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Abstract 21 

Idealized numerical simulations using a climatological composite sounding of 22 

significant tornadoes within China failed to produce a sustained storm. An increase in 23 

vertical wind shear showed minimal impact on storm longevity. The simulated storms 24 

exhibited very high sensitivity to environmental humidity near the cloud base, at 1 to 2 km 25 

above ground. Increasing humidity within this layer led to the formation of long-lived (≥ 26 

2 hours) and more intense supercells, even though the increase did not change much 27 

standard environmental parameters including the lifting condensation level (LCL) and 28 

convective available potential energy (CAPE). LCL and CAPE are important 29 

environmental parameters that are components of the significant tornado parameter (STP) 30 

used in tornado forecasting operations. This strong sensitivity is investigated. 31 

Instead of calculating air mass fluxes, water vapor entrainment into storms is 32 

calculated as moisture fluxes across the interface between the storm updraft core and its 33 

surrounding environment, which also includes that at the cloud base. Results show that 34 

more environmental moisture is entrained into the updraft core of simulated storms when 35 

the humidity in the 1–2 km layer AGL is increased. The resulting greater positive buoyancy 36 

due to the release of more latent heat leads to larger vertical acceleration and steeper slopes 37 

of the air parcel trajectories and therefore more upright updrafts. The generation of positive 38 

inflow shear due to the enhanced near-surface inflow further increases the uprightness of 39 

updraft at the lower levels. As a result, the convective cells stay close to the low-level gust 40 

fronts and intense supercell storms are sustained throughout the two-hour simulation. 41 

 42 

SIGNIFICANCE STATEMENT: This study demonstrates that increasing relative 43 

humidity solely within the 1–2 km layer above ground level in a sounding based on the 44 

composite environment of significant tornadoes in China transforms simulated supercells 45 

from short-lived to intense and long-lasting ones, despite minimal changes to 46 
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environmental parameters such as CAPE and LCL. The enhanced humidity leads to 47 

increased entrainment of environmental moisture into the storm updraft near the cloud base, 48 

and substantially larger updraft buoyancy and intensity. As a result, the updrafts become 49 

more upright, remain close to the low-level gust front, and the strong storms are sustained 50 

for longer durations. These findings highlight the critical role of water vapor entrainment 51 

near cloud base in governing simulated supercell longevity and intensity, an aspect not 52 

previously investigated in detail. 53 
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1. Introduction 54 

Supercell thunderstorms are responsible for the majority of intense tornadoes (Burgess 55 

1976), with long-lived supercells demonstrating greater tornadic intensity potential 56 

compared to their short-lived counterparts (Bunkers et al. 2006). Understanding how the 57 

environment influences the longevity and intensity of supercells is therefore of critical 58 

importance. 59 

Environmental conditions and associated parameters, such as vertical wind shear, 60 

convective available potential energy (CAPE), storm-relative helicity (SRH), lifting 61 

condensation level (LCL), and low-level water vapor, have been shown to significantly 62 

influence the mode, intensity and longevity of both real and simulated supercells (e.g. 63 

Weisman and Klemp 1982; Droegemeier et al. 1993; Gilmore and Wicker 1998; McCaul 64 

and Cohen 2002). Bulk wind shear, CAPE, SRH and LCL are all components of the 65 

significant tornado parameter (STP, Thompson et al. 2003; Thompson et al. 2004), which 66 

is operationally used for predicting tornadic potential of thunderstorms developing in the 67 

given environment. However, our findings indicate that the supercells evolution is also 68 

sensitive to finer-scale variations that are not adequately captured by the above parameters. 69 

Composite environmental soundings of SIGTOR represent a form of mean 70 

environment based on which idealized simulation studies can be performed (e.g. Parker 71 

2014; Coffer and Parker 2017), including examining the sensitivity of the simulated storms 72 

to environmental properties. In the initial phase of this study, a composite sounding 73 

associated with SIGTOR in China, as reported by Zhang et al. (2023), was used to define 74 

the environment of idealized storm simulations. The fixed STP (STPfix, Coffer et al. 2019) 75 

of this composite sounding is 0.65, which represents a relatively high value within the 76 

Chinese region for tornado potential (Zhang et al. 2025). Nevertheless, the simulations 77 

failed to produce sustained convective storms beyond one hour (see section 3a). The 78 

relatively weak vertical wind shear, compared to that observed in U.S. tornado cases (Zhou 79 
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et al. 2022; Zhang et al. 2023), was suspected to be a key factor limiting the longevity of 80 

the simulated storms1. In general, environments characterized by strong wind shear are 81 

more conducive to long-lasting convective storms (Weisman and Klemp 1982; Weisman 82 

and Klemp 1984, 1986; Rotunno et al. 1988; Weisman and Rotunno 2000; Bunkers et al. 83 

2006), although recent studies also pointed out that stronger shear can suppress the initial 84 

development of the storms due to enhanced mixing with the storm environment (Peters et 85 

al. 2022a, 2022b). 86 

In our study, enhancing vertical wind shear did not promote the storm longevity, 87 

however (see section 3b). Instead, we found that the simulated storms, including their mode, 88 

intensity and particularly longevity, were highly sensitive to variations in low-level 89 

environmental moisture, especially that near the boundary layer top and cloud base. The 90 

simulated storms—particularly the right-moving supercell that emerges following storm 91 

splitting—become stronger and longer-lasting when the relative humidity (RH) in the 1–2 92 

km layer AGL is increased (up to 94%, see section 3c), even though this modification has 93 

negligible effects on environmental parameters such as CAPE and LCL. This prompts us 94 

to ask the questions: Why does environmental humidity within this thin layer have such a 95 

large impact on the simulated storms and what are the underlying mechanisms that drive 96 

such an impact? These become the primary questions we seek to answer in this study. 97 

Compared to vertical wind shear, the relationship between environmental humidity 98 

and supercell storm longevity is comparatively under-investigated in existing studies. 99 

Using idealized simulations with a 1-km grid spacing and a warm rain microphysics 100 

                                                 

1 Because the composite sounding is an average of many soundings representing possibly quite different 

tornado environments and also there are inaccuracies associated with sounding profiles derived from 

reanalysis data, the vertical shear in the composite is most likely weaker than that of many individual cases. 

The same averaging process can also lead to smoother temperature and moisture sounding profiles, and drier 

RH near the cloud base than that of many individual soundings. Future studies can explore composite 

averages of subgroups of SIGTOR soundings classified according to their similarity.  
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scheme, Gilmore and Wicker (1998) suggested that mid-troposphere RH strongly 101 

influences supercell longevity and evolution. Their study found that supercells forming in 102 

environments with moderate wind shear and very dry middle troposphere typically produce 103 

strong low-level outflow that propagates faster than the mid-level mesocyclone, cutting off 104 

warm and moist low-level inflow and leading to the demise of supercells after the initial 105 

hour of simulation. Increasing the wind shear or positioning the dry air at a higher altitude 106 

can mitigate the negative effects of excessively strong low-level outflow. 107 

Through numerical simulations using an ice microphysics scheme with a 250-m grid 108 

spacing, James and Markowski (2010) found that dry air in the 2.5–4 km layer (above cloud 109 

base) can reduce supercell intensity by promoting entrainment of drier environmental air 110 

into the updraft, thereby decreasing the likelihood of a mixed parcel attaining positive 111 

buoyancy. Dry air aloft was found to be responsible for the reduction of total condensation, 112 

total rainfall and total mass of each condensate species. In contrast to Gilmore and Wicker 113 

(1998), James and Markowski (2010) observed that introducing a dry mid-tropospheric 114 

layer did not enhance the low-level outflow; instead, it led to a weaker cold pool. In 115 

simulations with drier environments, weaker updrafts and reduced precipitation, along with 116 

the corresponding decrease in melting and evaporative cooling, were found to outweigh 117 

the potentially favorable effects of dry air on evaporative cooling. When the simulation in 118 

James and Markowski (2010) was re-run using a warm rain microphysics scheme, the 119 

results closely resembled those of Gilmore and Wicker (1998), indicating that the inclusion 120 

of ice processes can change the simulation results qualitatively. 121 

Moreover, Grant and van den Heever (2014) conducted a comprehensive investigation 122 

into the sensitivity of supercell morphology to the vertical distribution of environmental 123 

moisture. Their results demonstrated that supercells became narrower, weaker, and 124 

produced less precipitation in the presence of dry layers, particularly when those layers 125 

were situated at lower altitudes. The entrainment of dry air into the updraft reduced the 126 
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available water vapor for hydrometeor growth, a finding consistent with that of James and 127 

Markowski (2010). Although storm longevity was not the primary focus of their study, we 128 

noted that convection in their simulations was poorly maintained when the lowest moisture 129 

layer (1.5–2.5 km AGL) was dry, whereas storms were better sustained when dryness was 130 

confined to higher altitudes. Importantly, storms failed to maintain in simulations where 131 

the dry layer extended marginally into the mixed layer (i.e., their L50 and L25 experiments), 132 

likely due to a 10–20% reduction in mixed-layer CAPE, despite minimal changes in 133 

surface-based and most unstable CAPE. 134 

Entrainment, a fundamental process modulating storm evolution, is influenced by 135 

environmental humidity. Previous studies, including Raymond and Blyth (1986), Kain and 136 

Fritsch (1990) and Brown and Zhang (1997), suggest that entrainment rates generally 137 

increase with higher environmental humidity; however, these studies did not directly 138 

quantify entrainment rates. Romps (2010) and Dawe and Austin (2011a) proposed two 139 

methods to calculating the entrainment of environmental air (in terms of air mass flux rather 140 

than moisture flux) into clouds directly, which have been widely adopted in subsequent 141 

studies (e.g. Dawe and Austin 2011b; Moser and Lasher-Trapp 2017; Savre 2022). 142 

Jo and Lasher-Trapp (2023, hereafter JLT23) used the method of Dawe and Austin 143 

(2011a) to examine how environmental humidity influences precipitation efficiency in 144 

simulated supercells via entrainment. They found that the reduction of updraft intensity in 145 

terms of the vertical mass flux and the amount of precipitation in supercells within an 146 

environment with lower humidity between 3–4 km AGL was attributed to the storm-147 

relative airstream entraining less humid low-level air into the storm core. In an earlier study, 148 

Lasher-Trapp et al. (2021, hereafter LT21) identified three primary entrainment 149 

mechanisms in idealized supercell thunderstorms: overturning “ribbons”, “disorganized 150 

turbulent eddies,” and the “storm-relative airstream”. Of these, the storm-relative airstream 151 

refers to warm, moist air streaming into the storm at low altitudes (below ~4 km AGL), 152 
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which can contribute to latent heat release and precipitation formation. Thus, increased 153 

entrainment through the storm-relative airstream, facilitated by higher low-level 154 

environmental humidity, can promote storm development. 155 

In a related line of inquiry, Morrison et al. (2022) employed an implied fractional 156 

entrainment rate—calculated using bulk methods—to systematically investigate how 157 

variations in free-tropospheric environmental relative humidity and updraft radius 158 

influence convection initiation, through idealized large-eddy simulations. Their results 159 

showed that higher environmental RH allows shallow cumulus to grow into deep 160 

convection with a smaller required updraft radius. Additionally, the implied fractional 161 

entrainment rate was found to decrease with increasing updraft radius but exhibited limited 162 

sensitivity to environmental humidity. Consistent with previous studies (e.g. James and 163 

Markowski 2010; JLT23), buoyancy dilution increased with decreasing environmental 164 

humidity. 165 

We note that the methods employed, whether in Dawe and Austin (2011a) or Romps 166 

(2010), directly calculate the entrainment of total air mass rather than the entrainment of 167 

water vapor specifically. In those cases, the entrainment of water vapor is only considered 168 

implicitly based on the assumption that the entrained environmental air is drier. We believe 169 

it is more appropriate to explicitly calculate the entrainment/detrainment of moisture 170 

into/out of storms in terms of moisture fluxes. Accordingly, this study investigates the 171 

relationship between environmental humidity and deep convection by calculating ‘water 172 

vapor entrainment’, which quantifies the amount of moisture entrained/detrained into/out 173 

of the updraft cores. Increased moisture entrainment should lead to greater latent heat 174 

release upon condensation, thereby enhancing buoyancy and storm intensity, and vice versa. 175 

Few studies have examined the relationship between environmental humidity and 176 

simulated storm longevity. Moreover, there remains a general scarcity of research into the 177 

mechanisms through which environmental humidity—particularly below 2 km—affects 178 
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storm evolution, as most previous studies focus on layers above 2 km (e.g., Gilmore and 179 

Wicker 1998, James and Markowski 2010, JLT23). Additionally, many prior related studies, 180 

employed horizontal grid spacings of 250 m or greater, resolutions too coarse to adequately 181 

resolve large turbulent eddies that are directly responsible for entrainment and detrainment 182 

processes. Furthermore, many of these earlier studies utilized the analytic thermodynamic 183 

sounding of Weisman and Klemp (1982). 184 

In this study, we conduct a series of high-resolution numerical experiments based on 185 

the SIGTOR composite sounding in China, using a horizontal grid spacing of 100 m. Our 186 

primary objective is to investigate how near-cloud base environmental humidity influences 187 

the intensity and longevity of simulated supercell storms, as well as the underlying 188 

mechanisms. To this end, we carry out sensitivity experiments by modifying the 189 

environmental humidity in specific layers—namely, 1–2 km, 2–3 km, and 1–3 km AGL—190 

relative to the control simulation. Entrainment of water vapor into storms is calculated as 191 

moisture fluxes across the interface between the storm updraft core and its surrounding 192 

environment using a newly developed method, and the impact of entrainment on the 193 

simulated storm intensity and longevity is investigated. The effects of environmental 194 

moisture entrainment on air parcel buoyancy, updraft vertical velocity, and updraft slope 195 

are examined to clarify the governing processes. While this study was initially motivated 196 

by efforts to obtain sustained supercell simulations based on the SIGTOR composite 197 

sounding for China, the results of sensitivity experiments are broadly applicable beyond 198 

the Chinese region. 199 

The rest of this paper is organized as follows. Section 2 describes the simulation 200 

configurations, soundings utilized, and the method for calculating water vapor entrainment 201 

into the storms. Section 3 discusses the simulation results and section 4 presents summary 202 

and conclusions. 203 

2. Methods 204 
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a. Model configurations 205 

The nonhydrostatic Advanced Regional Prediction System (ARPS) (Xue et al. 2000; 206 

Xue et al. 2001) is used in this study for generating a series of idealized simulations. The 207 

simulation domain is 90 km ×  90 km in the horizontal and 16 km in the vertical. 208 

Horizontal grid spacing is 100 m. There are 83 vertical levels, with the grid spacing 209 

increasing from 20 m at the surface to 380 m above 10 km height. The ground surface is 210 

flat and the model top is at 16 km AGL. The first scalar variable level is 10 m AGL. Fourth-211 

order centered scheme is applied to the advection of momentum, while scalar variables 212 

including the potential temperature, water variables and subgrid-scale turbulent kinetic 213 

energy (TKE) are advected by a fully multidimensional flux-corrected transport (FCT) 214 

scheme that is a nonlinear combination of fourth-order and first-order schemes. The FCT 215 

scheme is monotonic and is therefore also positive definite for positive quantities such as 216 

water vapor. Microphysics is parameterized using the five-species ice scheme of Lin et al. 217 

(1983), with default intercept parameter of cloud water, rainwater, ice, snow and hail. 218 

Subgrid-scale turbulence is parameterized using the 1.5-order TKE formulation of Moeng 219 

and Wyngaard (1988), and fourth-order computational mixing is employed. All simulations 220 

are integrated for 2 hours. The above configurations are similar to those of Roberts et al. 221 

(2016, hereafter R16), but with different domain size, horizontal grid spacing, rain intercept 222 

parameter value and the scalar advection scheme used. 223 

Surface drag or friction is included in the simulations with a constant drag coefficient 224 

(𝐶𝑑) of 0.02. This value is typical of relatively rough land surface. As described in R16, 225 

surface drag is included in the ARPS model as horizontal momentum stresses for the x and 226 

y directions defined at the ground surface and the direct effect of the drag comes into the 227 

model as the momentum flux divergence in the vertical subgrid-scale turbulence 228 

parameterization terms for momentum. While almost all idealized storm simulations 229 

referenced in Introduction ignored the surface drag, recent studies have shown that surface 230 
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drag can have a significant effect on tornado dynamics, including acting as an important 231 

source of near-surface vorticity generation for tornadogenesis (e.g., Schenkman et al. 2014; 232 

R16, Roberts and Xue 2017; Roberts et al. 2020; Tao and Tamura 2020; Jiang and Dawson 233 

2023). More and more researchers have started to include it in their idealized storm 234 

simulations (e.g. Markowski 2016; Dawson II et al. 2019; Fischer and Dahl 2022; Coffer 235 

et al. 2023), while real-data tornado simulations naturally include surface friction as part 236 

of surface layer parameterization (e.g. Schenkman et al. 2014; Yokota et al. 2018; Tao and 237 

Tamura 2020). Additionally, the Coriolis force is included. The background horizontal 238 

pressure gradient force is specified in terms of the background geostrophic wind. 239 

The horizontally homogeneous environment of all experiments is based on a regional 240 

composite sounding for SIGTOR within China from 1980 to 2016 (Zhang et al. 2023) with 241 

some modifications, which will be described in next subsection. For every experiment, a 242 

constant wind speed is subtracted from the input sounding to keep the simulated storm near 243 

the center of model domain. This subtracted wind speed is obtained as the average storm 244 

motion speed between 1400–2900 s of a trial simulation using the original sounding, and 245 

it is often called grid translation speed while the model wind is grid relative. In the 246 

calculation of surface drag, ground-relative wind speed is always used. 247 

Convection in the model is triggered by an ellipsoidal thermal perturbation centered 248 

at x = 40 km, y = 40 km, and z = 1.5 km. The ellipsoid has a radius of 10 km in the horizontal 249 

and 1.5 km in the vertical, and the maximum potential temperature perturbation is 6 K at 250 

the center. This relatively large temperature perturbation is used to ensure that the triggered 251 

cell can at least develop into deep convection through its initial phase even when the 252 

environment is less favorable. The same temperature perturbation and bubble size and 253 

height were used in R16 and related studies. 254 

b. Modified sounding for control experiment 255 

The initial environmental sounding used in this study comes from the composite of 256 
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93 significant tornado cases within China for the period of 1980–2016 with TC tornado 257 

cases removed. The tornado proximity soundings are extracted from the fifth-generation 258 

ECMWF reanalysis (ERA5) pressure level dataset with 1–hour time resolution, readers are 259 

referred to Zhang et al. (2023) for more details on the sounding extraction. After 260 

subjectively checking the hodograph of each tornado sample, we eliminate additional 32 261 

cases where the hodographs appear unrealistic. For example, the wind shear between 1 and 262 

12 km is less than 5 m s-1 in some cases. This step makes the composite sounding more 263 

representative. Ultimately, this original composite sounding (OCS) of total 61 SIGTOR 264 

samples serves as the basis for further modifications for subsequent sensitivity experiments. 265 

We decrease the CIN of OCS to zero by keeping the potential temperature constant (a 266 

neutral stratification) below 1 km to facilitate convective initiation and maintenance in the 267 

absence of any mesoscale forcing, as many idealized simulations do (e.g., Gilmore and 268 

Wicker 1998; Xue et al. 2001; R16). The resulting thermodynamic sounding profiles are 269 

shown in Fig. 1a. 270 

With the inclusion of surface drag, the environmental wind profile near the surface in 271 

typical idealized simulations will be gradually modified unless the wind profile is already 272 

in a three-way geotriptic balance among frictional, Coriolis and pressure gradient forces 273 

(Johnson 1966). This “complicates interpretation of the results” (Dawson II et al. 2019) 274 

when studying the sensitivity to the environmental conditions defined by the sounding. 275 

Here, we run a ‘spin-up’ procedure similar to that used in R16 to obtain a wind profile that 276 

is in a geotriptic balance at levels where frictional resulting from surface drag is present; 277 

such an environmental wind profile will remain nearly unchanged during the simulations. 278 

Further details on the balance procedure are given in Appendix. The final balanced wind 279 

profile is shown as a red dashed line in Fig. 1b while the original profile is in solid black. 280 

The average geostrophic wind profile calculated from the pressure fields of ERA5 data and 281 

used in the spin-up procedure is shown as the green dot-dashed line in Fig. 1b. The 282 
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temperature and moisture profiles used in control (CNTL) experiment are plotted in Fig. 283 

1a. 284 

 285 

Fig. 1. (a) Skew-T diagram for CNTL based on the composite sounding of 286 

SIGTOR of China. The temperature, dewpoint, virtual temperature, and 287 

parcel trace are denoted by solid red, solid green, dashed red, and dashed 288 

black lines. Dashed blue lines denote 0℃ and –20℃ isotherms. The ‘low 289 

RH’ and ‘mid RH’ refer to the mean relative humidity from the surface to 850 290 

hPa, and from 850 hPa to 700 hPa, respectively. (b) Composite hodographs 291 

for the original composite sounding OCS (solid black), the geostrophic wind 292 

(dot-dashed green) and the balanced wind profile used in CNTL (dashed red) 293 

up to 12 km AGL. Labels on the curves denote the heights AGL in km. The 294 

wind speed unit is m s-1. The 0–1 km vertical wind shear and storm-relative 295 

helicity are given in the legend, except geostrophic wind. 296 

c. Sensitivity experiments 297 

As mentioned in Introduction, a series of initial sensitivity experiments were run first. 298 

In experiment CN_Vx2, the north-south wind component 𝑣 is doubled from that of the 299 

original geostrophic wind (c.f., Fig. 1), and after the spin-up procedure the hodograph 300 

labeled CN_Vx2 in Fig. 2a is produced, which primarily enhances low-level wind shear 301 

and SRH. In CN_Vx2sl, the upper portion of the CN_Vx2 hodograph is straightened to 302 

resemble the commonly used quarter-circle hodograph (e.g. Klemp and Weisman 1983; 303 



 

 11 

Droegemeier et al. 1993, Fig. 2a). Moreover, in experiment DelC_V, the wind profile from 304 

the well-known 20 May 1977 Del City tornadic storm (Ray et al. 1981) is used to replace 305 

that of the OCS. The Del City sounding is known to produce sustained supercell storms in 306 

many prior studies (e.g. Klemp et al. 1981), including that with the same model used in this 307 

study (Xue et al. 2001). Note that, unlike the previous wind profiles processing, the initial 308 

Del City wind profile is assumed to be geostrophic, following the approach of R16. 309 

Additionally, in experiment DelC_TQ, the temperature and moisture profiles of CNTL are 310 

replaced with those from the Del City sounding (Fig. 2b), while the wind profile from 311 

CNTL is retained. 312 

 313 

Fig. 2. (a) Hodographs used by experiments CNTL (the original spin-up 314 

profile, solid black), CN_Vx2 (v component doubled, solid red), CN_Vx2sl 315 

(straightened upper level, dashed green), and DelC_V (Del City wind profile, 316 

solid purple). (b) The skew-T plot of the Del City thermodynamic sounding 317 

(see also caption as in Fig. 1a). 318 
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 319 

Fig. 3. As Fig. 1a, but for soundings used in (a) CN_M13, (b) CN_M23, (c) 320 

CN_M12 and (d) CN_D12. 321 

The next set of experiments focuses on modifying humidity in various layers relative 322 

to CNTL. Specifically, we examine the 1–3 km layer AGL, since sensitivity to RH in this 323 

layer remains poorly understood and its moisture has minimal influence on parameters such 324 

as LCL and CAPE. In experiment CN_M13, the RH in the 1–3 km layer AGL is set to the 325 

commonly used analytical profile of Weisman and Klemp (1982), ranging from 85 to 97% 326 

(Fig. 3a). As expected, this adjustment leaves LCL and MLCAPE largely unchanged from 327 

CNTL (c.f. Fig. 1a). In experiments CN_M23 and CN_M12, the RH within the 2–3 km 328 

and 1–2 km layer AGL, respectively, is modified instead (Figs. 3b,c). In CN_D12, RH in 329 
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the 1–2 km layer AGL is decreased by the same amount it is increased in CN_M12, relative 330 

to CNTL (Fig. 3d). In these RH modification experiments, adjustment to low-level RH 331 

substantially alters the specific humidity qv within the initial thermal bubble due to its 332 

higher temperature, resulting in different initial storm response. In particular, storms exhibit 333 

a noticeably stronger initial intensity when moisture is enhanced. Another set of 334 

corresponding experiments, CN_M13nb, CN_M12nb, CN_M23nb and CN_D12nb, are 335 

also performed in which RH modification is not applied within the initial bubble. Table 1 336 

lists key parameters of the soundings. Small differences are found in MLCAPE and LCL 337 

of experiments like CN_Vx2 from CNTL because of differences in the mixing effect during 338 

sounding spin-up. 339 

Table 1. Parameters of the soundings used in different experiments 340 

          Experiments 0–1 

km 

shear 

(m s-1) 

0–1  

km  

SRH 

(m-2 s-2) 

0–6 

km 

shear 

(m s-1) 

0–3  

km 

SRH 

(m-2 s-2) 

1–2 

km  

avg 

RH 

(%) 

2–3 

km  

avg 

RH 

(%) 

MLCAPE 

(J kg-1) 

LCL 

(m) 

CIN  

(J kg-1) 

CNTL 9 118 20 166 82 74 1551 1194 -1 

CN_Vx2 13 219 22 270 82 74 1535 1201 -8 

CN_Vx2sl 13 225 23 270 82 74 1535 1201 -8 

DelC_V 17 300 31 379 82 74 1508 1210 -9 

DelC_TQ 9 118 20 166 87 88 2631 1026 -1 

CN_M13/ 9 120 20 168 94 88 1539 1193 -15 

CN_M13nb          

CN_M12/ 9 120 20 168 93 74 1552 1193 -15 

CN_M12nb          

CN_M23/ 9 118 20 166 83 88 1538 1194 -7 

CN_M23nb          

CN_D12/ 9 118 20 166 83 88 1538 1194 -1 

CN_D12nb          

 341 
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d. Calculation of water vapor entrainment 342 

As mentioned in Introduction, we calculate the entrainment rate of water vapor mass 343 

(𝜌𝑞𝑣, where 𝜌 is the air density) into the updraft core, rather than the entrainment rate of 344 

air mass (𝜌), as our focus is on the amount of moisture entering or exiting the updraft core. 345 

Because the non-conservation of 𝜌𝑞𝑣, the method of Dawe and Austin (2011a) that relies 346 

on mass conservation is not applicable here. Instead, we developed a new, more 347 

straightforward method for calculating the water vapor flux through the updraft core 348 

surface. Rather than computing the moisture flux through an arbitrarily oriented surface 349 

within a grid cell, we approximate the total flux as the sum of the fluxes through the x-, y- 350 

and z- oriented faces of each grid cell. To improve the accuracy of such approximation, 351 

each grid cell is subdivided into finer subcells, e.g., into 3 × 3 × 3 or 9 × 9 × 9 or 352 

more subcells. The values of 𝑞𝑣 and velocity components are linearly interpolated to these 353 

subcells while preserving the C-grid staggering. An illustration of this approach for a 2D 354 

grid cell in the x-z plane is provided in Fig. 4. The updraft core is defined as the consecutive 355 

locations where vertical velocity exceeds 2 m s-1 (following the threshold of LT21) while 356 

a hydrometeor threshold is not imposed (following JLT23). In this work, each grid cell is 357 

uniformly subdivided into 729 subcells (9 in each of three directions). A subcell is 358 

classified as part of the updraft core if the w at its center exceeds the predefined threshold. 359 

The interfaces between core and non-core subcells then approximate the boundary of 360 

updraft core. As illustrated in Fig. 4, when grid cells become finer, the calculation of flux 361 

across the core boundaries becomes increasingly more accurate. In practice, the water 362 

vapor flux through the east-west face of a boundary cell (indicated by the red lines in Fig. 363 

4) is given by 364 

𝐹𝑞𝑣
 =  ∫ 𝜌𝑞𝑣𝑢 𝒅𝑨   (1) 365 

where 𝑢 is x component of velocity and 𝐴 is the area of the cell face. For the eastern 366 

(western) boundary of the updraft core, 𝐹𝑞𝑣
  less (greater) than 0 signifies inflow or 367 



 

 15 

entrainment, whereas 𝐹𝑞𝑣
 greater (less) than 0 signifies outflow or detrainment. The same 368 

principle applies to the other faces of boundary cells. Our time interval of model output is 369 

10 s, with six-sample averaging yielding 1-min average water vapor entrainment rates. 370 

 371 

Fig. 4. Two-dimensional illustration of the calculation of water vapor flux 372 

through a cloud or updraft boundary shown as two segments of straight black 373 

lines within two grid cells stacked on top of each other. The fluxes through 374 

the two segments (in their normal outward directions indicated by the two 375 

large arrows) can be approximated as the sum of fluxes through the 376 

boundaries of the grid cells that the boundary passes through. When the center 377 

of a grid cell falls within the cloud or updraft (below the boundary in the 378 

above example, shaded), that cell is considered inside the boundary 379 

completely and the fluxes on the left and upper boundaries are calculated. 380 

When the cell center is outside the boundary, that cell is considered entirely 381 

outside, and the fluxes through the lower and right boundaries are calculated. 382 

When calculating on the original two grid cells, the approximate total flux is 383 

calculated as the sum of the fluxes indicated by the 3 green arrows. The 384 

approximation can be improved by successively refining the grid, sub-385 

dividing each grid cell into 3 × 3 cells. Doing this once, the two grid cells 386 
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are divided into 18 cells. The total flux is equal to the sum of fluxes indicated 387 

by the 7 blue arrows through the cell boundaries. Performing another level of 388 

cell refinement, the total flux is equal to the sum of fluxes indicated 19 red 389 

arrows. The procedure can be programmed with relative ease and the grid can 390 

be refined to any level to achieve desired accuracy but in general two levels 391 

of refinement are enough. 392 

In this study, moisture flux through the updraft core surface below the LCL is also 393 

considered part of water vapor entrainment. Many other studies (e.g., Romps 2010; Moser 394 

and Lasher-Trapp 2017; LT21; Jo and Lasher-Trapp 2022; JLT23) define entrainment 395 

strictly as fluxes above the LCL, treating those below as part of the primary updraft. 396 

Generally, there is more air entering the cloud body or updraft core from below the LCL, 397 

and this air tends to have higher equivalent potential temperature (more potential energy). 398 

This is why the entrainment values of lower levels are often much larger (e.g., LT21, their 399 

Fig. 10). However, to comprehensively assess the effect of moisture flux on storm evolution, 400 

contributions from both above and below the LCL must be considered. Furthermore, some 401 

of the moisture entering the cloud from below the LCL may originate from above the LCL 402 

via recirculating air, making it difficult to distinguish between lateral and vertical fluxes. 403 

Since all water vapor entrained into the updraft core—regardless of direction—contributes 404 

to condensate formation and latent heat release (JLT23), it plays a crucial role in enhancing 405 

convection. Therefore, the difference in the definition of entrainment adopted in this study 406 

relative to most previous work should be clearly noted. 407 

3. Simulation results 408 

a. Results of control simulation 409 

A concise overview of the control simulation is provided in this subsection. With the 410 

moderate wind shear and CAPE in CNTL sounding (Fig. 1), a relatively short-lived (~ 1.5 411 

h) convective system gradually decays, after the updraft driven by the initial thermal bubble 412 

reaches its initial peak at ~1300 s (Fig. 5). At later stages of the simulation, few if any new 413 

convective cells form along the low-level outflow boundary. The initially single cell (Fig. 414 
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6a) begins to split around 3000 s (Fig. 6b), and by 3900 s (Fig. 6c), two distinct storm cells 415 

have formed. The northern storm cell (left mover) stays close to the outflow boundary, 416 

while the southern cell (right mover) is more than 10 km behind the gust front located to 417 

its southeast (Fig. 6c) at this time. By 4800 s, the two split cells drift further apart and 418 

become weaker, especially the southern cell (Fig. 6d), with the maximum updraft velocity 419 

wmax falling below 15 m s-1 (Fig. 5). By 5400 s, both storm cells have dissipated (Fig. 6e). 420 

Figure 5 shows that wmax drops substantially at around 4750 s, and stays below 7 m s-1 after 421 

5750 s, indicating a complete decay of the storms. There is a general decreasing trend of 422 

CNTL wmax after 2500 s. 423 

It is worth noting that, despite the cyclonically curved hodograph in CNTL (c.f., Fig. 424 

1b), the left-moving storm remains stronger and persists somewhat longer than the right 425 

mover throughout the simulation (Figs. 6c-e). Similar behavior has been reported in some 426 

earlier studies (Weisman and Klemp 1984; Grasso and Hilgendorf 2001; Bunkers 2002), 427 

although detailed discussions of this phenomenon have been limited. Based on the classic 428 

theory advanced by Rotunno and Klemp (1982), in an environment of non-unidirectional 429 

vertical shear with clockwise curved hodograph, linear perturbation vertical pressure 430 

gradient force (VPGF) due to the interaction between the storm updraft and the 431 

environmental wind shear would promote the right mover more than the left mover, leading 432 

to a stronger right-moving cell. The fact that the left-mover is stronger in CNTL simulation 433 

suggests that something else plays a bigger role than the dynamic pressure perturbation 434 

predicted by the linear theory. The cold pool-inflow interactions and their effect on the 435 

lifted updraft may have played a more dominant role (see section 3e). The distance between 436 

the storm cell and gust front, which lifts the inflow air feeding the respective updraft, 437 

appears to be a critical factor. This aspect is discussed further in section 3e, while the exact 438 

mechanisms underlying the behaviors warrant further investigation in future studies. In the 439 

present work, we focus on the evolution of the overall storm system, with the goal of 440 
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identifying which aspects of the environmental sounding most strongly influence the 441 

longevity of the simulated storms. 442 

 443 

Fig. 5. Time series of maximum vertical velocity for CNTL (solid black), 444 

CN_Vx2 (solid red), CN_Vx2sl (solid green), DelC_V (solid purple) and 445 

DelC_TQ (solid blue). 446 
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 447 

Fig. 6. Simulated radar reflectivity (shaded) and perturbation (from 448 

environmental sounding) wind vectors at the first model level above the 449 

ground (10 m AGL) for CNTL at (a) 1800 s, (b) 3000 s, (c) 3900 s, (d) 4800 450 

s and (e) 5400 s. The solid blue contours are for the −1 K potential 451 

temperature perturbation and indicate the outflow boundaries. The solid black 452 

contours depict the 10 and 15 m s-1 vertical velocity at 3 km AGL. 453 

b. Sensitivity of simulated storms to hodographs 454 

It is well established that stronger low-level shear promotes the development of more 455 

intense and longer-lived supercell storms. (e.g. Rotunno and Klemp 1982; Davies-Jones 456 
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1984; Weisman and Rotunno 2000). Cyclonically curved hodographs would further 457 

promote the right-moving cell through dynamic pressure effects (Klemp 1987) and increase 458 

in low-level SRH (Rotunno 1981; Davies-Jones 1984). The relative weaker low-level shear 459 

in the CNTL hodograph was initially suspected to contribute to the failure of sustaining 460 

simulated storms. The doubling of v velocity of the CNTL hodograph in CN_Vx2 yields 461 

much larger low-level shear and SRH, and a more cyclonically curved hodograph (Fig. 2a 462 

and Table 1). The 0–1 km SRH reaches 219 m2 s-2, falling within the range supportive of 463 

significant tornadoes (Thompson et al. 2012). However, contrary to expectations, the storm 464 

longevity does not improve in CN_Vx2. Instead, wmax starts to decline rapidly around one 465 

hour into the simulation (Fig. 5). The evolution of this storm generally resembles that of 466 

CNTL, splitting into two cells around 3000 s. The left mover is also stronger and both 467 

storm cells are fully dissipated by 5400 s (left column of Fig. 7). Additional differences 468 

exist in the storm morphologies between CNTL (Fig. 6) and CN_Vx2 (Fig. 7). 469 
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 470 

Fig. 7. As Fig. 6, but for CN_Vx2 (left column), CN_Vx2sl (middle column), 471 

DelC_V (right column) at 1800, 3000, 3900, 4800 and 5400 s for the rows 472 

from top to bottom. 473 

The hodograph of CN_Vx2sl closely resembles the commonly used quarter-circle 474 

hodograph, which has been shown to support sustained storms with a preferential 475 

enhancement of the right mover (Rotunno and Klemp 1982; Weisman and Klemp 1986; 476 

Droegemeier et al. 1993). Nevertheless, even with this hodograph, the right mover remains 477 

weaker and less persistent than the left mover, and the overall convective system is still 478 

short-lived (middle column, Fig. 7). Compared to CN_Vx2, the cloud anvil in CN_Vx2sl 479 
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is oriented mostly eastward instead of east-southeastward, due to the wind direction change 480 

at the upper levels. This change also appears to affect the separation of the split cells, with 481 

the right mover in CN_Vx2sl deviating more slowly to the right than in CN_Vx2. (Fig. 7j, 482 

k). 483 

The Del City hodograph used in DelC_V features strong directional shear overall, 484 

including enhanced 0–1 km shear and SRH values of 17 m s-1 and 300 m-2 s-2, respectively 485 

(Table 1). Despite these favorable shear conditions, the simulated storms with DelC_V are 486 

even weaker and shorter-lived. The initial wmax peak reaches only ~40 m s-1 (Fig. 5), and 487 

the storm system largely dissipated by 3900 s (Fig. 7i). The right-moving storm is notably 488 

stronger and longer-lasting than the left mover. Different from simulations using the 489 

original Del City thermodynamic sounding (Xue et al. 2001), the stronger right mover is 490 

positioned far behind instead of being close to the southeastern edge of the cold pool (Fig. 491 

7f), which appears to be the reason for its quick dissipation. 492 

c. Sensitivity of simulated storms to moisture profiles 493 

The results from the previous subsection suggest that the failure to simulate sustained 494 

storms is more likely associated with the environmental temperature and moisture profiles. 495 

To examine this hypothesis, we conducted an experiment that is identical to CNTL except 496 

that it adopts the temperature and moisture profiles from the original Del City sounding 497 

(c.f. Fig. 2b), named DelC_TQ. In this experiment, the simulated storms maintain strong 498 

intensity, with wmax maintained at ~60 m s-1 (Fig. 5), and the right mover exhibits clear 499 

supercell characteristics throughout the 2–hour simulation (Fig. 8). A notable feature of the 500 

Del City sounding is the relatively moist layer between 850 to 750 hPa (Fig. 2b). Similarly, 501 

the widely used analytical sounding of Weisman and Klemp (1982) also features very high 502 

RH (ranging from 96.6% to 86.7%) in the 1–3 km layer AGL (see Fig. 3a). Numerous 503 

sensitivity studies based on the Weisman and Klemp (1982) sounding (e.g. McCaul and 504 

Weisman 2001; McCaul and Cohen 2002) further simplified the moisture profile by setting 505 
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RH above the LCL to 90%. Additionally, Chavas and Dawson II (2021) showed that 506 

enhancing humidity within the free troposphere can turn short-lived storms into long-lived 507 

ones. 508 

These prior findings, together with our earlier results, motivated a focused 509 

investigation into environmental humidity—especially low-level humidity—as a 510 

potentially critical factor influencing storm intensity and longevity. 511 

 512 
Fig. 8. As Fig. 6, but for DelC_TQ at 1800, 3000, 3900, 5400 and 6400 s. 513 
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 514 

Fig. 9. Time series of maximum vertical velocity for CNTL (solid black), 515 

CN_M13 (solid red), CN_M12 (solid green), CN_M23 (solid purple), and 516 

CN_D12 (solid blue). 517 

Compared to CNTL, the increase of 1–3 km RH in CN_M13 led to a substantial 518 

improvement in storm maintenance. Following the initial cell development, the wmax 519 

remains between 40 and 55 m s-1 throughout the 2–hour simulation (Fig. 9), consistent with 520 

the effects observed in Chavas and Dawson II (2021). Specifically, in CN_M13, the first 521 

peak of wmax reaches approximately 65 m s-1—significantly higher than the ~ 54 m s-1 522 

observed in CNTL—and occurs about 200 s earlier. Large morphological differences exist 523 

between the storms in CN_M13 and CNTL. The right-moving storm no longer dissipates 524 

prematurely and is, in fact, stronger than the left mover (Fig. 10j), as expected for a 525 

cyclonically curved hodograph (e.g. Klemp and Wilhelmson 1978; Rotunno and Klemp 526 

1982). The right mover remains close to the gust front throughout the simulation, 527 

particularly after 3000 s. It develops a classic hook echo, with strong reflectivity extending 528 

southward behind the rear-flank gust front (RFGF) and weaker reflectivity spreading 529 

eastward into the anvil region behind the forward-flank gust front (FFGF). This close 530 

proximity to the gust front likely plays a key role in sustaining the storm intensity, as inflow 531 

lifted by the gust front is directly fed into the upright updraft. Another important difference 532 

is that the right and left movers in CN_M13 move southward and northward much more 533 
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than in CNTL (Fig. 10g vs. Fig. 6e); the larger sideward storm motion, relative to the deep-534 

layer wind shear, contributes to higher SRH in the inflows feeding the storm cells (Rotunno 535 

1981; Klemp 1987). Overall, the right-moving storm exhibits structural features 536 

characteristic of classic supercells, including the hook echo (Fig. 10g, Lemon and Doswell 537 

1979). 538 

 539 
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Fig. 10. As Fig. 6, but for CN_M13 (left column), CN_M12 (middle column), 540 

and CN_M23 (column) at 1800, 3000, 5400 and 6400 s from the top to bottom 541 

rows. 542 

Figure 9 shows that in CN_M23, where moisture is enhanced in the 2–3 km layer AGL, 543 

wmax closely follows that of CNTL, and the simulated storms remain short-lived. In contrast, 544 

wmax in CN_M12 closely resembles that in CN_M13, with storms maintaining strong 545 

intensity throughout the 2–hour simulation. In terms of the low-level fields, including the 546 

reflectivity, the results from CN_M12 (middle column of Fig. 10) are very similar to those 547 

of CN_M13 (left column of Fig. 10), with the primary difference being a somewhat weaker 548 

left mover in CN_M12. These results indicate that moisture in the 1–2 km layer AGL is 549 

critical; notably, this layer lies just above the mixed layer, whose top is slightly below the 550 

LCL (1193 m). When moisture is enhanced in the 2–3 km layer AGL, it has little effect on 551 

the longevity of simulated storms. Clearly, the intensity and longevity of the simulated 552 

storms are most sensitive to moisture in the 1–2 km layer AGL. As expected, the simulated 553 

storms in CN_D12 are even weaker than those in CNTL, with peak w less than 40 m s-1 554 

and the updraft becoming very weak after 2500 s (Fig. 9). The corresponding simulated 555 

fields are not shown. In the next subsection, we analyze in more details of how the moisture 556 

in the layer above 1 km affects the storm intensity and evolution. 557 

d. The effect of moisture in initial warm bubble 558 

Figure 9 shows that wmax increases noticeably faster in CN_M12 and CN_M13 than 559 

in the other experiments after ~300 s, coinciding with the onset of significant 560 

condensational heating. The initial peak w associated with the initial thermal bubble is 561 

about 10 m s-1 higher. This is because the RH enhancement applied to the initial condition 562 

increases the qv within the bubble even more, as previous discussed. As a result, the 563 

maximum buoyancy in the initial storm updraft is substantially enhanced. To avoid this 564 

effect, we set the 𝑞𝑣 within the bubble where initial ' exceeds 3.2 K to the original value 565 

of CNTL in corresponding experiments named CN_M12nb, CN_M23nb, CN_M13nb, and 566 
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CN_D12nb (Table 1). 567 

Figure 11 shows that the buoyancy in terms of ' in the updraft core of CN_M12nb 568 

closely matches that of CNTL during the early stage while that of CN_M12 is much higher. 569 

Figure 12 shows that the first peak of wmax and its timing are nearly identical among the 570 

CN_M13nb, CN_M12nb, CN_M23nb, CN_D12nb and CNTL simulations. The first peak 571 

of wmax of CN_D12nb is substantially enhanced compared to CN_D12 (c.f. Fig. 9). 572 

Therefore, particular attention should be given to the humidity within the initial bubble 573 

when modifying the environmental condition, which may influence subsequent evolution 574 

of simulated storms (Flournoy and Rasmussen 2023). In our case, the overall evolutions of 575 

the storm systems in the corresponding pairs (CN_M13 vs. CN_M13nb and CN_M12 vs. 576 

CN_M12nb) are almost unchanged after the initial peak except for a slight decrease in the 577 

intensity of CN_M12nb at the end of the 2–hour simulation (Fig. 12 vs. Fig. 9 and Fig. 13k 578 

vs. Fig 10k). In the rest of this paper, we will focus on analyzing the results of experiments 579 

CN_M13nb, CN_M12nb, CN_M23nb and CN_D12nb. 580 
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 581 

Fig. 11. Vertical cross section of perturbation potential temperature ' 582 

(shaded), the 3.2 K contour of ' (dashed red) and the 1 ×  10-4 kg kg-1 583 

contour of cloud water plus cloud ice mixing ratio (solid black) through 584 

maximum w for CNTL (left column), CN_M12 (middle column) and 585 

CN_M12nb (right column) at 200, 600 and 900 s of simulations (row from 586 

top to bottom). The solid blue lines in (b) and (c) depict the 0.3 g kg-1 qv 587 

differences from CNTL. 588 
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 589 

Fig. 12. Time series of maximum vertical velocity for CNTL (black), 590 

CN_M13nb (red), CN_M12nb (green), CN_M23nb (purple), and CN_D12nb 591 

(light blue).  592 

 593 



 

 30 

 594 

Fig. 13. As Fig. 6, but for CN_M13nb (left column), CN_M12nb (middle 595 

column), and CN_M23nb (right column) at 1800, 3000, 5400, and 6400 s 596 

from top to bottom rows. 597 

e. The effect of mid-lower-level environmental water vapor 598 

Similar to CN_M13 and CN_M12, the right movers in CN_M13nb and CN_M12nb 599 
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remain close to the RFGF later on (Fig. 13), a key distinction from CNTL (Fig. 6) as 600 

previously noted. Several factors may contribute to the right mover being positioned far 601 

behind the rear-flank gust front (RFGF) in CNTL: (1) excessively strong evaporative 602 

cooling associated with the dry layer, which generates outflow that aggressively overruns 603 

the updraft; (2) a much weaker updraft does not draw in as much low-level inflow or cause 604 

associated inflow acceleration, thereby reducing the ability for the inflow to counteract the 605 

forward propagation of the gust front; and (3) a combination of these factors and potentially 606 

other factors. To further explore the effects of increasing above-LCL humidity on simulated 607 

storms, we select several times during the storm development stage (~ 1200–2200 s) of 608 

CN_M12nb and CNTL for comparative analysis. 609 

The effect of evaporation cooling on outflow should be directly reflected in the 610 

strength of the surface-based cold pool. We calculate parameter C as a measure of the cold 611 

pool strength for CN_M12nb and CNTL where C2=2 ∫ (−𝐵)𝑑𝑧
𝐻

0
  with B being the 612 

buoyancy within the cold pool of depth H (Weisman 1992). The buoyancy includes water 613 

loading, virtual temperature and pressure perturbation effects as calculated in the ARPS 614 

model. C is also associated with the theoretical propagation speed of density current (cold 615 

pool) relative to inflow. 616 

At 1500 s, the cold pools—approximately delineated by the −1 K ' contour—exhibit 617 

similar maximum strengths in both simulations, although the cold pool in CNTL has a 618 

somewhat larger extent. The 3125 m updraft core of the right mover in CN_M12nb is 619 

positioned farther southeast relative to the cold pool (Fig. 14a), whereas in CNTL it is 620 

located farther back to the west (Fig. 14b). By 1800 s, the cold pools have expanded in both 621 

cases with CN_M12nb showing stronger maximum intensity in terms of C (Figs. 14c,d) 622 

due to more precipitation, and both simulations reach a similar minimum 𝜃′  of 623 

approximately –8.4 K (not shown). By 2200 s, the difference in cold pool strength becomes 624 

more pronounced (Figs. 14e,f), with the minimum 𝜃′  in CN_M12nb (–8.4 K) being 625 
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slightly lower than that in CNTL (–8.2 K). Therefore, the relative dryness in CNTL does 626 

not enhance the cold pool via evaporative cooling, but on the contrary produces a weaker 627 

cold pool because of less precipitation (Fig. 6a v.s. Fig. 13b). Similar behavior was seen in 628 

James and Markowski (2010), where cold pool was weaker in drier environments with 629 

lower CAPE. 630 

Although a stronger cold pool generally propagates forward more rapidly, the RFGFs 631 

of the right movers in CN_M12nb and CNTL occupy very similar positions at 1800 and 632 

2200 s (Fig. 14). The stronger perturbation inflow winds in CN_M12nb (Figs. 14c–f), 633 

indicative of enhanced storm intensity, may counteract the expected faster propagation of 634 

the stronger cold pool, resulting in a similar gust front position to that in CNTL. This allows 635 

the updraft in CN_M12nb to remain much closer to the gust front. 636 
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 637 

Fig. 14. Cold pool strength parameter C (shaded), −1 K ' contour (dashed 638 

blue line) at 10 m AGL, 10 m s-1 w contour (solid black line) at 3125 m AGL 639 

and perturbation wind vectors at 959 m AGL for CN_M12nb (left) and 640 

CNTL (right) at 1500, 1800 and 2200 s (top to bottom). The perturbation 641 

wind is defined as departure from the base state wind. The black straight 642 

solid lines through the right movers represent the locations of vertical cross 643 

sections in Fig. 15. 644 

Figure 15 shows the vertical cross sections along the black straight lines in Fig. 645 

14, roughly through the mid-level updraft core of the right mover in CN_M12nb and 646 

CNTL. At 1500 s, the updraft in CN_M12nb is more upright in the lower layers and 647 

extends deeper overall compared to CNTL. Additionally, a portion of the updraft in 648 

CN_M12nb is located ahead of the surface gust front, whereas in CNTL, the updraft 649 
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remains almost entirely behind it (Figs. 15a,b). For example, at 3 km altitude, the 650 

maximum w in CN_M12nb is located near x = 9.5 km, roughly above the leading 651 

edge of the cold pool. In contrast, in CNTL, the maximum w is found near x = 8 km, 652 

significantly lagging behind the cold pool’s leading edge, which is positioned 653 

around 11.5 km. This rearward displacement is attributed to stronger tilting of the 654 

low-level inflow. At 1800 s, this pattern persists, with the mid-level updraft in CNTL 655 

positioned 2.5–5.0 km behind the surface gust front (Fig. 15d). In CN_M12nb, the 656 

updraft remains much closer to the gust front and rises nearly vertically up to ~7 km 657 

before tilting forward (Fig. 15c). In CNTL, forward tilting begins around 4 km, 658 

owing to the weaker w (Fig. 15d). 659 

In CN_M12nb, storm-induced acceleration of the low-level inflow generates a 660 

greater near-surface positive shear. In the vertical cross section shown in Fig. 15, 661 

approximately 1 km in front of the leading edge of the cold pool, the 0–2 km wind 662 

shear in CN_M12nb is ~4 m s-1 stronger than the environmental shear and ~3 m s-1 663 

stronger than that in CNTL at 1800 s. This shear generates horizontal vorticity 664 

oriented into the page and should help support an updraft with less rearward tilt at 665 

the lower levels according to the RKW theory (Rotunno et al. 1988, Fig. 15c). 666 

Another more important reason for the more upright updraft in CN_M12nb is the 667 

higher positive buoyancy (max ' ~10.5 K in Fig. 15a versus ~7.9 K in CNTL in 668 

Fig. 15b) due to the enhanced near-LCL humidity that causes more rapid vertical 669 

acceleration of lifted air parcels and larger w, leading to the more vertical parcel 670 

trajectories and deeper convection. 671 

By 2200 s, the updraft of right mover in CNTL has become even more 672 

rearward-tilted at the lower levels, with its leading edge positioned approximately 5 673 

km behind the surface gust front (Fig. 15f). This pattern is consistent with the updraft 674 

positioning observed in Fig. 6. In CNTL, the inflow air travels over the gust front 675 
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but fails to directly connect with the updraft, which is positioned approximately 5 676 

km behind the leading edge of the gust front. During this separation, dilution of 677 

buoyancy and moisture may occur. In contrast, the lifted air in CN_M12nb begins 678 

to rise immediately behind the surface gust front and feeds the main updraft, which 679 

is located only about 1 km behind the gust front (see also Fig. 14e). The resulting 680 

updraft is notably more upright and deeper, staying much closer to the gust front—681 

a key distinction from CNTL. This behavior is attributed to the enhanced 682 

environmental humidity in the 1–2 km layer AGL. The presence of moist layer leads 683 

to substantially higher buoyancy within the storm updraft, which we believe is the 684 

primary driver of the much more upright updraft. The resulting larger vertical 685 

acceleration of the rising air parcels contributes to the steeper slopes of storm 686 

updrafts. In addition, the stronger updraft becomes less susceptible to disruption by 687 

environmental shear, thereby maintaining a more stable structure. A secondary effect 688 

is the enhanced inflow near the surface, where increased horizontal acceleration 689 

generates positive shear that further supports upright updrafts in the lower levels. 690 
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 691 
Fig. 15. Vertical cross section along the black straight solid lines in Fig. 14 692 

for CN_M12nb (left) and CNTL (right) at 1500, 1800 and 2200 s (top to 693 

bottom) of ' (positive values shaded) with the −1 K contours (solid golden, 694 

indicating the boundaries of cold pool), 5 m s-1 and 13 m s-1 w contour (solid 695 

purple) and ground-relative wind vectors. Note that the color scale differs 696 

from that used in Fig. 11. 697 

To better understand how the environmental moisture near the cloud base affects the 698 

updraft buoyancy and subsequently impacts storm evolution, we calculate water vapor 699 

entrainment using the method described in section 2d. During the initial stage (before 900 700 

s), the total water vapor entrainment into the storm updrafts is similar across the simulations. 701 

However, as the storm develop, notable differences in both entrainment and updraft 702 

buoyancy emerge. 703 
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 704 

Fig. 16. Time series of (a) total water vapor entrainment, (b) normalized water 705 

vapor entrainment and (c) updraft core volume for CN_M13nb (dashed 706 

purple), CN_M12nb (dashed blue), CNTL (solid green), CN_M23nb (dashed 707 

orange) and CN_D12nb (dashed red). 708 

Figure 16 presents the time series of total water vapor entrainment (hereafter referred 709 

to as entrainment for short) into the updraft cores (defined by w > 2 m s-1), the entrainment 710 

normalized by the updraft volume, and the updraft volume itself, over the 1210–1980 s 711 



 

 38 

period for CNTL, CN_M13nb, CN_M12nb, CN_M23nb and CN_D12nb experiments. 712 

This period starts shortly before the first wmax peak and ends when the initial storm starts 713 

to split but already exhibits sufficient difference in intensity (Fig. 12). The selection of this 714 

period makes our computation easier by not having to track separate cells after splitting. 715 

At even later times, storms in CNTL become much weaker after splitting, making direct 716 

quantitative comparisons across experiments difficult. A similar analysis was also 717 

conducted for the 1630–2400 s period, the results obtained are similar (not shown). 718 

Figure 16a shows that the total entrainment in CN_M13nb and CN_M12nb is greater 719 

than in the other simulations throughout the entire 12 min period. The updraft core volumes 720 

in CN_M13nb and CN_M12nb are also larger (Fig. 16c). The larger volume is associated 721 

with stronger updrafts in our simulations and reflects an expanded interface for entraining 722 

ambient moisture. Figure 16b shows the total entrainment normalized by the total updraft 723 

core volume. The normalized entrainment values in CN_M13nb and CN_M12nb remain 724 

consistently higher than those in others and are still similar to each other. 725 
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 726 

Fig. 17. Evolution of (a) time integral of total water vapor entrainment, (b) 727 

time integral of normalized water vapor entrainment and (c) maximum 728 

perturbation potential temperature ('max) for CN_M13nb (dashed purple), 729 

CN_M12nb (dashed blue), CNTL (solid green), CN_M23nb (dashed orange) 730 

and CN_D12nb (dashed red). The vertical dashed line in (c) indicates the start 731 

of the period for entrainment calculation (1210 s), which is also the point at 732 

which 'max begins to differ among the simulations. 733 

The continuous entrainment of high-humidity air into the updraft core supports the 734 
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sustained development of storms. The time-integrated entrainment values are presented in 735 

Fig. 17. CN_M12nb and CN_M13nb exhibit similarly larger time-integrated total 736 

entrainment (TITE), and both experiments produced the longest-lived and most intense 737 

supercells. In comparison, CN_M23nb and CNTL exhibits similar but notably lower TITE 738 

than CN_M12nb and CN_M13nb, corresponding to short-lived storms. Lastly, CN_D12nb, 739 

with the lowest TITE, only generates the weakest and shortest-lived storm. The differences 740 

among the normalized TITE values across the various experiments mirror those observed 741 

in the absolute TITE values, albeit with reduced magnitude. These differences in moisture 742 

entrainment govern the buoyancy intensity within the updraft core, as measured by 'max 743 

within the updraft (Fig. 17c). 'max is on average 2–3 K higher in CN_M12nb and 744 

CN_M13nb, and this increased buoyancy produces stronger and more upright updrafts as 745 

discussed earlier. The results also show that enhancing moisture in the 2–3 km layer AGL 746 

does not lead to increased entrainment into the updraft core compared to CNTL.  747 

Evidently, at least among the scenarios considered here, moisture in the 1–2 km layer 748 

AGL plays a critical role in supercell evolution. Weak and short-lived storms can change 749 

into strong, long-lived supercells when this layer is moistened, due to increased 750 

environmental water vapor entrainment. Notably, moisture change in this layer have 751 

minimal impact on traditional thermodynamic parameters such as LCL or CAPE. This 752 

suggests that severe weather forecasting based on environmental conditions should place 753 

greater emphasis on fine-scale structures in thermodynamic profiles, in particular, moisture 754 

near the cloud base. 755 

In the following, we examine further process differences between CNTL and 756 

CN_M12nb. Vertical profiles of total water vapor entrainment averaged over 60 s periods 757 

are shown in Fig. 18 for the two simulations. At earlier times (1210–1270 s and 1330–1390 758 

s), the strongest enhancement of entrainment in CN_M12nb occurs within the 1–2 km AGL 759 

(Figs. 18a,b). During this stage, the storm updrafts triggered by the initial bubble have just 760 



 

 41 

reached their first peak (see Fig. 12), while downdrafts and cold pool are still in the process 761 

of developing. The entrainment values are largest near the LCL for both CNTL and 762 

CN_M12nb, indicating that most upward water vapor inflow below the LCL (mostly 763 

upward), along with some side entrainment above the LCL, serves as the primary source 764 

of storm moisture supply. The compensating downdraft surrounding the updraft can also 765 

transport some environmental moisture downward and subsequently into the updraft. As 766 

the storm further develops, precipitation begins to fall, initiating downdrafts and forming 767 

surface cold pool that spread at the surface. The resulting gust fronts on all side of the cold 768 

pool lifts lower-level air (c.f., Fig. 15c), which then feeds the updraft, leading to a 769 

substantial water vapor entrainment at lower levels (below 1 km, Figs. 18d,e,f). Around 770 

1800 s, there is a local maximum entrainment in CN_M12nb at ~2.3 km level that is absent 771 

in CNTL (Figs. 18e,f). Analysis of vertical cross-sections of wind (e.g., Fig. 15c) and water 772 

vapor fields suggests that this feature arises primarily from the elevation of the ~1 km moist 773 

layer by the flows lifted by the spreading cold pool on the back side of the low-level flow. 774 

The more important general tendency is for a deeper layer of strong entrainment to 775 

developed that extends from surface to above LCL as the storm matures. 776 
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 777 

Fig. 18. Vertical profiles of total water vapor entrainment averaged over 60 s 778 

periods for CNTL (solid orange), CN_M12nb (solid blue) at (a) 1210–1270 s, 779 

(b) 1330–1390 s, (c) 1450–1510 s, (d) 1630–1690 s, (e) 1750–1810 s, (f) 780 

1870–1930 s. The two dashed black lines at the height of 1000 m and 2000 m 781 

denote the range of moistened layer for CN_M12nb. 782 

Next, we examine the evolution of moisture, temperature and buoyancy along air 783 

parcel trajectories ending in the peak updrafts of CN_M12nb and CNTL. We calculate 784 

backward trajectories terminating at the grid point corresponding to wmax (referred to as 785 

“peak w point”) and eight points around it. The eight points are at the center of the four 786 

sides and at the four corners of a 500 m × 500 m square centered on the peak w point. For 787 
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each experiment, the trajectories are traced from the peak w region at two times: 1640 and 788 

1990 s for CN_M12nb and 1750 and 1960 s for CNTL (see Fig. 12), and the trajectories 789 

are traced backward in time to 300 s. The slightly different timing of peak wmax between 790 

the two simulations is chosen to enable a more equitable comparison by aligning the 791 

respective stages of storm evolution. 792 

We find that, in CN_M12nb, the air parcels contributing to the peak updraft at both 793 

1640 s and 1990 s primarily originate from the humidified 1–2 km layer (Figs. 19b,d). In 794 

both CN_M12nb and CNTL, these air parcels first experience a period of descent, followed 795 

by horizontal advection, before ascending vertically into the updraft (Figs. 19a,b,d). It is 796 

evident that these parcels are driven by the circulation associated with the horizontal 797 

vorticity, which is mainly generated baroclinically by the horizontal buoyancy gradients 798 

(Markowski and Richardson 2010). However, the initial altitudes of these parcels in CNTL 799 

are slightly lower than those in CN_M12nb, with most of them below 1 km AGL. 800 

 801 

Fig. 19. Vertical cross sections of trajectories of air parcels between 300 s to 802 
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(a) 1750 s, (c) 1960 s for CNTL (left column) and to (b) 1640 s, (d) 1990 s 803 

for CN_M12nb (right column), water vapor specific humidity (shaded) and 804 

perturbation wind vectors at 300 s. The solid black lines in (a), (b) depict the 805 

1.0 m s-1 vertical velocity isopleth. The thick dashed gray line represents the 806 

location of the bottom (1 km AGL) of the moistened layer in CN_M12nb. 807 

The cross sections of (a), (b) are Y-Z plane and of (c), (d) are X-Z plane to 808 

better display the trajectories of 9 air parcels (represented by lines of different 809 

colors) of each diagram. The position of the Y-Z plane on the X-axis is equal 810 

to the X-position of the corresponding peak point, and the position of the X-811 

Z plane on the Y-axis is equal to the Y-position of the corresponding peak 812 

point. 813 

The average buoyancy (including water loading), 𝑞𝑣, ' and RH of these two sets of 814 

air parcels along their trajectories are calculated (1750 s in CNTL v.s. 1640 in CN_M12nb 815 

and 1960 s in CNTL v.s. 1990 s in CN_M12nb). Given the varying heights of parcels at the 816 

same time steps, all variables are interpolated to common altitude levels to facilitate 817 

averaging at each time interval. Additionally, the parcels whose trajectories deviate 818 

substantially from the group mean are excluded from the averages, such as the one 819 

originating near 6 km height in Fig. 19a. Due to the similarity in the outcomes of the two 820 

sets of trajectory diagnostics, only the results of the second set are presented (1960 s in 821 

CNTL v.s. 1990 s in CN_M12nb, Fig. 20). It is evident that the average 𝑞𝑣 of air parcels 822 

in CN_M12nb is consistently higher than in CNTL throughout the vertical profile. The 823 

increased moisture results in saturation (average RH close to 100%) at lower altitudes. The 824 

enhanced water vapor leads to ' that is typically 1–2 K higher throughout the depth (Fig. 825 

20b) and higher positive buoyancy (Fig. 20a) in CN_M12nb. The somewhat lower 826 

buoyancy in CN_M12nb between 5 and 6 km in Fig. 20b may be due to enhanced water 827 

loading as ' is clearly higher (Fig. 20b). The accumulative effect of larger positive 828 

buoyancy along the parcel trajectories above 1 km naturally leads to a much stronger 829 

updraft and larger wmax peaks in CN_M12nb. These differences are attributable solely to 830 

the enhanced environmental humidity entrained into the updraft core. 831 
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 832 

Fig. 20. (a) Average buoyancy and qv (upper panels) along the trajectories of 833 

CNTL trajectories in Fig. 19c and CN_M12nb trajectories in Fig. 19d. The 834 

second panel (b) correspond to (a) but for average perturbation potential 835 

temperature and RH. The variables of different particles from CNTL and 836 

CN_M12nb have been interpolated to the same height at each time point in 837 

these four subplots. Only the part with ascending motion is included. 838 

f. Sensitivity to initial bubble configurations 839 

Before 1800 s, the simulations remain strongly influenced by the initial thermal 840 

bubble. A natural question arises: how sensitive are the results to configuration of this initial 841 

bubble? To address this, we conducted a series of additional sensitivity experiments with 842 

varied bubble configurations. First, we repeated experiments CNTL and CN_M12nb with 843 

the maximum warm bubble perturbation reduced to 3 K, referred to as CNTL_3K and 844 

CN_M12nb_3K, respectively. Although the overall storm intensity is weaker in these runs, 845 

the storm longevity remains generally consistent with that in 6 K bubble cases. The storms 846 

in CNTL_3K still fail to sustain. While the cold pool associated with the right-moving 847 

storm is weaker in both spatial extent and intensity, it still propagates too fast, cutting off 848 

the warm and moist inflow necessary to maintain the updraft. In contrast, the storms in 849 

CN_M12nb_3K remain persist, similar to those in CN_M12nb (results not shown). 850 
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Variations in the height of the initial bubble may alter the altitude of the compensating 851 

circulation associated with the initial updrafts, potentially affecting the entrainment process. 852 

To assess whether the level of maximum entrainment is sensitive to the height of the initial 853 

bubble, we repeated CN_M12nb with the bubble centered at a higher altitude of 2500 m 854 

(hereafter CN_M12nb_hb, where ‘hb’ denotes higher bubble). The overall storm intensity 855 

remains largely unchanged, particularly during the latter stages of storm development 856 

(results not shown). Compared to CN_M12nb, there is a slight upward shift in the height 857 

of the maximum entrainment layer in CN_M12nb_hb storms; however, this difference is 858 

limited to the first 30 minutes. As the system gradually stabilizes, the influence of the initial 859 

thermal bubble diminishes, leading to essentially same vertical distributions of entrainment 860 

between CN_M12nb and CN_M12nb_hb. The entrainment profiles closely resembles the 861 

pattern depicted in Figs. 18e,f, with the maximum water vapor entrainment occurring near 862 

2 km, and a substantial amount entrainment observed below 1 km (results not shown). 863 

Given that the right-moving storms in CN_M12nb and CN_M12nb_hb are similarly 864 

sustained, we compared moisture entrainment between 2830 and 3600 s. The height of the 865 

maximum water vapor entrainment layer is found to be nearly identical in the two 866 

simulations (results not shown), indicating the general results are not sensitive to the initial 867 

bubble height. 868 

Recent studies (e.g. Peters et al. 2020) have shown that simulated storms are often 869 

sensitive to the updraft width, which can be linked to the initial bubble size. Peters et al. 870 

(2022a, 2022b) specifically investigated the relationship between convection initiation and 871 

environmental wind shear, exploring how updrafts evolve under varying initial forcing 872 

radius in different wind shear, humidity, and CAPE conditions. Their experiments 873 

considered initial bubble radii up to 3 km. Since our experiments use a 10 km horizontal 874 

radius, the bubble should be sufficiently large to eliminate the updraft width as the cause 875 

of early storm demise (due to dry air entrainment). Our results are consistent with the 876 
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findings of Peters et al. (2022b), that for environments characterized by lower humidity, 877 

neither increasing the initial radius nor enhancing wind shear is sufficient to produce a 878 

stable, self-sustaining state of updrafts (see their Figs. 2e,k). Nevertheless, we repeated 879 

CNTL with an increased horizontal radius of 15 km, referred to as CNTL_wb (‘wb’ 880 

denoting wider bubble). The simulated storm remains short-lived, although the maximum 881 

updraft maintains its intensity for longer (up to 4000 s, results not shown), due to its 882 

increased initial buoyancy energy and less dry air entrainment, as pointed out in Peters et 883 

al. (2020). 884 

4. Summary and conclusions 885 

This study conducts a series of tornadic supercell simulations based on a composite 886 

sounding and its variations for significant tornadoes in China. Using a high-resolution 887 

model with a horizontal grid spacing of 100 m, the simulation initialized with the original 888 

composite sounding yielded only short-lived, unsustainable storms. Relatively weak 889 

vertical wind shear and lower SRH were initially suspected to be responsible, but 890 

enhancing them did not improve storm longevity; in fact, stronger wind shear resulted in 891 

weaker simulated storms. Furthermore, even though the original and modified hodographs 892 

had clockwise curvature at the lower levels, the left mover after the storm splitting was 893 

stronger than the right mover (e.g. CNTL, CN_Vx2sl), and the significant lagging of the 894 

right mover behind the surface gust front was a prominent feature in the unsustainable 895 

storm simulations. 896 

Through a series sensitivity experiments, we found that enhancing the RH in the 1–2 897 

km layer AGL alone—from ~83% in the original composite sounding to ~94%—led a 898 

substantial change in storm evolution. The overall system became long-lived, and the right-899 

moving supercell after splitting became stronger than the left mover, consistent with 900 

expectations for a hodograph having clockwise curvature. Moisture enhancement primarily 901 

occurs in a layer just above, yet close to, the LCL, influencing storms through a downward-902 
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then-upward transport of moisture into the storm updraft, as driven by compensating 903 

circulations around low-level updrafts in the early stage. This mechanism differs from 904 

direct increases in sub-cloud layer moisture. The moisture enhancement within the 1–2 km 905 

AGL layer has minimal impact on the calculated LCL or CAPE, making severe storm 906 

forecasting based on mixed layer or surface-based thermodynamic parameters tricky. This 907 

finding also underscores the important impacts of finer-scale variations in environmental 908 

soundings, which are not adequately captured by commonly used parameters. 909 

Specifically, in a set of sensitivity experiments—CN_M12nb, CN_M13nb and 910 

CN_M23nb—the RH in the 1–2 km, 1–3 km and 2–3 km layers AGL is increased, 911 

respectively. In CN_D12nb, RH in the 1–2 km layer AGL is decreased. The most notable 912 

differences in storm morphology among these simulations lie in the behavior of the split 913 

storms. In CN_M12nb and CN_M13nb, both the right and left movers remain close to the 914 

cold pool outflow gust fronts, with the right mover intensifying. In contrast, in CN_M23nb, 915 

CNTL and CN_D12nb, the right mover is located far (as much as 10 km) from its rear flank 916 

gust front and is weaker than the left mover. Storm intensity is sustained throughout the 2–917 

hour simulations in the former group but declines in the latter, suggesting that close 918 

proximity between the storm and its associated gust front is essential for maintaining storm 919 

longevity. 920 

In those long-lived supercells, the storms remain near the cold pool gust fronts 921 

primarily due to stronger updrafts, which are driven by substantially enhanced positive 922 

buoyancy resulting from increased moisture in the 1–2 km AGL layer. The more vigorous 923 

updrafts induce stronger low-level inflow, which slows the advancement of the more 924 

intense cold pool associated with enhanced precipitation. More importantly, the enhanced 925 

vertical acceleration causes the air parcels to rise more rapidly than the short-lived cases, 926 

and also the rise is more than the horizontal rearward drift of the parcels. As a result, both 927 

steeper slope of the updraft and the comparable propagation of cold pool contribute to 928 
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keeping the updraft closer to the low-level gust front in the long-lived cases. Additionally, 929 

the stronger low-level storm-relative inflow in these cases can acquire additional positive 930 

shear to offset the negative shear produced at the cold pool gust front, promoting a more 931 

upright low-level updraft based on the RKW theory (Rotunno et al. 1988). 932 

Calculation of the total water vapor entrainment into updraft cores reveals that long-933 

lived supercells entrain more environmental moisture than short-lived storms. The 934 

enhanced entrainment leads to greater latent heat release, resulting in stronger positive 935 

buoyancy that supports more intense, deeper, and more upright updrafts throughout the 2-936 

hour simulations. The failure in obtaining sustained storms in CN_M23nb when RH in the 937 

2–3 km layer is increased is attributed to water vapor entrainment rates comparable to those 938 

in CNTL. These results emphasize the pivotal role of ambient humidity near the cloud 939 

base—a factor often overlooked in previous studies—whereas moisture enhancement at 940 

higher levels, such as 2–3 km AGL, sometimes fails to positively influence storm 941 

development. Additionally, unlike previous studies that calculates the entrainment of 942 

environmental air mass (without the water vapor component), our entrainment calculations, 943 

using a new procedure developed, directly quantify water vapor entrainment flux into storm 944 

updrafts, offering a more accurate measure of moisture intake. By incorporating fluxes 945 

entering from below the cloud base, the calculation provides a more complete 946 

representation of moisture budget. 947 

Vertical profiles of the total entrainment into the updrafts show that the greatest water 948 

vapor entrainment occurs near and just above the cloud base at the earlier stage of storm 949 

development (~ 20 min into the simulations). At this stage, moist environmental air is 950 

drawn into the base of the updraft by compensating downdrafts surrounding it. As the storm 951 

matures and the cold pool develops, strong moisture entrainment extends downward to near 952 

the surface as the low-level inflows are lifted by the gust fronts. Large entrainment can also 953 

extend upward above the cloud base level as low-level air is elevated by the spreading cold 954 
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pool before entering the updraft. 955 

To further illustrate the differences in updraft parcel properties, total buoyancy, 𝑞𝑣, 956 

' and RH of air parcels are calculated along trajectories traced back from peak wmax 957 

locations. In CN_M12nb, with enhanced 1–2 km moisture, parcel 𝑞𝑣  and ' are both 958 

higher than in CNTL, and buoyancy is greater at most levels, further confirming our 959 

conclusion that moisture near the cloud base substantially influences updraft strength. 960 

Our findings partially align with the results of JLT23, which reported that reduced 961 

humidity at 3–4 km leads the storm-relative airstream to entrain drier low-level air into the 962 

storm core, resulting in a decline in buoyancy, vertical mass flux, and precipitation within 963 

the storm. Complementarily, our study emphasizes the importance of updraft-cold pool 964 

interactions, showing that the proximity of the updraft to cold pool gust front is critical for 965 

its maintenance. Moisture variations within a thin layer near cloud base not only modulate 966 

storm intensity but, more importantly, govern the ability of storms to persist by affecting 967 

this interaction. 968 

One factor closely linked to cold pool characteristics is the microphysics scheme used, 969 

as discussed in the Introduction. Different schemes can lead to significant variations in cold 970 

pool intensity and structure (Dawson et al. 2010). Given the critical role of updraft-cold 971 

pool interaction in storm development, the influence of microphysics schemes cannot be 972 

overlooked. Further investigations using, e.g., more sophisticated multi-moment ice 973 

microphysics schemes are warranted. 974 

In conclusion, this study demonstrates a pronounced sensitivity of simulated storms 975 

to moisture in a shallow layer just above the LCL and provides explanations for such 976 

behaviors from several perspectives. Importantly, it may not be the absolute altitude of the 977 

dry or moist layer that governs storm evolution, but rather its position relative to the LCL 978 

or cloud base. This relative positioning influences the level at which substantial 979 

environmental air is entrained into the updraft through the down-in-up process by the 980 
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compensating circulation—a key process highlighted in this study. 981 

Future work should explore a broader parameter space, including background 982 

environments with varying moisture content and CAPE, as well as hodographs with 983 

differing magnitudes of low-level shear and SRH. The fact that the low-level hodograph 984 

curvature seems to have a more significant role to play when the split cells can maintain 985 

their intensity but not so in the opposite situation is worth studying, from the dynamic 986 

versus thermal buoyancy forcing point of view. Furthermore, some studies, including 987 

Markowski and Bryan (2016) and Markowski (2024), have emphasized the importance of 988 

explicitly excited (by introducing initial thermal perturbations into the boundary layer) 989 

turbulent eddies in well-mixed boundary layer that is typical of the environmental 990 

soundings used in most supercell simulation studies. Markowski (2024) found that vertical 991 

vorticity streaks developing in such turbulent boundary layer can alter the way tornado-992 

like vortices form in supercell simulations. How such boundary layer eddies may influence 993 

the moisture entrainment into simulated supercells, as studied in this paper, is also worth 994 

studying in the future. 995 

 996 

Appendix. Spin-up procedure to obtain sounding wind profile in geotriptic balance 997 

The horizontal momentum equations are as follows: 998 

𝜕𝑈

𝜕𝑡
= 𝑃𝐺𝐹𝑥 + 𝑓𝑉 + 𝐹𝑥,  (A1) 999 

𝜕𝑉

𝜕𝑡
= 𝑃𝐺𝐹𝑦 − 𝑓𝑈 + 𝐹𝑦,  (A2) 1000 

where 𝑈  and 𝑉  are the environmental horizontal wind components, 𝑃𝐺𝐹𝑥  and 𝑃𝐺𝐹𝑦 1001 

are the horizontal components of large-scale pressure gradient force (PGF), and 𝑓 is the 1002 

Coriolis parameter. 𝐹𝑥  and 𝐹𝑦  are the components of frictional force that contain the 1003 

surface drag at the surface. The horizontal advection terms are neglected assuming the base 1004 

state environment is horizontally homogeneous. Writing the PGF in terms of the 1005 

background geostrophic wind (𝑈𝑔, 𝑉𝑔), the momentum equations are rewritten as 1006 
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𝜕𝑈

𝜕𝑡
= 𝑓(𝑉 − 𝑉𝑔) + 𝐹𝑥,   (A3) 1007 

𝜕𝑉

𝜕𝑡
= −𝑓(𝑈 − 𝑈𝑔) + 𝐹𝑦.  (A4) 1008 

When the three terms on the right-hand side are in balance, the time tendencies go to zero. 1009 

Following R16, we arrive at the (U, V) profile by running the ARPS model in a one-1010 

dimensional (1D) column mode to a steady state with the same model configurations 1011 

including the vertical grid spacing, surface drag coefficient, turbulence parameterization 1012 

and other parameters as the 3D storm simulations. For that we need to specify geostrophic 1013 

wind profile (𝑈𝑔, 𝑉𝑔). In R16, the original sounding is assumed to be in geostrophic balance 1014 

which is not necessarily appropriate. We estimate (𝑈𝑔, 𝑉𝑔) from the horizontal pressure 1015 

gradient in the ERA5 dataset, which is shown as the green dot-dashed line in Fig. 1b. In 1016 

R16 and Dawson II et al. (2019), the geostrophic wind is assumed to be equal to the initial 1017 

wind profile from OCS so the amount of spinup adjustment is small. In our case, due to the 1018 

significant difference between the initial wind profile (black solid line in Fig. 1b) and the 1019 

geostrophic wind profile, large oscillations around the geostrophic wind are found away 1020 

from the ground in the spin-up simulation that do not settle with time, apparently due to 1021 

the lack of significant frictional damping at those levels. To avoid this issue, we use the 1022 

geostrophic wind profile as the initial input instead for the spin-up process, which will be 1023 

adjusted near surface in response to the surface drag. It is clear that the frictional effect is 1024 

primarily confined to below 1 km. When using the OCS initial profile (black solid line in 1025 

Fig. 1b), a profile very close to the final profile (red dashed line in Fig. 1b) is obtained at 1026 

certain times during the spin-up process but it does not stay stationary due to continued 1027 

oscillations. For the purpose of our current study that focuses on moisture sensitivity, the 1028 

procedure used does not affect our main conclusions. 1029 
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