

geopotential height field is established, the wind field in a rectangular coordinate system can be 170 

determined. In the context of a cyclostrophic wind condition, where the pressure gradient force 171 

and the inertial centrifugal force are in equilibrium, the relationship between the velocity of the 172 

cyclostrophic wind and the geopotential height in a polar coordinate system is expressed follows: 173 

2

cV r
n


 


,                               (8) 174 

Where, cV  refers to the speed of cyclostrophic wind, 
n




 refers to the geopotential height 175 

gradient of the polar coordinate system, and in the rectangular coordinate system, 
2 2r x y  . 176 

The relationship between the geopotential height gradient in the polar coordinate system and that 177 

in the rectangular coordinate system: 178 

n x y

  


  
   
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r i j ,                          (9) 179 

Hence, the conversion relation between the geopotential height gradient in the polar coordinate 180 

system and that in the rectangular coordinate system is 181 

22 2

n x y

        
      

       
,                       (10) 182 

and 183 

2 2 2

cV u v  ,                             (11) 184 

Eq. (10) and Eq. (11) are substituted into Eq. (8) to obtain 185 
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22
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,                 (12) 186 

As illustrated in Fig. 1, consider the position coordinates of an air particle in the rectangular 187 

coordinate system to be (x,y). Let θ represent the angle between the line connecting these 188 

coordinates to the origin and the x-axis. Using these definitions, we can establish the relationship 189 

x, y, u, and v as: 190 

y u
tg

x v
   ,                            (13) 191 

Substitute Eq. (13) into Eq. (12), and derive the expression of u and v as: 192 

1
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.                      (15) 194 

Utilizing Eq. (7), Eq. (14), and Eq. (15), we can determine the perturbation geopotential height 195 

field and the perturbation wind field at the initial moment of the simulation. Setting 0  as –800 196 

gpm, we obtain an idealized perturbation geopotential height and perturbation wind, as illustrated 197 

in Fig. 2. Figure 2a depicts the initial perturbation, which has a diameter of approximately 700 198 

m. This dimension aligns closely with the typical scale of actual tornadoes. Figure 2b shows the 199 

corresponding wind field, with a maximum wind speed of approximately 100 m s
-1

. This speed 200 

also mirrors real-world tornado scenarios, reflecting the model’s accuracy in simulating tornado-201 

like conditions. The initial background field of the model is static atmosphere. This is 202 

represented by setting the background geopotential height uniformly to 1,000 gpm across the 203 

entire field and assuming an initial wind speed of 0 m/s. 204 
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2.3 Experiment protocol 205 

In this study, we designed four idealized experiments to study the formation and development of 206 

tornadoes. The specifics of each experiment protocol are summarized in Table 1. These 207 

experiments involved varying the initial field and the Coriolis parameter to create three sets of 208 

comparative tests. In EXP1 we used a cyclonic wind field as the initial condition without an 209 

equilibrium geopotential height field. The Coriolis parameter f was set as 1.26 × 10
-4

 s
-1

. The 210 

results from EXP1 serves as a basis for comparison with the other three experiments. The EXP2 211 

setup involved a geopotential height field without an equilibrium wind field, also with f set at 212 

1.26 × 10
-4

 s
-1

. This allowed for the analysis of the evolution of a single pressure field in 213 

comparison to EXP1. Similar to EXP1, in EXP3 we used a cyclonic wind field as the initial 214 

condition without an equilibrium geopotential height field, but with f set to 0. This design helps 215 

analyze the influence of the Coriolis force on tornado development in comparison to EXP1. In 216 

EXP4 we used an anticyclonic wind field as the initial condition without an equilibrium 217 

geopotential height field, with f again at 1.26 × 10
-4

 s
-1

. This helped analyze the evolution 218 

process of anticyclonic wind perturbation in comparison to EXP1. All experiments were 219 

conducted against a backdrop of a static atmospheric field.  220 

3 Numerical simulation 221 

3.1 EXP1 222 

3.1.1 Geopotential height 223 

Figure 3 illustrates the evolution of the geopotential height and wind during the EXP1 224 

simulation. This experiment demonstrates the effects of a strong cyclostrophic wind field on the 225 

central geopotential height of a cyclone. At t = 1 s, there was a slight decrease in the central 226 

geopotential height. At t = 2 s, the central geopotential height had dropped below 900 gpm. At t 227 

= 3 s, it further decreased to below 750 gpm. The minimum value was reached at t = 7 s, falling 228 

below 550 gpm, which resulted in a strong pressure gradient. Subsequently, the central 229 

geopotential height began to gradually increase, reaching above 850 gpm by t = 25 s. Throughout 230 

the simulation, the wind speed consistently decreased due to dissipative effects. The maximum 231 

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

 232 

when t = 25 s. The wind field transitioned from a non-divergent state to an outwardly divergent 233 
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cyclonic rotation. During the intense depression development stage, specifically from t = 3 to 7 s 234 

(Fig. 3c-4e), the peripheral geopotential height of the system increased, exceeding the average 235 

fluid depth. EXP1 successfully simulated a tornado-like depression system characterized by 236 

extremely low central pressure and strong pressure gradient structure. 237 

Figure 4a provides a detailed view of the temporal changes in the central geopotential height 238 

during the EXP1 simulation, illustrating the dynamics of the tornado-like system’s geopotential 239 

height. The variation in geopotential height over time is characterized by a parabolic shape. The 240 

geopotential height of the center rapidly decreased when the simulation began, reached its lowest 241 

value of 505.22 gpm a t = 7 s, and then rapidly increased to nearly 800 gpm before continuing to 242 

slowly increase. After t = 40 s, the geopotential height approached the average fluid depth, 243 

stabilizing around 1,000 gpm. 244 

Figure 5 presents a 3D structure chart of the geopotential height, vividly illustrating the 245 

development of a tornado-like funnel-shaped structure from top to bottom. Initially, the surface 246 

geopotential height was set at 1,000 gpm. As the simulation progressed, the surface geopotential 247 

height at the center of the perturbation rapidly decreased, leading to the formation of a funnel-248 

like structure characteristic of a tornado. This formation can be attributed to the high-speed 249 

rotation of air, generating substantial centrifugal force. Initially, the pressure field failed to 250 

quickly develop an inward pressure gradient force to counterbalance this centrifugal force, 251 

resulting in the outward flow of air due to centrifugal action. This outward flow led to a decrease 252 

in the mass of the air column near the center, causing a drop in pressure (or a decrease in 253 

geopotential height), consequently forming a depression. This dynamic is clearly evidenced 254 

when comparing the centrifugal force and pressure gradient force, as shown in Fig. 4b. Until 255 

approximately t = 6 s, the centrifugal force exceeded the pressure gradient force. After this point, 256 

at t = 13 s, the pressure gradient force became greater than the centrifugal force, leading to 257 

airflow convergence and the eventual filling of the depression. This phenomenon aligns with real 258 

atmospheric behaviors. In convective clouds, strong horizontal vortex tubes tilt, creating vertical 259 

vorticity. The resulting high-speed rotation of the air causes the pressure field to lag in balancing 260 

with the centrifugal force, leading to air flowing outwards from the vortex center and forming a 261 

strong depression. Notably, the equilibrium process of the pressure field adapting to the wind 262 

field can be completed within a few seconds, as demonstrated under the influence of the wind 263 

field perturbation in our simulation. 264 
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Figure 6 features a video snapshot captured during a tornado event in Dafeng District, Yancheng, 265 

Jiangsu Province of China on August 13, 2023. The video commences with the funnel-shaped 266 

cloud already mid-air. Analysis of the footage reveals that the tornado’s funnel descended 267 

rapidly from mid-air to the ground, taking approximately 6 s from the start of the recording to 268 

touchdown. This observation suggests that the entire descent from the cloud base to the ground 269 

likely took more than 10 seconds. Comparatively, this real-world tornado’s development 270 

timeline closely aligns with our simulation results. In the simulation, the tornado-like structure 271 

developed its most intense stage within approximately 7 s following the initial perturbation. 272 

3.1.2 Divergence and vorticity 273 

Figure 7 illustrates the evolution of the divergence field during the EXP1 simulation, shedding 274 

light on the airflow dynamics, particularly the outflow from the central region. Initially, the 275 

cyclostrophic wind field exhibited vorticity but no divergence. However, as the simulation 276 

progressed, the air began to diverge and flow outwards. The tornado-like depression 277 

intensification stage (t = 1–7s, Fig. 7a-e), is marked by increasing divergence at the tornado-like 278 

structure’s center. The divergence area’s radius gradually expanded, reaching approximately 250 279 

m for regions with divergence greater than 0.1 s
-1

. The maximum divergence value recorded was 280 

0.3 s
-1

 at t = 3 s, which was approximately 10
4
 times higher than the magnitude of large-scale 281 

divergence of 10
-5

 s
-1

. A ring of convergence formed outside the divergence region, 282 

corresponding to the high geopotential height area seen in Fig. 3. This convergence, along with 283 

the increase in geopotential height, indicates air accumulation and an increase in the mass of the 284 

air column. 285 

At the peak of the tornado-like structure (t = 7 s, Fig. 7e), the central divergence value was 0.12 286 

s
-1

, with a radius of approximately 500 m for the divergence region. Post t = 7 s, the divergence 287 

region expanded rapidly outwards while decreasing in intensity. By t = 9 s, the center began to 288 

show signs of convergence. As the divergence area expanded outward, the wind speed decreased, 289 

and the centrifugal force also decreased. Consequently, due to the inward pressure gradient force, 290 

air converged inward, filling the depression region and further diminishing the tornado-like 291 

activity. At t = 25 s (Fig. 7i), the tornado-like activity tended to dissipate and the divergence 292 

approached 0. 293 
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Figure 8 depicts the east-west distribution of divergence and vorticity through the center of the 294 

tornado-like structure at various stages of the simulation. At t = 1 s, the maximum divergence 295 

value was located approximately 100 m from the vortex center. It then rapidly moved towards 296 

the center. The central region exhibited positive vorticity, peaking at a distance of approximately 297 

100 m from the vortex center. The vorticity value decreased from roughly 0.8 s
-1

 at t = 1 s to 298 

around 0.4 s
-1

 at t = 7 s. This maximum vorticity magnitude was nearly 10
4
 times greater than 299 

typical large-scale vorticity. Interestingly, a region of negative vorticity formed on the outer side 300 

of the positive vorticity area. This was primarily due to the negative shear created by the rapid 301 

decrease in wind speed along the radial direction, particularly near the 400-m mark outside the 302 

tornado-like vortex. 303 

3.2 EXP2 304 

After the equilibrium of atmospheric motion was disrupted, the wind field and pressure field 305 

adjusted to each other and reestablished a new equilibrium relationship. The wind field adapted 306 

to the pressure field in large-scale motion, while the pressure field adapted to the wind field in 307 

small-scale processes. EXP1 clearly indicates that strong cyclonic wind field perturbations can 308 

excite the tornado-like depression structure. EXP2 was designed to investigate whether a 309 

tornado-like wind field structure could emerge solely from geopotential height perturbation in 310 

the absence of a strong cyclonic wind field. In this experiment, f = 1.26 × 10
-4

 s
-1

, the 311 

background geopotential height was 1,000 gpm, and the geopotential height at the depression 312 

center after the perturbation was added was 200 gpm. 313 

Figure 9 shows the geopotential height field and wind field in the EXP2 simulation. At the 314 

beginning of the integration, the geopotential height perturbation quickly excited a purely radial 315 

wind field without generating a rotating wind. The maximum wind speed initially increased, 316 

peaking at around 40 m/s at t = 3 s, before subsequently decreasing. The peak wind speed 317 

occurred several hundred meters from the center, leading to strong central convergence, and 318 

divergence outside the maximum radial wind speed zone. Due to air convergence, the central 319 

region’s geopotential height increased rapidly. By t = 3 s, it rose to above 450 gpm, eventually 320 

transforming into a high-pressure center by t = 5 s. The divergence outside the maximum radial 321 

wind speed resulted in a decrease in geopotential height, forming “high-low-high” patterns in the 322 

geopotential height structure. Obviously, EXP2 failed to simulate the vortex flow field of 323 
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tornado, suggesting that under small-scale conditions, even with a large Coriolis parameter, 324 

simple atmospheric pressure perturbations cannot evolve into tornado vortices. This suggests that 325 

tornadoes likely develop in convective clouds only if a strong rotating wind field emerges 326 

appears, creating an extremely low-pressure field due to centrifugal force action. The Coriolis 327 

force, while not crucial in the formation of small-scale tornadoes, may play a role in the 328 

mesoscale system of the tornado’s parent environment. 329 

3.3 EXP3 330 

EXP3 was designed to delve deeper into the influence of the Coriolis force on tornado formation. 331 

This was achieved by setting the Coriolis parameter to 0 in the same setup as EXP1. 332 

EXP3 yielded a tornado-like structure akin to that observed in EXP1 (figure not shown). Figures 333 

10a and 10b display the temporal trends of the vortex center’s geopotential height in EXP1 and 334 

EXP3, respectively. Figure 10c highlights the differences between the two simulations over time. 335 

In EXP3, under the influence of the rotating wind, the geopotential height at the vortex center 336 

rapidly declined, reaching its lowest point of 505.22 gpm at t = 7 s, before gradually recovering. 337 

Comparatively, the lowest geopotential height in EXP1 was 505.36 gpm, showing a negligible 338 

difference. The maximum geopotential height difference between the two experiments was 0.21 339 

gpm at t = 11 s. This minor discrepancy underscores the limited impact of the Coriolis force on 340 

the formation of the tornado’s core structure. 341 

3.4 EXP4 342 

While the majority of tornadoes are characterized by cyclonic wind fields, there exists rare 343 

instances of anticyclonic tornadoes. These unique phenomena can emerge either from mesoscale 344 

anticyclones or occur in tandem with strong mesocyclone or cyclone tornadoes. Given the 345 

scarcity of anticyclonic tornadoes, there is a notable gap in data and research surrounding their 346 

dynamics. This study aims to address this gap by simulating the development process of 347 

anticyclonic tornadoes through an idealized model. 348 

EXP4 introduces perturbations in an anticyclonic wind field against a static atmospheric 349 

background, as shown in Fig. 11. The geopotential height field observed in EXP4 showed 350 

striking similarity to the cyclonic tornado-like structure observed in EXP1, including the 351 

formation of a depression system. Figure 12 compares the changes in geopotential height at the 352 
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vortex center over time for both EXP1 and EXP4. Both EXP1 and EXP4 reached their lowest 353 

geopotential height value at t = 7 s. For EXP4, this value was 505.5 gpm, marginally higher that 354 

the 505.22 gpm observed in EXP1. As shown in Fig. 12c, the difference between the two 355 

experiments is minimal, peaking at a maximum difference of only 0.42 gpm at t = 11 s. These 356 

findings suggest that the strength and evolutionary process of both cyclonic and anticyclonic 357 

tornado-like structures are quite similar. This parallelism implies that in convective clouds, the 358 

centrifugal force generated by strong anticyclones can cause central air pressure to drop, leading 359 

to tornado formation. In environments with strong vertical wind shear, the uneven horizontal 360 

distribution of vertical speed can cause the horizontal vortex tube to tilt, potentially resulting in 361 

the formation of positive and negative vorticity pairs. Under appropriate conditions, this can give 362 

rise to both cyclonic and anticyclonic wind fields, and consequently, a pair of cyclonic and 363 

anticyclonic tornadoes. 364 

4 Conclusions and Discussion 365 

This study developed a tornado perturbation model using a cyclostrophic wind model based on 366 

the shallow water equation model. Under a static atmospheric background, four numerical 367 

experiments were conducted to analyze the effects of individual wind field and geopotential 368 

height perturbations, variations in the Coriolis parameter, and wind field perturbations with 369 

different rotation directions. 370 

Under the background of static atmosphere, EXP1 successfully simulated a tornado-like pressure 371 

field structure under small-scale cyclonic wind perturbation. The geopotential height dropped 372 

from 1,000 gpm to approximately 505 gpm in approximately 7 s, creating a strong pressure 373 

gradient and central divergence. The comparison between centrifugal force and pressure gradient 374 

force indicates that the centrifugal force in the central area is larger than the pressure gradient 375 

force, causing air particles to outflow from the central area and the pressure to drop. This can 376 

explain the phenomenon of strong vertical vorticity forming a tornado when it occurs in the 377 

actual atmosphere. 378 

At the beginning of EXP2, there was only a geopotential height field without an equilibrium 379 

wind field. Although there was a large Coriolis parameter, the perturbation excited a purely 380 

radial wind field. When the integration began, the central area converged and the geopotential 381 

height rapidly increased. At t = 5 s, the depression center changed into a high-pressure center. 382 
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Small-scale depressions could not simulate the vortex flow field of tornadoes, indicating that 383 

under small-scale conditions, even with a large Coriolis parameter, simple atmospheric pressure 384 

perturbations cannot develop into tornado vortices. EXP3 indicated that the Coriolis force has 385 

negligible impact on the formation of small-scale tornadoes, as evidenced by the similarity in 386 

results with EXP1 where the Coriolis parameter was set to 0. 387 

How anticyclonic tornadoes develop was interesting. The earlier experiments about the 388 

possibility of anticyclonic tornadoes were conducted by Ying & Change (1970). Snider (1976) 389 

recorded a process in which cyclonic and anticyclonic tornadoes coexisted, and briefly analyzed 390 

their relationship. Monteverdi et al. (2001) documented a rare anticyclonic tornado event that 391 

occurred in Sunnyvale and Los Altos, San Francisco Bay Area, on May 4, 1998. This was the 392 

first time an anticyclonic tornado was recorded by the WSR-88D. Markowski & Richardson 393 

(2014) indicated that relatively strong low-level vertical wind shear may be necessary for the 394 

formation of anticyclonic vortices. This mechanism is similar to the formation of cyclonic 395 

vortices, which is related to the tilting of horizontal vortex tubes formed by vertical wind shear. 396 

Bluestein et al. (2016) discussed four anticyclonic tornado processes recorded by a Doppler radar 397 

in Oklahoma and Kansas, and analyzed some of their common characteristics. They believed that 398 

the occurrence of anticyclonic tornadoes might have multiple mechanisms like cyclonic 399 

tornadoes. Two cases showed that anticyclones existed in the lower troposphere and two other 400 

cases were not thoroughly analyzed in terms of the existence of anticyclones due to low data 401 

quality or the short duration of the tornadoes. The above study indicates that the presence of an 402 

anticyclone in the lower troposphere before the occurrence of an anticyclonic tornado may be 403 

crucial. For this purpose, an experiment was designed to create small-scale anticyclonic wind 404 

field perturbations in EXP4. Compared to EXP1, EXP4 showed that the anticyclonic wind field 405 

perturbation could excite the tornado-like phenomenon, whose geopotential height field is very 406 

similar to EXP1. This indicates that a pair of cyclonic and anticyclonic tornadoes may form in 407 

the atmosphere with strong vertical wind shear when the horizontal vortex tubes tilt to form a 408 

positive and negative vorticity pair. They are similar except for the different rotation direction. 409 
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 543 

Tables 544 

Table 1. Numerical test protocols 545 

Test 

name 

Initial field 

perturbation 

type 

Coriolis 

parameter f (s
-

1
) 

Purpose 

EXP1 Cyclonic wind 

field 

1.26×10
-4

 Simulate the evolution process of a 

single given cyclonic wind field 

EXP2 Geopotential 

height 

perturbation 

1.26×10
-4

 Simulate the evolution process of a 

single given pressure field 

EXP3 Cyclonic wind 

field 

0 Simulate the evolution process of a 

single given cyclonic wind field 

without considering the Coriolis force 

EXP4 Anticyclonic 

wind field 

1.26×10
-4

 Simulate the evolution process of the 

perturbation of a single given 

anticyclonic wind field  

 546 
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 547 

Figures 548 

 549 

Figure 1. Schematic diagram of the relationship between polar coordinates and rectangular 550 

coordinates 551 

 552 

 553 

Figure 2. Initial (a) perturbation geopotential height field (gpm) and (b) perturbation wind field 554 

(m s
-1

) 555 
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 556 

Figure 3. Evolution of geopotential height field (color in, gpm) and wind field (vector, m s
-1

) in 557 

the EXP1 simulation 558 

 559 

 560 
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Figure 4. (a) Vortex center geopotential height (gpm), (b) changes of the centrifugal force (N) 561 

and pressure gradient force (N) of the unit mass air at a lattice point of 40 m from the eastern part 562 

of the vortex center in the EXP1 simulation [the first place of the number in the bracket in the 563 

figure refers to the integral time (s) and the second place refers to the central geopotential height 564 

value (gpm); the same applies below] 565 

 566 

 567 

Figure 5. 3D structure chart of geopotential height in the EXP1 simulation (color in, gpm) and 568 

its projection on a horizontal plane (contour line, gpm) 569 
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 570 

Figure 6. Tornado in Dafeng District, Yancheng on August 13, (a) t = 0 s, (b) t = 1 s, (c) t = 2 s, 571 

(d) t = 3 s, (e) t = 4 s, and (f) t = 6 s  572 

 573 
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 574 

Figure 7. Evolution of the divergence field (color in, s
-1

) and wind field (vector, m s
-1

) in the 575 

EXP1 simulation 576 

 577 
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 578 

Figure 8. Divergence (blue curve, s
-1

) and vorticity (red curve, s
-1

) along the axis of the tornado 579 

in the EXP1 simulation 580 

 581 

 582 
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Figure 9. Evolution of geopotential height field (color in, gpm) and wind field (vector, m s
-1

) in 583 

the EXP2 simulation 584 

 585 

Figure 10. Changes of the geopotential height (gpm) of the vortex center over time in the EXP1 586 

and EXP3 simulations, (a) EXP1, (b) EXP3, and (c) EXP1-EXP3 587 

 588 

Figure 11. Initial perturbation of anticyclonic wind field in EXP4 (m s
-1

) 589 
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 590 

Figure 12. Changes of the central geopotential height (gpm) of tornadoes over time in the EXP1 591 

and EXP4 simulations, (a) EXP1, (b) EXP4, and (c) EXP1-EXP4 592 

 593 

 594 

 595 


