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ABSTRACT 20 

An idealized supercell simulation is conducted using a horizontal grid spacing of 21 

50 m with surface drag representative of land surfaces. Four tornadoes develop 22 

sequentially in the simulation. Focusing on the strongest, third tornado, we investigate 23 

the processes governing tornado decay. The results indicate that vertical alignment 24 

between the tornado and the mesocyclone at 750–1000 m, hereafter termed the very 25 

low-level mesocyclone (VLLM), is critical for tornado maintenance. The tornado 26 

weakening coincides with the northward movement of VLLM relative to the tornado. 27 

The northward movement of VLLM is generated by the drift of mesocyclones above. 28 

The displacement between VLLM and tornado leads to the weakening of dynamic 29 

vertical perturbation pressure gradient force (DVPPGF) beneath it, causing the 30 

weakening of updrafts and an intensification of downdrafts especially below 500 m. 31 

The weakened near-surface updraft reduces vertical stretching and initiates tornado 32 

decay. 33 

The northward movement of VLLM on one hand weakens/removes the dynamic-34 

PGF support for the tornado, while also simultaneously deprives the mesocyclones 35 

themselves of the upward supply of large vertical vorticity from below. Trajectory 36 

analyses and Eulerian vertical-vorticity-budget diagnostics focused on mesocyclones 37 

demonstrate that the decrease in low-level updrafts and therefore weakening of upward 38 

vertical advection of near-surface vertical vorticity is the primary cause for 39 

mesocyclones weakening. The weakened mesocyclones further diminish the DVPPGF 40 

that supports the low-level updraft ultimately leads to tornado decay. These results 41 

reveal a two-way interaction in which the mesocyclones dynamically support the 42 

tornado, while the tornado supplies vertical vorticity needed to maintain the 43 

mesocyclones. 44 

 45 

SIGNIFICANCE STATEMENT 46 

Tornado decay has received considerably less attention than tornadogenesis. This 47 

study shows that maintaining vertical alignment between a tornado and mesocyclone at 48 

very low levels (<1 km; VLLM) is critical for tornado maintenance. When the VLLM 49 

shifts away from the tornado, dynamic forcing that supports near-surface updrafts 50 

weakens, reducing vertical stretching and causing tornado decay. Upward transport of 51 
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large near-surface vertical vorticity is also reduced as a result, causing the 52 

mesocyclones above to weaken further. There exist two-way interactions: 53 

mesocyclones dynamically support the tornado, while the tornado supplies vertical 54 

vorticity that helps maintain the mesocyclones. The importance of vertical advection of 55 

tornadic vorticity to mesocyclone maintenance has not been noted much before. 56 

  57 
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1. Introduction 58 

Due to the significant societal impacts of tornadoes, research on tornado dynamics 59 

has continued to grow. Many studies have focused on understanding tornadogenesis, 60 

particularly the development of pre-tornadic near-surface vertical vorticity (Davies-61 

Jones and Brooks 1993; Davies-Jones 2008; Dahl et al. 2014; Schenkman et al. 2014; 62 

Dahl 2015; Markowski 2016; Roberts et al. 2016; Rotunno et al. 2017; Roberts et al. 63 

2020; Tao and Tamura 2020; Markowski 2024). Two primary pathways have been 64 

proposed for generating rotation near the surface. One involves tilting baroclinically-65 

generated horizontal vorticity into the vertical direction within storm downdrafts 66 

(Davies-Jones and Brooks 1993; Dahl et al. 2014; Markowski and Richardson 2014). 67 

The other involves tilting primarily surface-friction-generated horizontal vorticity into 68 

the vertical direction by updrafts (Schenkman et al. 2014; Xu et al. 2015; Markowski 69 

2016; Roberts et al. 2016; Roberts and Xue 2017; Yokota et al. 2018; Tao and Tamura 70 

2020). More recently, Markowski (2024) also suggests that significant near-surface 71 

vertical vorticity within a turbulent inflow environment can organize and serve as a 72 

near-ground rotation source for tornadogenesis. 73 

A key final step in tornadogenesis is the contraction of near-ground rotation into a 74 

tornado strength vortex. This contraction is associated with strong low-level updrafts 75 

and large vertical acceleration near the surface, which produce strong vertical stretching 76 

and intensify vertical vorticity (Parker 2023; Huang and Xue 2025). Because tornado 77 

maintenance also requires continued vertical stretching and sustained vorticity supply 78 

near the surface, the processes that enable tornadogenesis may also control whether a 79 

tornado persists or decays. However, relatively few studies have focused on tornado 80 

decay with detailed physical analyses. 81 

Given the central role of vertical stretching in tornado intensification and 82 

maintenance, the relative position between the tornado and the updraft that provides 83 

stretching can strongly influence whether the tornado persists or decays. In idealized 84 

simulations with 100 m horizontal grid spacing, Fischer and Dahl (2022) found that a 85 

tornado-like vortex dissipates earlier in simulations with stronger near-ground easterly 86 

storm-relative flow, which increases the displacement of the near ground vortex from 87 

the main updraft. 88 

Observational studies also indicate the importance of tornado-updraft alignment. 89 

Using Verification of the Origins of Rotation in Tornadoes Experiment (VORTEX) 90 
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observations, Dowell and Bluestein (2002a,b) found that a mismatch between tornado 91 

motion and the motion of the main storm-scale updraft can be associated with tornado 92 

decay. In their study, tornado motion was influenced by repeated storm-scale surges of 93 

outflow in the rear flank downdraft (RFD) region. Lee et al. (2012) similarly suggested 94 

that surging RFD outflow can displace the tornado relative to the storm updraft. In 95 

addition to changing the relative position between tornado and updraft, they argued that 96 

cold pool air associated with surging outflow can replace more buoyant air surrounding 97 

the tornado, thereby promoting decay. Related behavior, in which tornado weakening 98 

begins as the circulation becomes wrapped by surging outflow along the rear flank gust 99 

front (RFGF), has also been documented in other studies (Wurman et al. 2010; Marquis 100 

et al. 2012; French et al. 2014).  101 

In addition to negatively buoyant RFD outflow, previous work has identified a 102 

dynamically driven downdraft that can develop during tornado decay. Klemp and 103 

Rotunno (1983) described an “occlusion downdraft” located immediately behind the 104 

RFGF at low levels and near the center of the low-level circulation. The occlusion 105 

downdraft forms when low-level cyclonic vorticity increases rapidly and exceeds those 106 

above, so that larger negative perturbation pressure develops near ground, creating 107 

downward dynamic pressure gradient force (PGF) that drives the downdraft. Klemp 108 

(1987) proposed that tornado decay is closely associated with the development of this 109 

occlusion downdraft, although no detailed dynamic analysis was provided at the time. 110 

In an idealized simulation with 500 m horizontal grid spacing, Adlerman et al. (1999) 111 

showed that as the occlusion downdraft develops, it can interact with the RFD to 112 

produce a new convergence zone, initiate a new updraft on the downshear flank, and 113 

produce a two-celled updraft structure. It was also suggested that the occlusion 114 

downdraft can cut off conditionally unstable inflow feeding the upshear updraft, 115 

weakening the upshear circulation that supports the tornado. These processes were 116 

suggested mainly based on visual examinations of the sequence of events without 117 

detailed quantitative analyses in either Eulerian or Lagrangian framework. 118 

More recent high-resolution simulations have reported similar downdraft structures 119 

near the tornado during decay. In an idealized simulation with 30 m grid spacing by Orf 120 

et al. (2017), a strong downdraft encircling the tornado was found near 1000 m above 121 

ground level (AGL) during tornado weakening. Yao et al. (2019) also documented the 122 

development of downdrafts over near-surface vorticity beneath the mid-level 123 
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mesocyclone during tornado decay in a simulation using a real tornado-case sounding. 124 

They suggested that such downdrafts can reduce vertical stretching and contribute to 125 

tornado decay. However, neither study provided detailed diagnostics of downdraft 126 

formation or clarified the tornado-scale mechanisms by which the downdrafts influence 127 

tornado decay. Another common pathway that a tornado decays is to go through the 128 

multi-vortex stage of tornado development that involves the development of downdrafts 129 

inside the tornado vortex. Typically, at the later stage of tornado development, the 130 

maximum vertical vorticity is concentrated into a ring instead of at the center of tornado 131 

vortex, with updrafts found along the outer edge of the vorticity ring and downdrafts 132 

found inside the ring. Such structures are found in the real-data simulations of several 133 

supercell tornadoes (Xue et al. 2014; Mashiko and Niino 2017; Sun et al. 2019; Li and 134 

Xue 2026). The vortex ring is often barotropically unstable, causing multiple sub-135 

vortices to develop in the form of nonlinearly amplified unstable vortex Rossby waves 136 

(Huang and Xue 2023). Most times, multi-vortex tornadoes subsequently decay (Xue 137 

et al. 2014; Sun et al. 2019; Li and Xue 2026), although re-intensification may also 138 

occur by regaining one-cell-like vortex structure promoted by increased low-level 139 

convergence and vertical stretching along the vortex axis. 140 

Many studies cited above were conducted in the context of cyclic tornadogenesis, 141 

in which a supercell produces a sequence of tornadoes over time (Lemon and Doswell 142 

1979; Burgess et al. 1982; Dowell and Bluestein 2002a; Adlerman and Droegemeier 143 

2002, 2005; Beck et al. 2006; French et al. 2008; Lee et al. 2012). Although these 144 

studies provided useful evidences on the structure and evolution at the storm and 145 

tornado scales during the tornado decay stage, detailed diagnostic analyses of tornado 146 

scale mechanisms remain limited (Rasmussen and Straka 2007; Adlerman et al. 1999; 147 

Dowell and Bluestein 2002a,b; Beck et al. 2006; French et al. 2008; Lee et al. 2012). 148 

Several studies examined storm scale evolution during tornado weakening (Marquis et 149 

al. 2012; Houser et al. 2015; Marquis et al. 2016; Orf et al. 2017), but the tornado scale 150 

processes responsible for decay were not examined in detail. Rasmussen and Straka 151 

(2007) is one of few studies that explicitly examined tornado scale decay processes. 152 

They analyzed the evolution of low-level angular momentum and found that during 153 

tornado weakening, downward and outward secondary flow outside the tornado funnel 154 

transported smaller angular momentum downward, contributing to a broad reduction of 155 
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angular momentum and tornado demise. Being based on a single tornado, there is 156 

uncertainty with the generality of their findings. 157 

In this study, we quantitively analyze a supercell simulation in which four tornadoes 158 

develop and decay in sequence, and try to answer the following questions. What are the 159 

key structural changes associated with tornado decay? How does the mesocyclone that 160 

provides the essential vertical stretching for the tornado evolve during tornado decay? 161 

How do the vertical forcing terms change during the process? What physical processes 162 

dominate during tornado weakening? 163 

The remainder of the paper is organized as follows. Section 2 provides an overview 164 

of the idealized supercell tornado simulation. The simulation produces a sequence of 165 

cyclic tornadogenesis where four tornadoes form one after another. In section 3, the 166 

model configurations and the life cycles of the tornadoes are briefly described first. It 167 

then focuses on the strongest and longest-lasting third tornado and documents the 168 

evolution of the simulated tornado and associated mesocyclones. The relationship 169 

between the tornado and the mesocyclones at different height levels, in particular the 170 

separation distance between them are carefully examined, and how the related 171 

processes affect the maintenance and decay of the low-level tornado are discussed. 172 

Section 4 examines the evolution of vertical velocity within the tornado and 173 

mesocyclones at different levels, with emphasis on the mesocyclone below 1000 m. It 174 

solves for effective buoyancy and diagnoses dynamic pressure perturbations, and 175 

examines the associated pressure gradient force and buoyancy force at the tornado 176 

vortex scale and the impacts of their changes on tornado decay. Section 5 first 177 

investigates the weakening of low-level mesocyclone through diagnostics of the 178 

vertical vorticity equation. Trajectory-based parcel analyses are also performed to 179 

determine the origins of mesocyclone vorticity during tornado decay. A summary with 180 

further discussions are given in section 6. 181 

 182 

2. Numerical simulation of the cyclic tornadogenesis  183 

a. The settings of numerical simulation 184 

This study employs the nonhydrostatic Advanced Regional Prediction System 185 

(ARPS; Xue et al. 2001) to conduct idealized simulations of supercell tornadoes. The 186 

model configuration follows that of Roberts et al. (2016), in which surface drag acts on 187 
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both environmental and storm-induced perturbation winds. The simulation domain 188 

spans 64 km × 96 km in the horizontal and 16 km in the vertical, with a Rayleigh 189 

damping (sponge) layer applied above 12 km AGL. Horizontal grid spacing is 50 m. In 190 

the vertical, grid spacing varies from 20 m near the surface to 380 m at the model top, 191 

with a total of 80 physical layers. The lower boundary is flat, and the first model level 192 

for scalar variables and horizontal momentum is located at 10 m AGL. Radiation open 193 

lateral boundary conditions are applied at four lateral boundaries. Fourth-order 194 

advection schemes are used in both horizontal and vertical directions while the scalar 195 

variables are advected by the monotonic flux-corrected-transport (FCT) scheme. 196 

Subgrid-scale (SGS) turbulence is parameterized using the 1.5-order turbulent kinetic 197 

energy (TKE) closure scheme mostly following Moeng and Wyngaard (1988), together 198 

with a weak fourth-order computational diffusion. The Lin et al. (1983) single-moment 199 

microphysics scheme is employed that has five liquid and ice species. The snow and 200 

hail intercept parameters use the default values of Lin et al. (1983) as 3 ×106 m-4, and 4 201 

×104 m-4, respectively. While the intercept parameter for rain drop size distribution is 202 

set to 2 ×106 m-4 or a factor of 4 smaller than the default values. Such values were also 203 

used in Roberts et al. (2016), and the reduced rain intercept parameter implies a smaller 204 

number of larger rain drops that results in less evaporative cooling and, weaker and 205 

more realistic supercell cold pools, according to Snook and Xue (2008), and Dawson 206 

et al. (2010). The model configurations are the same as used by Roberts et al. (2016) 207 

except for the use of FCT scheme for scalars here. 208 

The idealized simulation is integrated forward in time for 7200 s in our study. The 209 

analyses presented in this study are based on model output with a temporal resolution 210 

of 1 second. Because the main purpose of Roberts et al. (2016) is to investigate the 211 

effects of surface drag on supercell storm and tornado dynamics. To keep the 212 

environmental wind profile away from the convective storm steady in the presence of 213 

surface drag, they first performed a “spin-up” simulation for 48-hours, during which 214 

the wind profile was allowed to adjust to surface drag while subject to the Coriolis force 215 

and a horizontal pressure gradient force (PGF) specified in terms of the background 216 

geostrophic wind. The final state is in a geotriptic balance, a balance among the Coriolis 217 

force, PGF and the frictional force.  218 

Usually the frictional force is significant only within the planetary boundary layer 219 

where momentum fluxes of turbulent motion triggered and supported by thermal and 220 



9 

 

kinematic instabilities act as frictional momentum stresses on the air parcels. The effect 221 

of surface drag is propagated upward through such momentum fluxes while at the 222 

ground level, the negative momentum flux or stress is parameterized using a drag law. 223 

The drag law calculates the surface stress as a drag coefficient, 𝐶𝑑 , multiplied by 224 

horizontal wind vector at the lowest model level and the wind speed. This stress is in 225 

the opposite direct as the surface wind, although the actual frictional force acting on the 226 

air parcel in the first model layer is equal to the difference between the stresses defined 227 

at the top and bottom boundaries of the layer, with the bottom boundary located at the 228 

ground level. 229 

The spin-up simulation was run using ARPS configured the same as the actual 230 

three-dimensional (3D) supercell simulations, except for the horizontal dimension that 231 

is assumed uniform. So effectively, the ARPS was run in one-dimensional model, with 232 

turbulence mixing acting only in the vertical direction. Therefore, the interior 233 

momentum fluxes are all parameterized by the SGS turbulence scheme. The same spin-234 

up procedure was used in Roberts et al. (2016), Roberts and Xue (2017)), and Oliveira 235 

et al. (2022), and was discussed intensively in Dawson et al. (2019). This spin-up 236 

procedure is actually similar to that used by Markowski (2020), except that he used a 237 

3D large-eddy-resolving simulation (LES) and ran it for 12 hours to obtain a quasi-238 

steady wind profile which also adjusted the temperature and moisture profiles 239 

somewhat (see his Figure 1). 240 

The environmental thermodynamic sounding and the wind hodograph used as the 241 

initial input for the spin-up run was extracted from a real-data simulation of the 3 May 242 

1999 central Oklahoma tornado outbreak, as described in Dawson et al. (2010). The 243 

sounding was extracted from the inflow region of the simulated storm at 2300 UTC or 244 

1700 LST. Roberts et al. (2016) used the original extracted hodograph (MAY3 in their 245 

Fig. 1) to define the base-state wind profile for the spin-up simulation, which is 246 

effectively assumed to be the background geostrophic wind. In reality, this extracted 247 

hodograph has subject to the effect of boundary layer friction therefore assuming the 248 

profile is geostrophic at the lower levels is inappropriate. For this study, we modified 249 

the original extracted hodograph by setting the wind below 500 m to a constant value 250 

of (-11, 11) m s-1 (Fig. 1a). This modified hodograph is effectively assumed to be 251 

geostrophic during the spin-up simulation. It shares similar characteristics as the 252 

starting hodograph of Markowski (2020) that also played the role of background 253 
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geostrophic wind profile, in that the wind speed is quite large at the ground level and 254 

vertical wind shear below 1 km is small (see blue line in his Fig. 1b). A similar spin-up 255 

procedure is also used and discussed in Li and Xue (2026) where the background 256 

geostrophic wind profile is estimated from the ERA5 global reanalysis. 257 

After the 48-hour spin-up, the final temperature and moisture profiles and 258 

hodograph used to define the background state for the 3D supercell storm simulation 259 

with surface drag are shown by the solid lines in Fig. 1. The storm is initialized by 260 

introducing an ellipsoidal potential temperature () perturbation centered at x = 40 km, 261 

y =56 km, and z = 1.5 km. The  perturbation has a horizontal radius of 10 km and a 262 

vertical radius of 1.5 km, and a maximum perturbation of 6 K at the center following 263 

Roberts et al. (2016). To keep the simulated storm near the center of the domain 264 

throughout the simulation, the model domain is translated at a constant speed of 9.8 m 265 

s-1 in the x-direction and 7.8 m s-1 in the y-direction, consistent with the observed storm 266 

motion estimated by Roberts et al. (2016). Further details regarding the simulation setup 267 

can be found in Section 2a of Roberts et al. (2016). 268 

 269 

Fig. 1 (a) Wind hodograph for storm-relative soundings showing the modified 270 

extracted hodograph, in which winds below 500 m are set to a constant vector 271 

(dashed red), and the final hodograph after 48 hours of spin up (solid blue), 272 

plotted up to 8 km AGL. Numerical values along the hodograph indicate the 273 

height AGL (km) of the nearest black dot. Above 1 km AGL, the two hodographs 274 

are qualitatively similar. The green arrow denotes the ground-motion vector 275 

added to the extracted wind profile to obtain a quasi-stationary storm in the 276 

simulations. The 0–1-km AGL storm-relative helicity is provided for each 277 

hodograph in the legend. (b) Skew-T log p diagram for sounding of the original 278 

extracted hodograph (dashed lines) and final wind profile 48h (solid lines). The 279 
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environmental temperature and mixing ratio are denoted by red and green lines, 280 

respectively. The temperature for an ascending surface-based parcel is denoted 281 

by the pink line. 282 

 283 

b. The overview of the simulated four tornadoes 284 

From 1200 to 7200s, four tornadoes are generated sequentially, i.e., the simulation 285 

goes through cyclic tornadogenesis processes (Lemon and Doswell 1979; Burgess et 286 

al. 1982), as shown by the time-height plots of domain-wide maximum vertical vorticity 287 

( 𝜁𝑚𝑎𝑥) , maximum vertical velocity (𝑤𝑚𝑎𝑥 ), and minimum perturbation pressure 288 

(𝑝𝑚𝑖𝑛
′ ) in Fig. 2.  The durations of the four tornadoes are indicated by the four red 289 

rectangles in the figure. The first tornado forms quickly, at about 1800 s into the 290 

simulation, somewhat later than the ~1500 s obtained in Roberts et al. (2020). The rapid 291 

development might have benefited from the rather large 6 K maximum perturbation of 292 

the initial thermal bubble that triggered the storm, and in the real world, it would 293 

correspond to cases with strong local thermal or dynamic forcing that triggers the 294 

convection. Roberts et al. (2016), Roberts and Xue (2017), and Roberts et al. (2020) 295 

focused on the tornadogenesis processes of the first tornado in their simulations. 296 

Vorticity generated by surface drag on the storm-scale flows was shown to be the 297 

primary source of vorticity for both the tornado and the mesocyclone supporting this 298 

first tornado. 299 

Among the four simulated tornadoes, the first and third tornadoes are more intense 300 

than the other two. The 𝑤𝑚𝑎𝑥 of the first and third tornadoes can lower to below 1500 301 

m, and below 200 m in the case of first tornado (Fig. 2b). Such strong updrafts at very 302 

low levels correspondingly create very strong vertical stretching and generate large 303 

vertical vorticity 𝜁 at the low levels (Fig. 2a). The 𝑝𝑚𝑖𝑛
′  of first and third tornadoes also 304 

reaches lower values (Fig. 2c). The first tornado forms at ~1780 s and ends at ~2300 s 305 

and is similar to the study of Roberts et al. (2016). The second tornado lasts from ~ 306 

2900 to 3900 s. The third one forms at ~4050 s and does not completely die until 6800 307 

s. It is also the strongest. During its life cycle, it goes through several phases of 308 

weakening and re-intensification. For example, it weakens between ~ 4900 and 5100 s 309 

and intensifies again between 5100 and 5400 s. Despite the intensity variations, the 310 

near-surface 𝜁𝑚𝑎𝑥 and maximum wind speed remain greater than 0.2 s-1 and 29 m s-1, 311 

respectively, satisfying the EF0-scale tornado criteria. The fourth tornado lasts only 312 
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from ~ 6700 to 7200 s and is also the weakest. In this paper, we focus our analyses on 313 

the decay processes of the third tornado while leaving the cyclic tornadogenesis 314 

processes to future investigations. 315 

 316 

Fig. 2 Time-height section of domain-wide (a) maximum vertical vorticity 𝜁𝑚𝑎𝑥 317 

(s-1), (b) maximum vertical velocity 𝑤𝑚𝑎𝑥 (m s-1), and (c) minimum perturbation 318 

pressure 𝑝𝑚𝑖𝑛
′  (Pa), from 1200 to 7200 s. The time periods of the four tornadoes 319 

existed are indicated by four red rectangles. The cyan dots in (a) and (b) and blue 320 

dots in (c) denote the height levels of the maximum or minimum values of the 321 

corresponding fields at the times. 322 

 323 

3. The decay processes of the third tornado 324 

a. Overview of tornado decay 325 

The time that the surface 𝜁𝑚𝑎𝑥  reaches its maximum is at 6525 s for the third 326 

tornado. Therefore, in our study we mainly investigate storm- and tornadic-scale 327 

evolutions between 6300 and 6800 s. Fig. 3 presents time–height cross sections of 𝜁𝑚𝑎𝑥, 328 

𝑤𝑚𝑎𝑥, 𝑤𝑚𝑖𝑛 and 𝑝𝑚𝑖𝑛
′  from 6300 through 6795 s, over a subdomain with 4 × 4 km2 329 

containing the tornado and associated mesocyclones. Due to the tilting with height of 330 
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the tornado-mesocyclone vortex (as will be discussed in section 3c), the center of 331 

domain used to calculate the extrema is set to the local minimum in 𝑝′ associated with 332 

mesocyclones at different levels. The domain center tilts mostly northward with height 333 

during this period. Between 6300 and 6525 s, 𝜁𝑚𝑎𝑥  below 1000 m intensifies 334 

dramatically, with 𝜁𝑚𝑎𝑥 exceeding 0.5 s-1 for the entire depth below 1000 m by 6525 s 335 

(Fig. 3a). The intensification of 𝜁𝑚𝑎𝑥 is associated large 𝑤𝑚𝑎𝑥 with the strong updrafts 336 

founding extending from below 100 m through 5000 m and above (Fig. 3b). The 337 

vertical gradient of 𝑤𝑚𝑎𝑥  is greater than 0.16 m s-2 below 250 m and actually 338 

𝑤𝑚𝑎𝑥 jumps from 0 to about 30 m s-1 within the lowest 100 m AGL, indicating 339 

extremely strong vertical stretching of 𝜁 during this period. As indicated by the right-340 

ward tilted phase lines (black lines with arrowhead) in the time-height cross sections, 341 

both 𝜁𝑚𝑎𝑥 and 𝑤𝑚𝑎𝑥 show upward propagation trend, suggesting upward advection of 342 

large 𝜁 that develops and intensifies at near-ground levels. Such upward progression of 343 

𝜁𝑚𝑎𝑥  and 𝑤𝑚𝑎𝑥  has also been documented in previous observational and numerical 344 

studies (Houser et al. 2015; Roberts et al. 2016; Bluestein et al. 2019). Corresponding 345 

to the intensification of 𝜁𝑚𝑎𝑥 below 1000 m (Fig. 3a), the height of the smallest (in 346 

absolute, negative value) 𝑝𝑚𝑖𝑛
′  lowers from 1500 m to near-surface between 6400 and 347 

6500 s (Fig. 3d), indicating the rapid lowering of strongest low-level mesocyclone. 348 

More accurately, the strongest rotation within the mesocyclone vortex shifts downward.  349 

 The 𝜁𝑚𝑎𝑥 decreases significantly after 6525 s as 𝑤𝑚𝑎𝑥 of the updrafts especially 350 

that below 500 m weakens (Fig. 3b). The 𝜁𝑚𝑎𝑥  greater than 0.5 s-1 is mainly found 351 

below 250 m after this time (Fig. 3a). The corresponding 𝑝𝑚𝑖𝑛
′  jumps from about -27 to 352 

about -12 hPa after 6525 s (Fig. 3d). At the same time, the strongest downdrafts quickly 353 

descend from ~2000 m to ~1000 m by 6575 s (green dots in Fig. 3c). The lower edge 354 

of 𝑤𝑚𝑎𝑥  -32 m s-1 has lowered to ~300 m by 6700 s. The above results suggest that 355 

the rapid weakening of updrafts below 500 m and rapid descent of the downdraft core, 356 

and intensification of downdrafts below 1000 m play important roles in tornado decay. 357 

Before the rapid jump in 𝑝𝑚𝑖𝑛
′  at 6550 s (Fig. 3d), the 𝑝𝑚𝑖𝑛

′  is strongest at the surface 358 

and reaches below – 27 hPa. The associated strong downward PGF most likely plays a 359 

significant role in the onset of strong downdrafts. The causes for the intensification of 360 

downdraft and weakening of updrafts during this period will be examined quantitatively 361 

later in section 4b.  362 
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We also note that between 6600 and 6650 s,  𝜁𝑚𝑎𝑥  below 1000 m briefly 363 

reintensifies (Fig. 3a) and the surface 𝑝𝑚𝑖𝑛
′  lowers to -19 hPa at the same time (Fig. 3d). 364 

These are accompanied by a brief reintensification of updrafts below 500 m (Fig. 3b). 365 

All three quantities rapidly weaken afterwards almost simultaneously.  366 

 367 

Fig. 3 Time-height sections of horizontal subdomain-wide extrema (a) 𝜁𝑚𝑎𝑥 (s-368 
1), (b) 𝑤𝑚𝑎𝑥 (m s-1), (c) 𝑤𝑚𝑖𝑛 (m s-1), and (d) 𝑝𝑚𝑖𝑛

′  (Pa), valid from 6300 to 6795 369 

s. The green dots in (b–d) denote the height levels of the extreme values of the 370 

corresponding fields at the times. The green dots are not shown in (a), because 371 

𝜁𝑚𝑎𝑥 is always located at the lowest scalar level (10 m) during the period shown. 372 

The vertical gray lines are the time that the surface 𝜁𝑚𝑎𝑥 reaches its maximum 373 

at 6525 s. The horizontal gray lines are drawn at 250, 500, 750, 1000, 2000, 4000 374 

m AGL. The black line in (a) and (b) denote the upward propagating trend of 375 

𝜁𝑚𝑎𝑥 and 𝑤𝑚𝑎𝑥. To better show the intensity change of 𝜁𝑚𝑎𝑥, the approximate 376 

trend of 𝜁𝑚𝑎𝑥 below 1000 m is represented by blue line segments. 377 

 378 

b. Low-level structures through tornado decay 379 

At 6315 s, the tornado vortex consisting of three subvortices is located at the 380 

intersection of the forward-flank gust front (FFGF) and the primary rear-flank gust front 381 

(PRFGF) (red solid lines in Fig. 4a). Strong convergence is the most prominent feature 382 

along these gust fronts. Another zone with pronounced convergence exists west of the 383 

PRFGF, which is the secondary rear-flank gust front (SRFGF; dashed red line in Fig. 384 

4a) described in previous studies (Mashiko et al. 2009; Wurman et al. 2010; Lee et al. 385 

2012; Marquis et al. 2012; Kosiba et al. 2013; Schenkman et al. 2014; Skinner et al. 386 

2014). Strong potential temperature () gradient is evident across the FFGF and across 387 

the portion of SRFGF close to tornado. While the PRFGF is located within a zone of 388 

positive  perturbations (𝜃′) with weak gradient (Fig. 4a). This relatively warm air 389 
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originates from repeated surges of warm air generated within the rear-flank downdraft 390 

(RFD) region prior to 6315 s (not shown). After 6315 s, the SRFGF with the cold air 391 

behind with 𝜃′ < -5 K and strong northerly winds, advances southward and eastward 392 

(Fig. 4b–d). Before 6525 s, the tornado locates at the triple point among RFGF, FFGF, 393 

and SRFGF. By 6600 s, the SRFGF has caught up with the PRFGF (Fig. 4e) so that the 394 

tornado becomes fully wrapped in cold air and starts to weaken (Fig. 4e). As the cold 395 

air continues to propagate northward, the FFGF becomes indistinct by 6625 s (Fig. 4f). 396 

In the subsequent few minutes, the RFGF near the tornado also disappears as cold air 397 

spreads and fills up all quadrants around the tornado. The southern portion of the RFGF 398 

remains to the southeast of the tornado as the cold air pushes further southeastward 399 

behind the remaining warm air (Fig. 4g–h). 400 

 401 

Fig. 4 Horizontal cross sections of perturbation potential temperature, 𝜃′ (gray-402 

to-red shaded; K), 𝜁 (purple shaded; m s-1), convergence (cyan dashed contours 403 

at -0.04 s-1), and ground-relative wind (vectors; m s-1) at 10 m AGL at (a) 6315, 404 

(b) 6375, (c) 6450, (d) 6525, (e) 6600, (f) 6625, (g) 6675, and (h) 6750 s. The 405 

positions of FFGF and PRFGF are indicated by red solid lines, while the position 406 

of SRFGF is indicated by red dashed line. 407 

 408 

A zoomed-in view of the region surrounding the tornado is presented in Fig. 5. As 409 

mentioned earlier, at 6315 s, the tornado exhibits a multiple sub-vortex structure (Fig. 410 

5a), a structure that often develops in the later life cycle of tornadoes (Fujita 1970, 1972; 411 

Rotunno 1984; Lewellen et al. 1997; Fiedler 1998; Wurman 2002; Kosiba and Wurman 412 

2010; Xue et al. 2014; Nolan et al. 2017; Mashiko and Niino 2017; Yao et al. 2019; 413 
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Huang and Xue 2023) and has been shown to be due to barotropic instability of the 414 

tornado vortex after its near-surface vorticity gains a vortex ring structure (Huang and 415 

Xue 2023). In this relatively long-lived tornado, the multivortex structure is present 416 

from 5400 s (not shown) through 6450 s (Fig. 5c). Between 6315 and 6525 s, the overall 417 

tornado vortex shrinks in diameter, and the three sub-vortices converge, reestablishing 418 

a single maximum vorticity core by 6525 s (Fig. 5d). The single-core structure 419 

corresponds to the one-cell tornado structure, in which the 𝜁𝑚𝑎𝑥 is located at the tornado 420 

vortex center (Fig. 5d; Davies-Jones et al. 2001). At this time, the tornado is both most 421 

axisymmetric and strongest (Fig. 5d).  After 6525 s, the tornado vortex again transitions 422 

back to a vorticity ring structure with two to three sub-vortices (Fig. 5e–g). Though the 423 

vortex reintensifies slightly around 6625 s (Fig. 5f), the vortex again weakens and 424 

expands in diameter after 6625 s (Fig. 5g and h).  425 

 426 

Fig. 5 Horizontal cross sections of 𝜁  (shade; s-1) and ground-relative wind 427 

(vectors; m s-1) at 10 m AGL at (a) 6315, (b) 6375, (c) 6450, (d) 6525, (e) 6600, 428 

(f) 6625, (g) 6675, and (h) 6750 s.  429 

 430 

c. The evolution of overlying mesocyclones  431 

In section 3a, we have shown that the weakening of updrafts and intensification of 432 

downdrafts are closely associated with tornado decay. The intensity of updraft is 433 

directly modulated by mesocyclones. To investigate the processes that may have caused 434 

the weakening of the low-level updrafts and, consequently, the tornado, we further 435 

examine the evolution of the mesocyclones overlying the tornado vortex. Fig. 6 presents 436 
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three-dimensional visualization of 𝜁 isosurfaces. At 6315 s, the 0.18 s-1 𝜁 isosurface 437 

forms a nearly continuous column from the surface to about 4000 m, with significant 438 

tilting of the vortex tube above 1000 m (Fig. 6a). Although the surface maximum 𝜁 439 

continues to increase substantially between 6315 and 6525 s, weakening of low-level 440 

mesocyclone starts before 6375 s, with the 0.18 s-1 𝜁  isosurface becoming 441 

discontinuous at around 2000 m (Fig. 6b). Therefore, the weakening of low-level 442 

mesocyclone proceeds the maximum surface vortex intensity at around 6525 s (Fig. 443 

5d). As time progresses, the vertical gap between mid-level and low-level 444 

mesocyclones with 𝜁  exceeding 0.18 s-1 expands, while the horizontal separation 445 

between the mesocyclones at the two levels also increases somewhat (Fig. 6c). Similar 446 

weakening of mesocyclone between ~1500 to 2000 m prior to tornado dissipation was 447 

observed by French et al. (2014) and Houser et al. (2015) in Doppler radar observations.  448 

By 6525 s, an additional discontinuity develops in the mesocyclone vortex tube near 449 

1000 m (Fig. 6d). The vortex column connected to the surface tornado vortex further 450 

contracts vertically, reaching a depth of only ~ to about 750 m by 6600 s (Fig. 6e). The 451 

mesocyclones between 750 and 1000 m weakens substantially between 6525 and 6675 452 

s (Fig. 6f). Following the progressive weakening of the mesocyclone at increasingly 453 

lower levels, the surface tornado vortex starts to weaken rapidly after 6525 s (Fig. 5d-454 

h). This sequence of events suggests that the weakening of low-level mesocyclone is 455 

the direct cause of tornado weakening in this case. 456 

We also note that although the weakening of mesocyclones near 2000 m is observed 457 

first, the mesocyclones above 2000 m are not dissipated immediately. Upward vertical 458 

advection of vertical vorticity from lower levels appears to help maintain the 459 

mesocyclones at these heights, as shown in the supplementary animation of vertical 460 

vorticity. However, after 6525 s, as the tornado begins to decay, the mesocyclones can 461 

no longer be maintained and also weaken. This behavior suggests that mesocyclone 462 

maintenance may also be influenced by the surface tornado vortex. Thus, the 463 

relationship between the mesocyclone and tornado may be bidirectional. 464 

 465 
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 466 

Fig. 6 (a–f) Vertical vorticity 𝜁 (isosurfaces at 0.18, 0.3 0.4 s-1), surface potential 467 

temperature (shaded; K), and surface 𝜁 (yellow contours at 0.18 s-1). View is 468 

toward the northwest. The vertical and horizontal black lines in each panel 469 

indicate the scale height and horizontal extent of the tornado, respectively. 470 

 471 

The weakening of low-level mesocyclone appears closely linked to the northward 472 

displacement of the overlying (3-4 km AGL) mid-level mesocyclone. At 6315 s, the 473 

horizontal distance between surface tornado and the mesocyclone at 3500 m is about 474 

1.8 km (Fig. 6a). The distance increases to ~2.45 km by 6375 s as the mid-level 475 

mesocyclone moves northward and a gap in the vertical vortex tube appears at ~2000 476 

m (Fig. 6b). The northward movement of the mid-level mesocyclone appears to drag 477 

the mesocyclones below it northward also (Fig. 6c–f), increasing the vertical gap of 478 

vortex tube. By 6600 s, the low-level mesocyclone between 0.75 and 2.5 km levels has 479 

also drifted northward noticeably and become disconnected with the tornado vortex 480 

below (Fig. 6e).  481 

Therefore, there is a downward progression of the northward displacement of the 482 

mesocyclones at difference levels, leading to the disconnect among the mesocyclone 483 

vortices at these levels. To better illustrate such processes, we calculate the horizontal 484 

distances between the surface tornado vortex and mesocyclones at different heights and 485 

show the time series in Fig. 7. Between 6200 and 6300 s, the overall tornado-486 

mesocyclone vortex already exhibits a slight northward tilt. The horizontal distance 487 

between the tornado and the mesocyclones generally increases with height. The largest 488 

displacement, approximately 2.2 km, occurs between the tornado and the mesocyclone 489 
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at 4235 m, whereas the smallest displacement, approximately 0.5 km, occurs for the 490 

mesocyclone below 1 km, although some temporal fluctuations are present. During this 491 

period, the displacements between the tornado and the mesocyclones at all levels 492 

remain relatively steady. This persistence indicates that the tornado and the overlying 493 

mesocyclones are vertically well aligned during this period, as also seen in Fig. 6a. 494 

 495 

Fig. 7 Time series of the horizontal distance between the surface tornado and 496 

mesocyclones at different levels. Colors indicate mesocyclone height. Four 497 

vertical blue lines mark the times when the distances begin to increase at various 498 

levels. The leftmost blue line at 6315 s marks the time that the distances between 499 

surface tornado and mesocyclone at 2735 (red), 3554 (brown), and 4265 (purple) 500 

m start to increase. The second blue line at 6400 s corresponds to increases at 501 

1784 (yellow) and 2065 m (orange) increases. The third blue line at 6450 s 502 

indicates an increase at 1535 m (azure). The rightmost blue line at 6520 s marks 503 

separation from mesocyclones at 749 (slight green) and 959 m (dark green). For, 504 

clarity, the times that the distance between mesocyclones and tornado starts to 505 

increase are denoted by blue dots. A vertical black line at 6525 s denotes the time 506 

when the surface 𝜁𝑚𝑎𝑥 begins to weaken. The distance between the tornado and 507 

the mesocyclone at 438 m (light blue) does not exhibit a clear increase. 508 

 509 

At 6315 s, northward displacement of mesocyclones at 2735, 3554, and 4265 m start 510 

simultaneously (Fig. 7). This displacement is followed by that of the mesocyclones at 511 
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1784 m and 2065 m, which begin their movement at ~6400 s. Shortly before the surface 512 

tornado starts to weaken, the mesocyclones at 959 and 749 m also start to drift away 513 

from the tornado at ~6520 s. The displacement of the mesocyclone at 959 m proceeds 514 

much more rapidly, whereas the northward movement of the mesocyclone at 749 m 515 

accelerates markedly near 6650 s. Overall, these results indicate a clear downward 516 

progression of northward displacement away from the surface tornado through the 517 

mesocyclones at successively lower levels. This temporal sequence suggests that the 518 

displacement of the higher-level mesocyclones contributes to the subsequent 519 

weakening of the surface tornado.  520 

Marquis et al. (2016) also found that the mesocyclone in a real supercell case was 521 

most tilted during the weakening phase of tornado. Similarly, French et al. (2014) found 522 

an inverse relationship between tornado vortex signature (TVS) inclination angle and 523 

tornado intensity in two observed tornadoes. Together, these results suggest that while 524 

some tilting is permissible and even common, excessive tilting is harmful for sustaining 525 

a tornado. In our simulation, the increased tilt starts from the mid-level mesocyclones 526 

above ~2.7 km. The displacement aloft then induces displacement at lower levels, 527 

gradually reducing the depth over which the mesocyclone remains closely aligned with 528 

the tornado. The onset of tornado weakening at ~6520 s coincides with the separation 529 

of the mesocyclones below 1 km from the surface tornado (Fig. 7). Bluestein et al. 530 

(2026) in a study of a cyclonic tornado spawned by the Selden, Kansas, supercell also 531 

observed that the vortex tilt is minimized when TVS intensity peaks, increases as the 532 

TVS weakens, and eventually reverses its tilt direction during TVS dissipation. 533 

However, they only hypothesized that vortex tilt is caused by rear-flank internal surges 534 

or from rotation about a nearby larger-scale vortex, without further analysis.  535 

The northward displacement occurs sequentially within three layers; at the mid-536 

levels above 2.7 km, the lower levels between 1 km and 2.7 km, and the levels below 537 

~1 km. Motivated by this grouping, and somewhat consistent with Coffer et al. (2023) 538 

who proposed that the low-level mesocyclone near the cloud base is distinct from the 539 

midlevel mesocyclone, we adopt distinct terminology for mesocyclones at different 540 

levels for clarity in the rest of this paper. Hereafter, we refer to the mesocyclone 541 

circulations between 3 and 6 km, between 1 and 3 km, and between 0.75 and 1 km as 542 

the mid-level mesocyclone (MLM), low-level mesocyclone (LLM), and very low-level 543 

mesocyclone (VLLM), respectively.  544 
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We believe that the VLLM is most directly connected to the near-surface tornado 545 

vortex; therefore, its intensification, maintenance, and weakening are closely related to 546 

the genesis, maintenance and decay of tornado. Our results suggest that the maintenance 547 

of a strong VLLM vertically aligned with the tornado vortex depends on the presence 548 

of sufficiently strong and well-aligned LLM and MLM circulations above. In the 549 

absence of such support, the downward-directed dynamic PGF between the VLLM and 550 

the tornado may weaken both circulations (Huang and Xue 2025). Conversely, a strong 551 

overlying LLM may reduce this downward-directed forcing at the VLLM level. The 552 

effects of the dynamic PGF are quantified in the following section.  553 

 554 

4. Vertical acceleration associated with tornado decay 555 

In the previous section, we see that as the VLLM weakens, the associated updrafts, 556 

particularly those below 500 m, and the accompanying vertical stretching also weakens, 557 

leading to tornado decay. In this section, we examine the evolution of vertical velocity, 558 

and identify the dominant forcing terms responsible for the observed changes in vertical 559 

motion, with particular emphasis on the period of VLLM weakening. 560 

a. The evolution of vertical velocity  561 

Fig. 8 shows the horizontal cross sections of 𝑤  at 3125, 1525 and 959 m, 562 

corresponding to the levels of MLM, LLM, and VLLM, respectively. The mesocyclone 563 

center is identified by minimum p' and is labeled “M” while the tornado center location 564 

is labeled “T”. Fig. 9 presents east-west vertical cross sections of 𝑤 and 𝜁. Because of 565 

the vertical tilt of the vortex, the cross sections are constructed to tilt with height, so 566 

that the 𝑝𝑚𝑖𝑛
′  associated with the vortex center at all levels stays within and at the center 567 

of the cross section. In another word, the vertical cross sections follow the vortex central 568 

axes with height. This approach was also used by Roberts et al. (2020).  569 

At 6315 s, the mesocyclones at different levels are located within 1.5 km from the 570 

tornado location (first column of Fig. 8). At 959 m AGL (Fig. 8m), a small downdraft 571 

core is surrounded by a ring of strong positive, with w exceeding 20 m s-1. Higher up, 572 

the strongest updraft is located on the west or north side of the mesocyclone center, 573 

while weaker negative w exists on the southeast and south side of the mesocyclone 574 

center (Fig. 8a and g). In the vertical cross section, positive w is collocated with the 575 
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maximum 𝜁 below ~750 m. At higher levels, however, the maximum 𝜁 lies between 576 

regions of positive and negative w on its west and east sides, respectively (Fig. 9a). 577 

By 6375 s, although the MLM has started to displace northward relative to the 578 

tornado (Fig. 8b), the updraft continues to strengthen, particularly below 500 m (Fig. 579 

9b and Fig. 5). The 20 m s-1 w contours become clearly evident below 500 m by 6425 580 

s (Fig. 9b). Updrafts exceeding 20 m s-1 extend downward and upward and reach their 581 

greatest intensity at 6525 s (Fig. 9d), coincident with the peak intensity of the surface 582 

tornado vortex, which exhibits a solid vorticity core at this time (Fig. 5d). Clearly, 583 

between 6315 and 6375 s, the intensifying updrafts below ~750 m and the 584 

corresponding near-surface convergence cause the organization and concentration of 585 

surface vorticity (see Fig. 5) and intensification of the vortex via enhanced vertical 586 

stretching. The continued vertical alignment of the LLM and VLLM during this period 587 

(c.f., Fig. 7) likely plays a critical role in maintaining this favorable low-level forcing. 588 

Before 6525 s, in the vertical cross sections, two distinct regions with negative w 589 

are evident. One region is between ~750 m and 2200 m AGL and is located on the east 590 

side of the mesocyclone vortex center (e.g., Fig. 8i, o and Fig. 9b), while updrafts are 591 

found on the west side. In horizontal cross sections, this pattern resembles the divided 592 

mesocyclone structure described by Lemon and Doswell (1979), in which about one 593 

half of the mesocyclone contains positive w and the other half contains negative w. 594 

However, this elevated negative w region does not represent sustained downward 595 

motion. Later trajectory analysis will show that parcels passing through this region can 596 

subsequently ascend rather than descend continuously. Physically, this structure just 597 

reflects the mesocyclonic circulation in which generally rising air spirals around the 598 

vortex center, with upward motion favored on one side and downward motion on the 599 

other. Thus, the downdraft associated with the divided mesocyclone does not 600 

necessarily extend to the surface. 601 

Another region with negative w occurs below ~750 m AGL and is located near the 602 

tornado vortex center (Fig. 8m and Fig. 9a). Although the elevated negative w 603 

intensifies and gradually descends in height, these two  regions remain disconnected 604 

both horizontally (Fig. 8m–p) and vertically (Fig. 9a–d) prior to 6525 s. During this 605 

period, downdrafts stronger than -8 m s-1 are confined to heights above 1000 m (Fig. 606 

9a–d).  607 
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After 6525 s, as the VLLM also begins to move northward relative to the tornado 608 

(Fig. 8q), the near surface updrafts weaken rapidly, as indicated by the disappearance 609 

of the 20 m s⁻¹ contour below 500 m (Fig. 9e). The abrupt reduction in updrafts below 610 

500 m is also evident in Fig. 3b and coincides with the onset of tornado weakening. We 611 

also note that the 20 m s⁻¹ contour below 500 m briefly reappears between 6600 and 612 

6650 s (Fig. 9f), indicating a short-lived reintensification of the updraft below 500 m 613 

(see also Fig. 3b). This short-lived recovery will be discussed further in section 4b. 614 

Between 6675 and 6750 s, updrafts throughout 500 to 4000 m weaken substantially 615 

again (Fig. 9g and h).  616 

As the updrafts below 500 m weakens, downdrafts below 1000 m strengthen 617 

considerably after 6525 s (Fig. 8q). In the vertical cross section, it appears that the 618 

elevated negative w region merges with the central downdraft near the tornado core 619 

(Fig. 9e). It then forms a vertically continuous downdraft extending from the surface to 620 

approximately 2500 m (Fig. 9f). Therefore, the weakening of updrafts below 500 m, 621 

and the intensification of the downdraft near tornado vortex center and its connection 622 

with the elevated negative w at the mesocyclone levels between 1 and 2.5 km are closely 623 

linked to tornado decay. To explain the physical mechanisms responsible for these 624 

changes, we next examine the dominant forcing terms in the vertical momentum 625 

equation before and after tornado weakening.  626 

 627 

 628 

Fig. 8. Horizontal cross sections of 𝑤 (shaded; m s-1) at three levels: (a–f; top 629 

row) 3125 m, (g–l; middle row) 1535 m, and (m–r; bottom row) 959 m. Due the 630 

smaller magnitude of 𝑤 at 959 m compared to 1535 and 3125 m, a different 631 

colormap is used for the 959 m panels. Mesocyclone centers at 1535 (middle 632 
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row) and 3125 m (top row), defined by minimum p', are labeled as “M”. Tornado 633 

center locations are labeled as “T”. 634 

 635 

 636 

Fig. 9. Vertical cross sections of 𝑤 (shaded, m s-1; 20 and -15 m s- 1 contours are 637 

in solid and dashed white lines) overlaid with 𝜁 (black contours at 0.18, 0.3 m s-638 
1) at (a) 6315, (b) 6425, (c) 6490, (d) 6525, (e) 6600, (f) 6625, (g) 6675, and (h) 639 

6750 s. Vertical cross-section slopes along the angle of titling vortex tube with 640 

increasing height.  641 

 642 

b. Diagnostics of vertical accelerations responsible for tornado decay 643 

In previous section, we found that the weakening of updrafts and strengthening of 644 

downdrafts associated with the tornado vortex at levels below ~750 m play an important 645 

role in tornado decay. In this section, we calculate the individual forcing terms in the w 646 

equation to identify the underlying mechanisms.  647 

Neglecting Coriolis effects, the w equation can be written as 648 

𝑑𝑤

𝑑𝑡
= −

1

𝜌

𝜕𝑝′

𝜕𝑧
+ 𝐵 + 𝐹,   (1) 649 

where B is buoyancy force and 𝐹  represents friction and subgrid-scale mixing 650 

processes. Term −
1

𝜌

𝜕𝑝′

𝜕𝑧
 is the vertical perturbation PGF (VPPGF) and perturbation 651 

pressure 𝑝′  can be decomposed into dynamically induced component 𝑝𝑑
′  and 652 
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buoyancy-induced component 𝑝𝑏
′  (Davies-Jones 2003; Dawson et al. 2016). With the 653 

decomposition, Eq. (1) becomes 654 

𝑑𝑤

𝑑𝑡
= −

1

𝜌

𝜕𝑝𝑑
′

𝜕𝑧⏟  
𝐷𝑉𝑃𝑃𝐺𝐹

−
1

𝜌

𝜕𝑝𝑏
′

𝜕𝑧⏟  
𝐵𝑉𝑃𝑃𝐺𝐹

+ 𝐵

⏟      
𝐸𝐵

+ 𝐹.   (2) 655 

The first term on the right-hand side (RHS) is the dynamic VPPGF (DVPPGF). 656 

Term −
1

𝜌

𝜕𝑝𝑏
′

𝜕𝑧
 is the buoyancy-induced VPPGF (BVPPGF), and the sum of BVPPGF 657 

and B is often referred to as effective buoyancy (EB) (Davies-Jones (2003)). BVPPGF 658 

often opposes B, so using B alone may overestimate the net buoyant acceleration. In 659 

addition, both B and BVPPGF depend on the choice of reference state, whereas EB 660 

depends only on horizontal density variations, making EB a more robust diagnostic in 661 

convective environments (Davies-Jones 2003; Doswell and Markowski 2004; Dawson 662 

et al. 2016; Huang and Xue 2025). The dynamic perturbation pressure 𝑝𝑑
′  is obtained 663 

by solving a diagnostic elliptic equation for 𝑝𝑑
′ where only forcing terms involving 664 

velocity components are included. 𝑝𝑏
′  is obtained as a different between p' and  𝑝𝑑

′ . The 665 

same procedure was used in Dawson et al. (2016), Schenkman et al. (2016), and Huang 666 

and Xue (2025). 667 

Horizontal cross sections of vertical acceleration (WACCEL) and its components, 668 

including DVPPGF and EB, are shown at 1535, 959 and 257 m in Fig. 10, Fig. 11, and 669 

Fig. 12, respectively. These levels are located just below MLM, LLM, and VLLM, 670 

respectively, and are to represent the vertical accelerations induced by the 671 

mesocyclones above. Because the spatial distributions of positive and negative vertical 672 

forcing relative to the tornado and mesocyclone centers vary with height and time, it is 673 

difficult to use vertical cross sections to illustrate the three-dimensional structure of the 674 

forcing fields, we present horizontal cross sections only here. In addition, since the 675 

vortex tube is thin and often has significant tilt with height (Fig. 6), vertical acceleration 676 

computed as dw/dz would show large downward/upward acceleration above/below the 677 

vortex axis, distorting the true flow acceleration along the vortex tube axis. To address 678 

this, we project the flow acceleration vector onto the local axis of vortex tube, yielding 679 

the true acceleration along the vortex tube. For convenience, we still refer to the 680 

quantity as “vertical acceleration” in this study. 681 
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At all three levels, especially at the 1535, 959 m levels, the spatial patterns of 682 

WACCEL (first row of Fig. 10–12) closely resemble those of DVPPGF (second row of 683 

Fig. 10–12). This similarity indicates that dynamic forcing is the dominant contributor 684 

to the updrafts and downdrafts during the analyzed period. Prior to 6525 s, regions of 685 

positive DVPPGF expand at all three levels, indicating strengthening upward dynamic 686 

forcing (Fig. 10–12g–i). At 1535 and 959 m, the region of positive DVPPGF exhibits a 687 

northeastward extension (Fig. 10 and Fig. 11g–j), which is induced by northward 688 

displacement of MLM and LLM shown in Fig. 7. The displacement of MLM and LLM 689 

likely also contributes to the expansion of negative DVPPGF. Negative DVPPGF 690 

induces the development of a region of elevated negative w on the east side of low-level 691 

mesocyclone centers (Fig. 9). However, although the area of negative DVPPGF, and 692 

thus negative WACCEL, expands somewhat near the mesocyclone center at 1535 m, 693 

the area of positive DVPPGF remains larger than that of negative DVPPGF. Thus, 694 

despite the displacement of LLM and MLM and the associated expansion of negative 695 

DVPPGF beneath them, the dominance of positive DVPPGF allows the updrafts at 696 

these levels to continue to intensify before 6525 s. 697 

At 257 m, the area of positive DVPPGF is also larger than that of negative DVPPGF 698 

before 6525 s (Fig. 12g–i). The negative and positive DVPPGF regions exhibit an 699 

approximate dipole structure, with the positive region occupying a larger area (Fig. 700 

12g–i). Such a dipole structure without evident expansion is consistent with the vertical 701 

alignment of the VLLM and surface tornado during this period (Fig. 6 and Fig. 7). Near 702 

the mesocyclone center, a small region of negative DVPPGF is present and likely 703 

contributes to the downdraft near the vortex center (Fig. 9). This negative DVPPGF 704 

should be generated by the stronger near-surface vorticity relative to that aloft, a 705 

structure commonly found in mature tornadoes (Huang and Xue 2025). Nevertheless, 706 

the dominance of positive DVPPGF at 257 m helps maintain strong near-surface 707 

upward acceleration, which is critical for tornado intensification. 708 

The EB also increases before 6525 s, but this increase is mainly obvious at 6450 s 709 

at 257 m (Fig. 12o). Because 𝜃′ surrounding the tornado is negative at this time (Fig. 710 

4), the contributions to EB from temperature deficit and hydrometeor loading are 711 

negative. The increase in EB is from mainly from the pressure drop or negative p' (not 712 

shown), which causes decrease in air density. This pressure-related component can 713 

become large within the tornado vortex (Dawson et al. 2016). Therefore, the enhanced 714 
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EB is mainly a consequence, rather than the cause, of tornado intensification. In short, 715 

before 6525 s, dynamic forcing provides the primary forcing that strengthens the 716 

updrafts (Fig. 9) and supports tornado intensification (Fig. 5).  717 

The role of DVPPGF within the vortex changes abruptly at 6525 s. At this time, a 718 

marked weakening in positive DVPPGF and a strengthening of negative DVPPGF near 719 

the vortex center are first observed at 257 m (Fig. 12j), coincident with the time when 720 

the VLLM also starts to move northward relative to the tornado (Fig. 7). As the VLLM 721 

moves away, positive DVPPGF beneath it decreases (Fig. 12j). This decrease leads to 722 

weaker WACCEL below 500 m and contributes directly to the weakening of near-723 

surface updraft and intensification of downdraft near the tornado core (Fig. 9e). These 724 

changes reduce low-level vertical stretching and are closely associated with the onset 725 

of tornado decay after 6525 s (Fig. 5).  726 

The weakening of dynamic forcing is also evident at 959 m and 1535 m (Fig. 10 727 

and Fig. 11). By 6600 s, the regions of positive DVPPGF shrink substantially at both 728 

heights (Fig. 10–11k and i), as do the corresponding regions of positive WACCEL (Fig. 729 

10–11e and f). This weakening of DVPPGF explains the reduction of updrafts at these 730 

heights shown in Fig. 9. The decrease in EB at 959 and 1535 m is much less evident 731 

because EB is considerably weaker at these levels (Fig. 10–11p). These results further 732 

support the interpretation that the weakening of DVPPGF is primarily responsible for 733 

the weakening of the updrafts during tornado decay. 734 

As noted earlier, a brief recovery of vertical velocity w and 𝜁, particularly below 735 

500 m, occurs between 6600 and 6650 s (Fig. 3b and Fig. 9e). This recovery is also 736 

induced by a temporary reintensification of DVPPGF at 257 m around 6600 s (Fig. 12e). 737 

This transient increase in DVPPGF appears to be related to the formation of a secondary 738 

LLM directly above the tornado (not shown). This secondary LLM forms from a 739 

residual circulation left behind by the primary LLM as it shifts northward and briefly 740 

enhances DVPPGF at 959 and 1535 m between 6625 and 6650 s (not shown). Because 741 

the secondary LLM is mainly confined between 1000 and 2000 m, the associated 742 

DVPPGF enhancement is also largely confined below 2000 m. As the secondary LLM 743 

quickly drifts northward relative to the tornado, DVPPGF weakens again and the 744 

tornado decay resumes.  745 

In summary, diagnostics of the vertical momentum equation indicate that vertical 746 

acceleration is controlled primarily by dynamic perturbation pressure gradient forcing. 747 
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Before 6525 s, although the MLM and LLM have shifted northward relative to the 748 

tornado, the VLLM and tornado remain vertically aligned. During this period, positive 749 

DVPPGF intensifies at all analyzed levels, especially below 500 m, leading to stronger 750 

low-level upward acceleration and updraft, and tornado intensification. Though 751 

negative DVPPGF also strengthens somewhat above 1000 m in association with the 752 

northward displacement of the MLM and LLM, positive DVPPGF remains dominant. 753 

The effective buoyancy also increases somewhat at lower levels, but this increase is a 754 

result of decreased pressure and associated decrease in air density when the tornado 755 

vortex intensifies.  756 

After 6525 s, when the tornado reaches its maximum intensity, the VLLM also 757 

begins to shift northward relative to the tornado (Fig. 7). At this time, DVPPGF and 758 

therefore WACCEL weakens dramatically below 750 m (Fig. 12j and d). The 759 

weakening of dynamic forcing leads to a rapid reduction in updraft intensity below 500 760 

m (Fig. 9), and contributes directly to tornado decay. The weakening of dynamic 761 

forcing also explains the weakening of positive WACCEL and updrafts at 959 and 1535 762 

m (Fig. 10–11k).  763 

It is important to emphasize that the spatial patterns of vertical velocity and vertical 764 

forcing do not show a strict one to one correspondence (Fig. 10–12). This is because 765 

parcel motion depends on time-integrated effects of forcing along trajectories, and 766 

because flow within the tornado vortex tube typically follows a spiraling three 767 

dimensional path rather than a purely vertical one (see Fig.16 of Huang and Xue 2025). 768 

These effects can produce spatial offsets between regions of strongest forcing and 769 

regions of largest vertical velocity. 770 
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 771 

Fig. 10 Horizontal cross sections of (a)–(f) WACCEL, (g)–(l) DVPPGF, and 772 

(m)–(r) EB (shaded, m s-2) projected onto the axis of vortex tube overlaid with 773 

𝑤 (contours at -15 and 15 m s-1 with negative contours dashed) at 1535 m at (a) 774 

6315, (b) 6375, (c) 6450, (d) 6490, (e) 6525, (f) 6600, (g) 6675, and (h) 6750 s. 775 

Mesocyclone center at this level is labeled as “M”. The region plotted is 4 × 4 776 

km2.  777 

 778 

 779 

Fig. 11 As in Fig. 10, but for (a)–(f) WACCEL, (g)–(l) DVPPGF, and (m)–(r) 780 

EB (shaded, m s-2) overlaid with 𝑤 (contours at -15 and 15 m s-1 with negative 781 

contours dashed) at 959 m. Mesocyclone center at this level is labeled M. The 782 

region plotted is 4 × 4 km2.  783 
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 784 

 785 

Fig. 12 As in Fig. 10, but for (a)–(f) WACCEL, (g)–(l) DVPPGF, and (m)–(r) 786 

EB (shaded, m s-2) overlaid with 𝑤 (contours at -8 and 8 m s-1 with negative 787 

contours dashed) at 257 m. Mesocyclone center at this level is labeled M. The 788 

region plotted is 4 × 4 km2. 789 

 790 

5. Changes in vertical vorticity sources of MLM, LLM, and VLLM 791 

during tornado decay 792 

 As discussed earlier, the first weakening of the mesocyclone occurs near 2000 m, 793 

in the LLM layer, but this does not immediately lead to the weakening of tornado; in 794 

fact, the tornado continues to intensify for a short while. Pronounced tornado decay 795 

does not begin until the VLLM weakens, apparently as a result of the drifting away of 796 

LLM and MLM above. After VLLM weakens, LLM and MLM also start to weaken. 797 

Given the critical role of mesocyclones in providing dynamic forcing and vertical 798 

stretching to support tornado, this section examines the budgets of vertical vorticity 799 

associated with the MLM, LLM, and VLLM in the Eulerian framework first then by 800 

tracking Lagrangian parcel trajectories before and after tornado decay. These analyses 801 

help explain how mesocyclones at different levels interact with each other and with the 802 

tornado.  803 
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a. Vertical vorticity budget in the Eulerian framework 804 

The source terms of 𝜁 equation is first examined at 959, 1535, and 3125 m (Fig. 13–805 

15) as for vertical momentum budgets in Fig. 8, roughly corresponding to the levels of 806 

VLLM, LLM, and MLM. The 𝜁 equation is 807 

𝜕𝜁

𝜕𝑡
= −∇ ∙ (𝑽ℎ𝜁) −

𝜕𝑤𝜁

𝜕𝑧
+𝝎𝒉 · ∇ℎ𝑤 + 𝜁

𝜕𝑤

𝜕𝑧
+

1

𝜌2
(
𝜕𝜌

𝜕𝑥

𝜕𝑝

𝜕𝑦
−
𝜕𝜌

𝜕𝑦

𝜕𝑝

𝜕𝑥
) + (

𝜕𝐹𝑦

𝜕𝑥
−
𝜕𝐹𝑥

𝜕𝑦
). (3) 808 

The RHS terms are the horizontal and vertical advection terms in flux form, tilting 809 

of horizontal vorticity 𝝎ℎ , vertical stretching of 𝜁 , solenoidal generation term, and 810 

generation due to horizontal gradient of frictional stress. The Coriolis force is neglected 811 

at the tornado scale.  812 

Among the RHS terms, horizontal advection is at least an order of magnitude larger 813 

than other terms because of large horizontal wind speed and horizontal gradient of 𝜁. 814 

However, because horizontal advection only moves vorticity around without creating 815 

or destroying it, it is not a true vorticity source term. In fact, in a Lagrangian framework, 816 

the advection term disappears. Both the solenoidal and frictional terms are much 817 

smaller than other terms and are therefore not shown. We will therefore focus on the 818 

vertical advection (first rows of Fig. 13–15), vertical stretching (second rows), and 819 

tilting terms (third rows). 820 

During the analysis period, vertical advection of 𝜁  is in a general much larger 821 

contributor to vorticity changes in the MLM, LLM and VLLM (first rows of Fig. 13–822 

15). The vertical stretching is much smaller, especially at the MLM and LLM levels, 823 

due to relatively smaller vertical gradients of w at these levels (second rows of Fig. 13–824 

14). The tilting term is small at the MLM and LLM levels (third rows of Fig. 13–14), 825 

but it is larger at the VLLM level, especially at 6450 s (Fig. 15o), owing to the presence 826 

of larger horizontal vorticity at lower levels.  827 

Between 6315 and 6450 s, vertical advection plays a key role in enhancing 𝜁 at all 828 

three levels shown (Fig. 13–15a–c). The extent and magnitude of positive vertical 829 

advection are notably greater that those of negative vertical advection. This relatively 830 

large vertical advection occurs because, at this stage, the maximum 𝜁 is located near 831 

the ground, where it is produced primarily by intense low-level vertical stretching (not 832 

shown). The stronger near-surface 𝜁 can then be advected upward by updrafts, thereby 833 

supporting the mesocyclones aloft.  834 
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After 6525 s, vertical advection of 𝜁 decreases at the three analyzed levels (Fig. 13–835 

15e, f). This decrease is induced by substantial weakening of the updraft below 500 m 836 

(Fig. 9), which limits the upward advection of large near-surface 𝜁 . These results 837 

highlight that the supply of large vertical vorticity from near the ground is an important 838 

process for maintaining mesocyclones at different levels. 839 

As discussed above, the weakening of the updraft below 500 m results primarily 840 

from the enhancement of negative DVPPGF at very low levels (Fig. 12), resulting from 841 

the northward displacement of the VLLM (Fig. 7). Thus, the northward movement of 842 

VLLM on one hand weakens/removes the dynamic-PGF support from above, while at 843 

the same time also deprives the mesocyclones themselves of the upward supply of large 844 

vertical vorticity from below. Continuous vertical advection of 𝜁  requires the 845 

mesocyclones, especially those below 1000 m, to remain connected with the near-846 

surface tornado vortex. This connection is required to maintain strong updrafts that rise 847 

from near the ground through the mesocyclones and reach at least the mid-levels.  848 

Additional diagnostics of 𝜁 are conducted at other levels. The results show that 849 

above 200 m, vertical advection is the dominant term, whereas below 200 m, vertical 850 

stretching is dominant because the vertical gradient of w is much larger near the surface. 851 

This is consistent with the observational study of Dowell and Bluestein (2002b), which 852 

also found that the contribution from vertical advection increases with height while 853 

vertical stretching dominates near the surface.  854 

 855 
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Fig. 13. Vertical vorticity  contours at 0.8 s-1 and its production terms (shaded, 856 

s-2) at ~3125 m AGL, including (a–f) vertical advection, (g–l) vertical stretching, 857 

and (m–r) tilting terms at the time shown. For clarity, each term is multiplied by 858 

1000. 859 

 860 

 861 

Fig. 14 As in Fig. 13, but for 𝜁  contours at 0.8 s-1 and its production terms 862 

(shaded, s-2) at 1535 m AGL. 863 

 864 

 865 

Fig. 15 As in Fig. 13, but for 𝜁  contours at 0.8 s-1 and its production terms 866 

(shaded, s-2) at 959 m AGL. 867 

 868 
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b. Trajectory analysis of parcels entering the very low-level mesocyclone 869 

The Eulerian analyses in the previous section indicate that the upward advection of 870 

𝜁 from lower levels is important for the intensification and maintenance of VLLM, 871 

LLM and MLM. In this section, we conduct Lagrangian trajectory analyses to further 872 

substantiate the findings. Given that the tornado decay occurs as the VLLM moves 873 

northward and becomes detached from the tornado, parcels are initialized within a 1.5 874 

× 1.5 km2 box centered on VLLM at 959 m, with a total of 961 parcels. Forward and 875 

backward trajectories are computed for initialization times ranging from 6425 to 6605 876 

s. All trajectories are integrated forward to 7200 s and backward to 5500 s. Fig. 16 877 

shows the time evolution of parcel-height distributions as heat maps. To better illustrate 878 

the parcel pathways, two- and three-dimension trajectories are also given in Fig. 17 and 879 

Fig. 18, respectively. The trajectory shown are initialized at 6425 (Fig. 17a–c and Fig. 880 

18a–b) and 6625 s (Fig. 17d–f and Fig. 18c–d), corresponding to the times before and 881 

after the beginning of tornado decay, respectively. Only parcels with ζ ＞ 0.15 s-1 at the 882 

initialization time are shown in Fig. 17 and Fig. 18. This criterion is satisfied by 77 and 883 

54 parcels initialized at 6425 and 6605 s, respectively. 884 

For trajectories initialized before 6525 s, most parcels share a common behavior: 885 

they are located close to the surface just before the initialization time. A smaller fraction 886 

of parcels originates somewhat above ground (250-500 m AGL) and then descends 887 

toward the surface, while a larger fraction of parcels originates from the near-surface 888 

layer (first row of Fig. 16 and Fig. 17a–c). Such behaviors can also be seen more clearly 889 

in the 3D trajectory animations provided as supplementary materials, for initialization 890 

time of 6425 s. 891 

Just before being ingested into the tornado, most parcels initialized before 6525 s 892 

originate from the inflow region east of the tornado; they are not immediately drawn 893 

into the tornado from the northern side on their way towards the tornado convergence 894 

center. Instead, they turn leftward to go south then enter the tornado from the south 895 

(Fig. 17b). At this time, because the VLLM and tornado are vertically aligned (Fig. 7), 896 

the dynamic forcing (Fig. 12) and associated updrafts (Fig. 9) are strong. The parcels 897 

can then spiral upward within the vortex tube and reach 959 m AGL and beyond (Fig. 898 

17a, c, Fig. 18a–c, and see the animations in supplementary materials). On their way 899 

up, the parcels carry larger near-surface 𝜁 upward, helping maintain the VLLM. 900 
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 901 

Fig. 16. Heat map of parcel height distribution from 5500 to 7200 s for the 902 

parcels initialized at 959 m for different initialization time from 6425 to 6605 s 903 

with interval of 20 s. The initialization time is labeled at the top of each panel. 904 

The bins are 10 s along the abscissa and 40 m along the ordinate. In each bin, 905 

the shading represents the fraction of all parcels at that time shown in abscissa 906 

that lie within the height bin.  907 

 908 

 909 
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Fig. 17. Trajectories of parcels that pass through mesocyclone center region at 910 

959 m level, initialized at (b) 6425 s and (e) at 6605 s, traced backward to 5500 911 

s and forward for 300 s to 6725 and 6905 s, respectively. Black and red dots 912 

mark the initial and final positions of the trajectories, respectively, and the 913 

heights of the trajectories are color coded. The 𝜃′ at the surface (shaded, K) is 914 

also shown. The trajectories are projected onto the side walls in panels (a), (c), 915 

(d), and (f). Only parcels with 𝜁 ＞ 0.15 s-1 at the initialization time are shown.  916 

 917 

After 6525 s, however, the fraction of parcels located near the surface shortly before 918 

the initialization time decreases dramatically (second row of Fig. 16 and supplementary 919 

materials). Additionally, a larger fraction of the parcels located near the surface shortly 920 

before initialization fail to ascend substantially during the following 300 s and remain 921 

mostly below 2.5 km AGL (Fig. 17d, f and Fig. 18d–f). These changes indicate that the 922 

ability of parcels to carry larger near-surface 𝜁 upward is weakened; in other words, 923 

vertical advection of 𝜁 decreases (Fig. 15). Two factors may explain such a change. 924 

First, as the updraft weakens below 500 m, fewer parcels are able to rise quickly from 925 

the surface. Second, as the elevated negative w on the east side of the mesocyclone 926 

intensifies and connects with the lower-level downdraft at tornado core to form a strong 927 

downdraft, more elevated parcels are drawn into the tornado vortex from the 1 – 2 km 928 

levels (the second row of Fig. 16 and Fig. 17e), and many of these parcels originate 929 

from the southern side of the tornado (Fig. 17d–f). The behaviors of these parcels also 930 

clearly indicate the change from updraft domination to downdraft domination near 931 

tornado core through the decay phase. 932 

We also calculated backward trajectories initialized within the LLM at 1535 m AGL 933 

and the MLM at 3125 m AGL (not shown). The results similarly indicate that, before 934 

6525 s, most parcels are first absorbed into the tornado near the surface and then spiral 935 

upward quickly into the mesocyclones. For trajectories initialized after 6525 s, however, 936 

the fraction of parcels that first descend to the surface and are then drawn into the 937 

tornado before rising to the mesocyclones decreases substantially. A larger number of 938 

parcels originate from higher levels and enter the mesocyclones from the south side.  939 

These Lagrangian trajectory-based analyses, together with the diagnostics of the 𝜁 940 

budget for the VLLM, LLM, and MLM in a Eulerian framework, collectively 941 

demonstrate that during the intensification and maintenance stages of tornado, parcels 942 

feeding the VLLM primarily originate from the inflow region east of tornado. These 943 

parcels move westward, descending somewhat as they approach the tornadic region 944 
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before being drawn into the tornado, mostly on the south side. Once absorbed by the 945 

convergent flows of the tornado, the parcels will spiral upwards quickly and carry large 946 

near-surface 𝜁  generated and intensified by tilting and vertical stretching to higher 947 

levels. This upward advection of larger 𝜁 helps sustain the rotation of VLLM, LLM, 948 

and MLM.  949 

After the time of peak tornado intensity, the fraction of parcels that descend to the 950 

surface and are then drawn into the tornado decreases. This change is consistent with 951 

the weakening of the updraft and the strengthening of downdrafts below 500 m 952 

following the northward movement of mesocyclones (see Fig. 9f–h). These dynamical 953 

changes weaken the upward transport of high 𝜁 from near the surface and therefore 954 

weaken the mesocyclones. The weakened mesocyclones further decrease vertical 955 

velocity and associated vertical stretching, leading to the weakening of tornado. 956 

A similar change in parcel-origin height was also noted by Marquis et al. (2016), 957 

who conducted trajectory analysis focused on MLM at 5000 m. In their study, during 958 

the early development and intensification of tornado, some parcels reaching MLM are 959 

found to ascend directly from LLM. However, during the later mature and weakening 960 

phases, none of the parcels passing through MLM originates from LLM. Instead, 961 

parcels entering MLM originates exclusively from the low-level environmental inflow 962 

and are lifted within the low-level updraft that is horizontally displaced from the 963 

tornado. In other words, at this stage, the MLM reverts its support from the 964 

environmental inflow, rather than by flows passing through the near-surface tornado 965 

vortex. This disconnection between the MLM and tornado leads to tornado demise, as 966 

we observe in our simulation. 967 
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 968 

Fig. 18. Three-dimensional air parcel trajectories initialized at (a–c) 6425 s and 969 

(c–f) at 6605 s, and traced backward to 5500 s and forward for 300 s to 6725 and 970 

6905 s, respectively. The heights of the trajectories are color coded. The 971 

trajectories are viewed from the south. To illustrate the positions of trajectories 972 

relative to mesocyclones and surface tornado at different stages, panels (a–c) 973 

also show three-dimensional isosurfaces of 𝜁 (0.18, 0.3, 0.4 s-1) with surface 𝜃′ 974 

(shaded, K) at (a) 6425, (b) 6500, (c) 6605 s for the trajectories initialized at 975 

6425 s and (d) 6605, (e) 6675, (f) 6730 s for the trajectories initialized at 6605 976 

s. Only parcels with 𝜁 ＞ 0.15 s-1 at the initialization time are shown.  977 

 978 

6. Summary and discussions 979 

In this study, the ARPS model is used to produce an idealized simulation of 980 

supercell tornadoes with the inclusion of surface friction. Four tornados are generated 981 

in sequence in the simulation. Focusing on the strongest third tornado, we investigate 982 

its weakening and decay processes at its final stage. Tornado decay has received much 983 

less attention in previous studies than tornadogenesis but is important to the overall 984 

tornado life cycle.  985 

Our results show that at 6300 s of simulation, or 225 s before the time of peak 986 

tornado intensity at 6525 s, the tornado exhibits a multiple sub-vortex structure. The 987 

multiple sub-vortices subsequently converge toward a smaller radius and the tornado 988 

evolves into a symmetric one-cell structure with the 𝜁𝑚𝑎𝑥 located at the tornado center. 989 
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After 6525 s, the tornado transitions into a structure of maximum vorticity ring and 990 

begins to weaken, with a brief reintensification of surface 𝜁 before the final demise. 991 

Previous studies have proposed that a strong low-level mesocyclone at about 1000 992 

m is important for tornadogenesis which provides strong vertical stretching (Coffer et 993 

al. 2017, 2023). In our case, however, the very low-level mesocyclone (VLLM; 994 

between 750 and 1000 m) is found to be more directly associated with tornado decay. 995 

As the VLLM moves northward following the upper-level mesocyclones and detaches 996 

from the tornado at ~6520 s, positive and negative dynamic VPPGF beneath VLLM 997 

weakens and intensifies, respectively, strengthening downdrafts and weakening 998 

updrafts below 500 m. The weakened updrafts reduce near-surface vertical stretching, 999 

thereby contributing to tornado decay. These results suggest that vertical alignment 1000 

between the VLLM and the tornado is critical for tornado intensification and 1001 

maintenance. 1002 

Maintaining a strong VLLM vertically aligned with the tornado vortex requires 1003 

sufficiently strong and well-aligned rotational circulations aloft. In our simulation, the 1004 

northward vortex displacement begins in the mesocyclones aloft and progresses 1005 

downward through successively lower levels. The first northward displacement occurs 1006 

above 3000 m, where the mid-level mesocyclone (MLM; 3000–5000 m) resides. As the 1007 

MLM becomes separated from its lower portion, the positive DVPPGF and associated 1008 

updraft beneath it shift northward. This displacement subsequently causes the low-level 1009 

mesocyclone (LLM; 1000–3000 m) to shift northward also relative to the tornado. 1010 

Finally, at approximately 6520 s, the VLLM also starts to move away from the tornado, 1011 

tornado decay begins shortly after. In the observational study of Bluestein et al. (2026), 1012 

it was observed that vortex tilt was minimized when TVS intensity peaked, and vortex 1013 

tilt increased as the TVS weakened, eventually reversed its direction during TVS 1014 

dissipation. Such a relation between TVS strength and vortex tilt further suggests that 1015 

vertical alignment between the tornado and mesocyclones is important for tornado 1016 

intensification and maintenance. 1017 

The northward movement of VLLM on one hand weakens/removes the dynamic-1018 

PGF support from above, while at the same time also deprives the mesocyclones 1019 

themselves of the supply of large vertical vorticity from below. Trajectory analyses, 1020 

together with Eulerian diagnostics of the 𝜁 budget for the VLLM, LLM, and MLM, 1021 

show that upward vertical advection of surface 𝜁 plays a critical role in intensifying and 1022 
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sustaining mesocyclones. When the VLLM and tornado are vertically aligned during 1023 

tornado intensification, most parcels that enter the VLLM are located near the surface 1024 

shortly before ascending, and the parcels either originate in the near-surface layer or 1025 

descend first towards the surface first (see conceptual model in Fig. 19a). Strong 1026 

updrafts subsequently lift these parcels, carrying with them large near-surface 𝜁 upward 1027 

and thereby help maintain strong mesocyclones aloft. 1028 

After the VLLM detaches from the tornado, the weakening of the updraft below 1029 

500 m sharply reduce the fraction of parcels entering the VLLM from near the surface. 1030 

Instead, a larger number of parcels originate from higher levels and enter the VLLM 1031 

and higher mesocyclones without passing through the near-surface tornado (Fig. 19b). 1032 

Even among parcels that pass near the surface, the fraction subsequently lifted above 1 1033 

km decreases substantially. The resulting reductions in the vertical advection of large 1034 

𝜁  and in vertical stretching directly cause the VLLM weakening and, ultimately, 1035 

tornado decay. To our knowledge, Dowell and Bluestein (2002b) is the only previous 1036 

study to note the contribution from the vertical advection of 𝜁  to mesocyclone 1037 

maintenance. In our study, we also notice a forward surge of a secondary rear-flank 1038 

gust front (SRFGF) concurrent with tornado decay. Previous works have found that as 1039 

the cold air behind SRFGF/RFGF wraps around the tornado, tornado starts to weaken. 1040 

Therefore, they attributed tornado decay to enhanced negatively buoyant forcing in the 1041 

rear flank downdrafts region. In our simulation, effective buoyancy (EB) also decreases 1042 

substantially below 500 m after the time of maximum tornado intensity. However, this 1043 

decrease mainly reflects the weakening of the pressure perturbation deficit near the 1044 

vortex core and the associated reduction in the perturbation pressure component of EB, 1045 

rather than being an independent forcing for tornado decay. Thus, EB is not the 1046 

dominant driver of tornado decay in our case. Instead, the weakening of dynamic 1047 

forcing associated with the northward displacement of the mesocyclones is primarily 1048 

responsible for the weakening of the updrafts and subsequent tornado decay. 1049 

In our simulation, though the pattern of elevated negative w region on the east side 1050 

of the mesocyclone, which is induced by negative DVPPGF there, resembles the 1051 

“occlusion downdraft” described by Klemp and Rotunno (1983), they are two separate 1052 

features until the later stage of tornado decay, when the elevated negative w region 1053 

descends and connects with the low-level occlusion downdraft. The animation of three-1054 

dimensional trajectories initialized before the time of maximum tornado intensity 1055 
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clearly show that before the tornado decay, the elevated negative w region simply 1056 

reflects the downward portion of the spiral motion around the vortex center due to the 1057 

effect of downward DVPPGF there, it is not truly a region of continuous downward 1058 

motion. Forward trajectories initialized within the elevated negative w region between 1059 

1500 and 2500 m before the time of tornado peak intensity (not shown) further show 1060 

that most parcels actually ascend to higher levels after passing through this negative w 1061 

region rather than continuing downward. The downward and upward spiraling motions 1062 

on the two sides of the mesocyclone vortex give rise to the well-known “divided 1063 

mesocyclone” structure (Doswell and Lemon 1979). This structure does not necessarily 1064 

indicate a dynamically separated mesocyclone; instead, it is simply a result of the 1065 

overall ascending, spiraling flow within the tornado-mesocyclone vortex. When the 1066 

tornado–mesocyclone vortex is deep and strong, parcels within the spiraling flow 1067 

ascend rapidly; as the vortex weakens, however, their overall ascent slows. As 1068 

discussed below, during the decay stage, the net vertical motion of the spiraling flow 1069 

may become downward, allowing downdrafts to dominate over updrafts and 1070 

contributing to tornado demise.  1071 

A vertically continuous downdraft from surface to 2.5 km east side of vortex tube, 1072 

produced by the merger of the elevated negative 𝑤 region and the downdraft near the 1073 

tornado core, is also observed in our simulation during the tornado decay stage. This 1074 

downdraft is more consistent with the occlusion downdraft described by Klemp and 1075 

Rotunno (1983) and Adlerman et al. (1999). Previous studies on tornado weakening 1076 

have generally suggested that tornado decay occurs when the occlusion downdraft cuts 1077 

off conditionally unstable inflow feeding the storm updraft (Adlerman et al. 1999). In 1078 

their study, parcels feeding the mesocyclone were more directly lifted from the inflow 1079 

region east of the tornado, therefore an occlusion downdraft could effectively disrupt 1080 

the pathway of the parcels. In our simulation, however, most parcels entering the 1081 

mesocyclones during tornado intensification are not lifted directly from the inflow 1082 

region east of the tornado. Instead, they spiral around the tornado vortex and eventually 1083 

enter the tornado from the southern side mostly. As the strong, vertically continuous 1084 

downdraft develops, fewer parcels are lifted from near the surface into the 1085 

mesocyclones, reducing the upward advection of large near-surface 𝜁. Thus, in our 1086 

simulation, the low-level occlusion-like downdraft contributes to tornado decay mainly 1087 

by weakening the upward transport of 𝜁 (as well as weakening the vertical vorticity 1088 
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stretching) rather than by blocking inflow into the storm updraft. The development of 1089 

the deep connected downdrafts does help to further separate the low-level tornado 1090 

vortex from the mid-level mesocyclone that is moving away. As the MLM becomes fed 1091 

directly by rising inflow air, rather than by the air ascending from below through the 1092 

tornado-LLM vortex tube, the old tornado dies, while a new, cyclic tornado may 1093 

develop again. 1094 

We note here that some of trajectories from the inflow region in Adlerman et al. 1095 

(1999) do not feed directly into the mesocyclone either. Instead, they turn leftward, 1096 

move southward, and enter the mesocyclone from near the surface. These parcels may 1097 

similarly advect larger near-surface 𝜁 upward, resembling the pathway identified in our 1098 

simulation. However, Adlerman et al. (1999) did not present three-dimensional 1099 

trajectory analyses, which is mainly our interpretation. In addition, the coarser 1100 

horizontal grid spacing of approximately 500 m used by Adlerman et al. (1999) may 1101 

influence trajectory behavior within strongly convergent tornadic flow. Finally, point 1102 

out that the conclusions in this paper are only based on the analyses of one decaying 1103 

tornado in one simulation, additional studies are required to determine the generality of 1104 

these findings. Analyzing the decaying processes of the other three tornadoes in our 1105 

simulation is also worthwhile. 1106 

 1107 

Fig. 19. A conceptual model illustrating the key features at the (a) mature and 1108 

(b) decay stages of a supercell tornado, including the mesocyclones at different 1109 

levels, dynamic pressure gradient forcing, the representative upward and 1110 

downward trajectories through tornado vortex, and surface features. Warm 1111 

(red) and cold (blue) shading at the surface indicate positive and negative 1112 

potential temperature perturbations, respectively. Curves with front symbols 1113 

indicate the positions of the primary rear-flank gust front (PRFGF), primary 1114 

rear-flank gust front (SRFGF), and forward-flank gust front (FFGF). The warm 1115 
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anomaly behind PRFGF in (a) is associated with warm surges associated with 1116 

dynamically forced warm downdrafts. Translucent gray three-dimensional 1117 

isosurfaces indicate the vortex tubes of the tornado and mesocyclone vortices 1118 

from surface to ~3.5 km AGL, and translucent light blue regions denote 1119 

negative w associated with mesocyclones. Yellow arrows indicate directions of 1120 

low-level dynamic forcing, and thick red arrows denote upward flows and 1121 

associated vertical advection of ζ . (a) At the mature stage of tornado, the 1122 

mesocyclones and tornado are vertically aligned with only small tilt. A 1123 

representative inflow trajectory that enters the tornado and mesocyclones is 1124 

shown by the black arrowed curve. Upward dynamic forcing and the associated 1125 

updrafts are strong. The elevated negative w region as part of the mesocyclone 1126 

circulations (due to downward tilt of the spiraling circulation) and the 1127 

downdraft near the tornado core are separated from each other. Most tornado 1128 

parcels can spiral rapidly upward through the deep, strong tornado–1129 

mesocyclone vortex. These parcels originate primarily within the inflow region 1130 

south of the FFGF and enter the tornado from the south near the surface after 1131 

curving around on the north and west sides. As these parcels spiral upward from 1132 

near-surface within the vortex tube, they carry large, near surface vertical 1133 

vorticity in the tornado upward, helping maintain the mesocyclones (red arrow). 1134 

The mesocyclones, in turn, provide additional upward dynamic forcing and 1135 

enhance vertical stretching that intensifies and maintains tornado. (b) During 1136 

the decay stage, the mesocyclones progressively separate from the surface 1137 

tornado vortex, beginning at mid-levels and shifting gradually downward to the 1138 

mesocyclone near 1 km. Representative trajectories entering the mesocyclones 1139 

are shown by the purple and black arrowed curves. Positive dynamic forcing 1140 

and the associated updraft (red arrow) weakens, especially below 1 km, as the 1141 

mid-level mesocyclone becomes disconnected with very-low-level 1142 

mesocyclone. Meanwhile, the elevated negative w region on one side of the 1143 

midlevel mesocyclone connects downward with the downdraft near the tornado 1144 

vortex core. Th deeper and strong downdraft along the tornado vortex axis 1145 

causes expansion and weakening of near-surface tornado vortex. With these 1146 

changes, more elevated parcels from 1 – 2 km AGL are drawn into the low-1147 

level tornado vortex (purple curve), induced by low-level downdrafts. At the 1148 

same time, the spiraling updraft parcels ascend more slowly along a vertically 1149 

discontinuous vortex tube and many of them stagnate below 2.5 km and fail to 1150 

enter the mid-level updraft and mesocyclone. These changes reduce the vertical 1151 

advection of larger near-surface vertical vorticity and weaken vertical 1152 

stretching, which directly contribute to mesocyclone weakening and, 1153 

ultimately, tornado decay. 1154 
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