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 ABSTRACT 

 

 The evolution of supercell thunderstorm environments during the evening 

transition provides mechanisms that would seemingly offer competing contributions to 

updraft accelerations: low-level cooling and associated stabilization detrimental to 

buoyancy accelerations and a low-level jet favorable to dynamic accelerations. To 

determine the impacts of changes to the thermodynamic and kinematic profiles on 

updraft accelerations during the evening transition, a suite of idealized simulations is 

initialized with unique combinations of thermodynamic and kinematic profiles 

representative of various stages of the evening transition. The core updraft is defined at 

each height for each simulation, and profiles of average acceleration terms within the 

updraft core are compared amongst simulations. It was found that the relative 

contributions of dynamic accelerations increased early in the evening transition but were 

not sustained. The thermodynamic evolution of the evening transition weakens low-level 

net updraft accelerations. The kinematic profile evolution increases low-level net updraft 

accelerations early in the evening transition, but those gains are lost later in the evening 

transition. Near-ground vertical vorticity stretching, an important mechanism in 

tornadogenesis, is most favored by the mid-transition kinematic profile.  
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NOMENCLATURE 

BP Buoyancy pressure acceleration 
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CAPE Convective available potential energy 
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1. INTRODUCTION  

1.1. Background 

Supercell thunderstorms are an important focus of scientific inquiry due to their 

capacity to produce life-threatening, socioeconomic hazards and their physical 

complexity. Supercells are distinguished from other thunderstorms by their steady, large, 

intense, and rotating updraft, known as the mesocyclone, and can produce hazards such 

as lightning, flash flooding, hail, and tornadoes.  Indeed, most tornadoes are associated 

with supercells (Smith et al., 2012). Additionally, nocturnal tornadoes result in a 

disproportionate fraction of tornado fatalities (Ashley et al., 2008). Tornadogenesis 

requires stretching of vertical vorticity by low-level vertical accelerations (Markowski 

and Richardson, 2014; Coffer and Parker, 2015). Therefore, it is important to study 

supercell thunderstorms and their updraft accelerations in evening and nocturnal 

environments. 

The evening transition (ET), sometimes referred to as the nocturnal transition, is 

characterized by thermodynamic and kinematic changes in the lowest levels of the 

atmosphere immediately preceding and following sunset. During this period, the loss of 

solar insolation leads to radiative cooling of Earth’s surface, which in turn results in 

cooling of the near-surface atmosphere and the formation of a temperature inversion and 

stable layer (Stull, 1988). Evapotranspiration continues to occur at the surface after 

sunset, and the near-surface stable layer moistens (Blumberg et al., 2019). Additionally, 

when the near-surface stable layer forms, convective mixing within the layer ceases. 
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Thus, the effects of surface friction are removed above the stable layer, causing an 

acceleration and formation of a low-level jet (LLJ; Shapiro et al., 2016). 

Amongst the modes of atmospheric convection, supercell thunderstorms can 

produce the strongest observed vertical velocity (Lehmiller et al., 2001). There are three 

primary acceleration terms that contribute to supercell updraft velocity:  

𝑑𝑤

𝑑𝑡
= 𝐵𝑈𝑂𝑌 −

1

𝜌0

𝜕𝑝𝑏
′

𝜕𝑧
−

1

𝜌0

𝜕𝑝𝑑
′

𝜕𝑧
. 

The first term on the right-hand side is buoyancy, the second term is the nonhydrostatic 

vertical perturbation pressure gradient force (VPPGF) due to buoyancy, and the third 

term is nonhydrostatic VPPGF due to dynamic effects. Buoyancy accelerations are 

created by differences between a parcel’s density and the density of its environment. 

Buoyancy pressure accelerations arise from VPPGFs across a parcel and generally act in 

the opposite direction of buoyancy accelerations. The dynamic pressure perturbation and 

the associated vertical acceleration can be broken down into two components: nonlinear 

and linear. Nonlinear dynamic pressure perturbations consist of ‘spin’ and ‘splat’ terms 

which are associated with vorticity and deformation, respectively. Linear dynamic 

pressure perturbations arise from wind shear interacting with storm updrafts (Markowski 

and Richardson, 2010; Peters et al., 2019).  

During the ET, increased low-level wind shear associated with the LLJ can act to 

increase storm-relative helicity (SRH; Gropp and Davenport, 2018). Increased SRH has 

been shown in previous studies to increase low-level dynamic accelerations, particularly 

at low levels of the updraft and enhance updraft velocity (Coffer and Parker, 2015; 

Peters et al., 2019). The enhancement of low-level dynamic accelerations through 
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increased SRH also has been shown to help supercells maintain updraft velocity, 

although weaker, in cases of increased near-surface thermodynamic stability 

(Nowotarski et al., 2011; Coffer and Parker, 2015; Gropp and Davenport, 2018). Storm-

relative inflow, which may increase with LLJ onset, also has been shown to be important 

to updraft velocity. Greater storm-relative inflow leads to wider updrafts such that the 

cores of wider updrafts are less diluted by entrainment (Peters et al., 2019). However, 

previous literature has largely neglected the impacts of ET thermodynamic and 

kinematic changes on individual updraft acceleration terms and the evolution of the 

relative contributions of those terms. 

The goal of this study is to identify the separate impacts of ET thermodynamic 

and kinematic changes on supercell updraft accelerations and velocity using idealized 

simulations. The thermodynamic and kinematic changes characteristic of the ET would 

seemingly present competing contributions to updraft accelerations. On one hand, the 

near-surface atmospheric cooling acts to reduce the convective available potential 

energy (CAPE) available to the storm and increases the convective inhibition (CIN) of 

the environment. These changes are generally detrimental to buoyant accelerations 

within the storm. On the other hand, near-surface moistening will act to increase CAPE 

and decrease CIN, although the effects of cooling are typically dominant. Additionally, 

the introduction of a LLJ may act to increase SRH, which can act to increase dynamic 

updraft accelerations, particularly at low levels (Coffer and Parker, 2015; Gropp and 

Davenport, 2018). The LLJ may also widen updrafts through increased low-level storm 

inflow, resulting in stronger mid-level updrafts as entrainment decreases, despite 
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decreases in CAPE. Due to the competing nature of the expected effects of the ET on 

supercell updraft accelerations, a method capable of isolating the individual effects 

through controlled experiments is necessary. Therefore, a suite of idealized numerical 

simulations was chosen to investigate the research questions and accompanying 

hypotheses in the following section. 

1.2. Research Questions and Hypotheses 

1.2.1. During the ET, how do the relative contributions of buoyant and dynamic 

updraft accelerations change? How is updraft velocity in turn affected? 

 It is expected that the relative contribution of dynamic accelerations and updraft 

velocity will increase at low levels, but that mid-level and peak updraft velocity will 

generally decrease through the ET. 

1.2.2. How do thermodynamic and kinematic changes of the ET individually affect 

updraft accelerations and velocity? 

 It is expected that thermodynamic changes during the ET will decrease buoyant 

updraft accelerations, and it is expected that kinematic changes during the ET will 

increase dynamic updraft accelerations, particularly at low levels.  

1.2.3. Do any environmental changes during the ET affect near-surface vertical 

vorticity stretching? 

 It is expected that increased low-level dynamic accelerations caused by 

kinematic changes during the ET will increase near-surface vertical vorticity stretching. 
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2. METHODS 

2.1. Model Setup and Initialization 

 All simulations within this study were run with Cloud Model 1 (CM1) version 

20.1 (Bryan and Fritsch 2002). CM1 is a non-hydrostatic, compressible, time-dependent, 

three-dimensional model used in idealized studies of atmospheric phenomena such as 

tropical cyclones, squall lines, and supercell thunderstorms (Bryan and Fritsch, 2002). 

The horizontal grid spacing in both x and y directions was set to 250 m. There were 480 

grid points in both horizontal directions for a domain size of 120 km x 120 km. The 

vertical grid spacing was set to 50 m in the lowest three kilometers and stretched to 500 

m above eight kilometers. The total domain height was 18 km and consisted of 99 

vertical levels. The lower and upper boundaries were set as “free-slip.” Rayleigh 

damping was applied above 15 km to dampen vertically propagating waves. The lateral 

boundary conditions were set as “open-radiative” (Durran and Klemp, 1983). All the 

simulations were run for a duration of three hours with a large time step of one second. 

Simulation data were output every 10 minutes. The microphysics processes were 

represented by the double-moment scheme of Morrison et al. (2009). The simulations 

did not include Coriolis force, radiation physics, or surfaces fluxes of heat, moisture, and 

momentum.  

 Convection within each simulation was initialized using the updraft nudging 

technique of Naylor and Gilmore (2012). The maximum updraft nudging amplitude was 

10 m s-1 and was located at the horizontal center of the domain at a height of 1.5 km. The 

vertical radius of the nudging was 1.5 km, and the horizontal radius of the nudging was 
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10 km. The updraft nudging lasted for a total of 20 minutes. The updraft nudging 

operated at the full amplitude over the first 15 minutes before weakening over the next 

five minutes. Besides the updraft nudging, the domain environment was horizontally 

homogeneous to begin each simulation. The distinguishing features between the 

simulations are the base-state thermodynamic and kinematic vertical profiles, which are 

described in the following sections. 

2.2. Model Environments 

 To isolate the effects of the ET on mature supercell thunderstorms, a unique 

combination of thermodynamic and kinematic profiles was used for each simulation. For 

both thermodynamic and kinematic profiles, three characteristic profiles were created: 

pre-transition, mid-transition, and post-transition. With three thermodynamic and three 

kinematic profiles, a total of nine unique environments were used to initialize the nine 

simulations within this study. 

2.2.1. Thermodynamic Profiles 

 Three thermodynamic profiles were created to represent the cooling and 

moistening of the near-surface atmosphere during the nocturnal transition. Hereafter, the 

pre-transition, mid-transition, and post-transition thermodynamics profiles will be 

denoted by T0, T1, and T2, respectively. The T0 profile was obtained from previous 

work that simulated a convective planetary boundary layer during the late afternoon and 

evening transition (Bremenkamp and Nowotarski, 2020). The simulation from which T0 

was obtained, denoted as CPBL, used CM1 with radiation physics, surface fluxes of 
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heat, moisture, and momentum, and initial random 0.1 K potential temperature () 

perturbations in the lowest one kilometer. CPBL was initialized using a modified version 

of the sounding from Weisman and Klemp (1982). T0 is composed of the horizontal 

average of  and water vapor (qv) at each model height level one hour before sunset 

during CPBL, after which the near-surface layer began to cool and moisten (Figure 2.1). 

Thus, T0 is considered the pre-transition profile.  

 

Figure 2.1 Skew-T Log-P diagram of the T0 profile featuring dewpoint temperature (green), 

wet-bulb temperature (blue), temperature (solid red), virtual temperature, (dashed red), and 

virtual temperature of lifted most unstable parcel (dashed black). 
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 The T1 and T2 profiles were created to represent the thermodynamic profile 

about two and four hours after sunset, respectively, by adding perturbations to cool and 

moisten the lowest height levels of T0. To create the T1 profile, surface perturbations of 

-3 K and 0.5 g kg-1 were applied to T0. The perturbation magnitude decreased 

exponentially with height over a depth of 450 m (Figure 2.2b). Meanwhile, the T2 

profile was created by applying surface perturbations of -6 K and 1.0 g kg-1 to T0. The 

perturbation magnitude decreased exponentially with height over a depth of 750 m 

(Figure 2.2c). The depth and rate of decay with height of the perturbations were based on 

the post-sunset evolution of the thermodynamic profile in CPBL. The magnitudes of the 

qv perturbations were based on the post-sunset evolution of CPBL and Blumberg et al. 

(2019). The magnitude of the  perturbations were chosen to maximize the surface 

cooling while avoiding near-surface fog formation (i. e., saturation) in the simulation 

that would complicate the analysis. 
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Figure 2.2 Skew-T Log-P diagrams of the lowest height levels of the thermodynamic profiles T0 

(a), T1 (b), and T2 (c). 

 

 The introduction of low-level cooling and moistening in the T1 and T2 profiles 

resulted in changes to the convective parameters associated with the surface-based (SB) 

and most-unstable (MU) parcels (Table 2.1). For the SB parcel, CAPE decreases through 

the ET, while the magnitude of CIN increases. The lifted condensation level (LCL) of 

the SB parcel decreases through the ET. Meanwhile, the level of free convection (LFC) 

increases for the SB parcel. The changes to all the convective parameters are lesser in 

magnitude for the MU parcel than the SB parcel. For the MU parcel, CAPE decreases 

slightly, CIN is constant, LCL increases slightly through the ET. Meanwhile, the LFC of 

the MU parcel increases slightly from T0 to T1, then the LFC decreases by one meter 

from T1 to T2. 
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Table 2.1 Convective parameters for SB and MU parcels associated with each thermodynamic 

profile. 

Parcel SB MU 

 
Profile T0 T1 T2 T0 T1 T2 

CAPE (J kg-1) 2484 2162 1763 2484 2367 2333 

CIN (J kg-1) -40 -105 -153 -40 -40 -40 

LCL (m) 919 568 138 919 989 994 

LFC (m) 1650 1802 1950 1650 1701 1700 

2.2.2. Kinematic Profiles 

 Three kinematic profiles were created to represent the introduction and 

strengthening of the LLJ after sunset. Like the thermodynamic profiles, the pre-

transition, mid-transition, and post-transition kinematic profiles will be denoted by W0, 

W1, and W2, respectively. The hodograph of the W0 profile consists of a clockwise 

rotating quarter-circle in the lowest kilometer, westerly shear from 1-6 km, and no shear 

above six kilometers (Figure 2.3a). This profile, and variations thereof, is commonly 

used in idealized simulations of supercell thunderstorms. The W1 and W2 profiles are 

intended to temporally coincide with T1 and T2, respectively, and introduce the LLJ by 

adding perturbations to W0 (Figure 2.3b-c). The characteristics of the LLJ perturbations 

were determined based on LLJ climatologies and case studies (Whiteman et al. 1997; 

Song et al., 2005; Smith et al., 2019). The perturbation of W1 had a maximum 

magnitude of five m s-1 and was southerly. Meanwhile the perturbation of W2 had a 

maximum magnitude of 10 m s-1 and was oriented 15 degrees west of south (Figure 

2.3d).  
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Figure 2.3 Hodographs for kinematic profiles W0 (a), W1 (b), and W2 (c) featuring winds in 0-

3 km layer (red), winds in 0-6 km layer (green), winds above 6 km (yellow), 0-0.5 km wind 

shear (magenta), and Bunker’s right storm motion (black circle). Vertical profile of wind speed 

perturbations applied to W1 (blue) and W2 (red) profiles (d). 

 

 By introducing LLJ perturbations to the W1 and W2 profiles, the SRH associated 

with the profiles increased relative to the W0 profile (Table 2.2). SRH increased through 

the ET for both the 0-1 km and 0-3 km layers. 

Table 2.2 SRH associated with each kinematic profile from 0-1 km and 0-3 km. 

Profile W0 W1 W2 

0-1 km SRH (m2 s-2) 146 178 203 

0–3-km SRH (m2 s-2) 222 242 249 

 

 Each of the nine simulations is named based on the initial environment. For 

example, the simulation pairing the T0 and W0 profiles is referred to as T0W0. 
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3. RESULTS 

All nine simulations contained convection which included a dominant right-

moving supercell after one hour of simulation time. To focus the analysis on the updraft 

of the right-moving supercell, the right-mover was tracked using the 2-5 km integrated 

updraft helicity. Then, a ‘storm-domain’ was defined as the region +/- 20 km in both x 

and y directions from the location of the right-mover’s maximum 2-5 km integrated 

updraft helicity for all model times included in the analysis. Next, at each height level 

the ‘updraft core’ at that height was defined as grid points with vertical velocity (w) 

exceeding the 95th percentile of points with appreciable upward motion (w > 0.1 m s-1) 

at that height within the storm domain. Examples of the updraft core at 100 m and 5163 

m from the T1W0 simulation are shown in Figure 3.1. To focus the analysis on the 

mature storm stage, the simulation time range of 100 to 140 minutes was selected as 

representative of mature updrafts in all simulations. In the following sections, any 

variable represented by a vertical profile was averaged across updraft core points at each 

height level during the mature storm time range. 
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Figure 3.1 Plan view of vertical velocity contours (shaded) within the storm domain at t = 120 

min in the T1W0 simulation at z = 100 m (a) and z = 5163 m (b). The simulated radar 

reflectivity contour of 10 dBZ at z = 1 km is overlaid in black, and the updraft core contour is 

overlaid in green. 

 

3.1. Relative contributions of buoyant and dynamic accelerations during the ET. 

 To test the first hypothesis, three simulations were chosen: T0W0, T1W1, and 

T2W2 (Figure 3.2). This group of model environments most closely represents the 

natural ET because the thermodynamic and kinematic profiles from similar stages of the 

ET are paired. To determine how the relative contribution of dynamic and buoyant 

accelerations change during the ET, first the evolution of each acceleration term during 

the ET will be analyzed. 
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Figure 3.2 Vertical profiles of updraft core buoyancy acceleration (a), buoyancy pressure 

acceleration (b), dynamic acceleration (c), net acceleration (d), and updraft core threshold 

vertical velocity (e) featuring T0W0 (red), T1W1 (blue), and T2W2 (purple) simulations.  

 

 Figure 3.2a shows the profiles of buoyancy acceleration (BUOY). At all heights, 

BUOY decreases as the ET progresses (i.e., from T0W0 to T1W1 to T2W2). Buoyancy 

pressure acceleration (BP) increases through the ET in the lowest 1 km (Figure 3.2b). 

However, BP is mostly unchanged between 1 km and 8 km. Figure 3.2c shows the 

dynamic acceleration (DYN) profiles. The dynamic acceleration consists of the sum of 
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nonlinear and linear dynamic accelerations. Because the linear term is often symmetric 

about the updraft, it is often small when averaged over the updraft core such that DYN is 

dominated by nonlinear dynamic pressure perturbations (Figure A.1). Below 1 km, DYN 

increases early in the ET before decreasing to values less than the pre-transition. DYN 

generally decreases through the ET between 1 km and 8 km. The net acceleration (NET) 

was calculated by taking the sum of BP, BUOY, and DYN at each height level (Figure 

3.2d). Below 8 kilometers, NET generally decreases as the ET progresses except below 

1 km, where T1W1 is the greatest due to its larger DYN. The updraft core threshold w 

(TW) shows a similar trend to the net acceleration (Figure 3.2e). Above 1 km, TW 

decreases through the ET. However below 1 km, TW is maximized in T1W1. 

 In the lowest height levels, the relative contributions of DYN increase early in 

the ET. Comparing T0W0 and T1W1 below 1 km, the differences in BUOY and BP 

partially offset each other, while DYN is greater in T1W1. The relative contribution of 

DYN is also larger earlier in the ET between 4 km and 6 km. In this layer, BP and DYN 

for the T0W0 and T1W1 simulations are mostly unchanged. Meanwhile, BUOY 

decreases from T0W0 to T1W1. Otherwise, the relative contribution of DYN remains 

the same or decreases at other heights early in the ET and at all heights late in the ET. 

Therefore, the hypothesis that the relative contribution of DYN and updraft velocity 

would increase in the lowest height levels was supported early in the ET, but this 

hypothesis is not supported late in the ET. The hypothesis that mid-level and peak 

updraft velocity would decrease through the ET is supported.  
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3.2. Isolated effects of thermodynamic and kinematic changes during the ET on 

updraft accelerations and velocity. 

 In the previous section, both the thermodynamic and kinematic profiles varied 

amongst the selected simulations. While that group of simulations most closely 

represents the natural ET, to test the second hypothesis, it is necessary to hold either the 

thermodynamic or kinematic profile constant within each group of simulations. 

Therefore, the effects on each updraft acceleration term of the variable profile within 

each group can be analyzed.   

3.2.1. Buoyancy acceleration  

3.2.1.1. Thermodynamic effects on buoyancy acceleration 

 To investigate the effects of the thermodynamic evolution during the ET, 

simulations were grouped by a common kinematic profile (Figure 3.3). It is expected 

that BUOY will decrease as the thermodynamic profile evolves due to reduced CAPE 

and increased CIN.  

 
Figure 3.3 Vertical profiles of updraft core buoyancy acceleration grouped by simulations 

featuring W0 (a), W1 (b), and W2 (c). 
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In simulations featuring W0 and W1, below 1 km, BUOY becomes more negative as the 

thermodynamic profile progress through the ET (Figure 3.3a-b). Meanwhile, above 1 

km, BUOY is greatest in the simulation featuring T0, and BUOY is similar for the 

simulations featuring T1 and T2. In the simulations featuring W2, below 1km, BUOY is 

similar for T0 and T1, and BUOY is most negative for T2 (Figure 3.3c). Above 1 km, 

BUOY is similar for all three simulations, except BUOY is slightly greater above 5 km. 

 Overall, BUOY becomes more negative at low levels as the thermodynamic 

profile progress through the ET, which physically aligns with the increases in CIN 

through the ET. Meanwhile, BUOY is maximized above 1 km in the pre-transition 

thermodynamic environment, and BUOY is similar above 1 km in the mid- and post-

transition thermodynamic environments. The decreased BUOY in T1 and T2 aligns with 

decreases in CAPE as the thermodynamic profile progresses through the ET.  

3.2.1.2. Kinematic effects on buoyancy acceleration 

 To investigate the effects of the kinematic evolution during the ET, simulations 

were grouped by a common thermodynamic profile (Figure 3.4). It is expected that 

BUOY will be mostly unaffected by kinematic evolution of the ET. 
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Figure 3.4 Vertical profiles of updraft core buoyancy acceleration grouped by simulations 

featuring T0 (a), T1 (b), and T2 (c). 

 

For simulations sharing the T0 profile, BUOY is the least throughout the profile for W2. 

(Figure 3.4a). Meanwhile, BUOY is nearly identical for W0 and W1. For simulations 

featuring T1, near the surface, BUOY becomes slightly less negative as the ET 

progresses (Figure 3.4b). Around 1 km BUOY becomes increasing negative through the 

ET. Above 3 km, BUOY is similar for W0 and W1, while BUOY is the least for W2. 

Lastly, for simulations featuring T2, BUOY is similar throughout the profile, except 

BUOY is the least for W2 above 3 km (Figure 3.4c). Overall, for a given thermodynamic 

profile, BUOY is the least in simulations featuring W2, and BUOY is similar for 

simulations featuring W0 and W1.  

 Figure 3.5 shows example plan views of BUOY in relation to the updraft core 

and radar reflectivity at heights of 100 m (a) and 5163 m (b). Most low-level updraft 

core points are located along the leading edge of the cold pool, where the horizontal 

buoyancy gradient is largest (Figure 3.5a).  
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Figure 3.5 Similar to Figure 3.1 but featuring contours of buoyancy acceleration. 

 

3.2.2. Buoyancy pressure acceleration 

3.2.2.1. Thermodynamic effects on buoyancy pressure acceleration 

 To investigate the effects of the thermodynamic evolution during the ET, 

simulations were grouped by a common kinematic profile (Figure 3.6).  

 
Figure 3.6 Vertical profiles of updraft core buoyancy pressure acceleration grouped by 

simulations featuring W0 (a), W1 (b), and W2 (c). 
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In simulations featuring W0, BP in the lowest 1 km is slightly greater for T2 than for T0 

and T1 (Figure 3.6a). Meanwhile, above 2 km, BP is the most negative for T0. For 

simulations featuring W1, BP increases through the ET below 1 km (Figure 3.6b). 

Above 1 km, BP is similar across all three simulations, except BP is less for T0 above 6 

km. In simulations featuring W2, BP in the lowest 1 km increases through the ET 

(Figure 3.6c). Between 1 km and 8 km, BP is mostly unchanged. Overall, low-level BP 

increases as the thermodynamic profile progresses through the ET and acts to offset the 

reduction in low-level BUOY. Above 1 km, BP is generally the most negative in 

simulations featuring T0 and offsets the greater BUOY in those simulations.  

3.2.2.2. Kinematic effects on buoyancy pressure acceleration 

 To investigate the effects of the kinematic evolution during the ET, simulations 

were grouped by a common thermodynamic profile (Figure 3.7).  

 
Figure 3.7 Vertical profiles of updraft core buoyancy pressure acceleration grouped by 

simulations featuring T0 (a), T1 (b), and T2 (c). 

 



 

21 

 

In simulations featuring T0, BP is similar for all three wind profiles (Figure 3.7a). For 

simulations featuring T1, BP near the surface decreases slightly through the ET (Figure 

3.7b). Meanwhile, BP is the least in magnitude by small margins for the W0 profile 

around 1 km and between 5 km and 8 km. In simulations featuring T2, BP is slightly less 

in magnitude for W0 than for W1 and W2 around 1 km (Figure 3.7c). Otherwise, BP is 

similar above 2 km. Overall, BP is mostly unaffected changes to the kinematic profile.  

 Figure 3.8 shows example plan views of BP in relation to the updraft core and 

radar reflectivity at heights of 100 m (a) and 5163 m (b). 

 
Figure 3.8 Similar to Figure 3.1 but featuring contours of buoyancy pressure acceleration. 

 

3.2.3. Dynamic acceleration 

3.2.3.1. Thermodynamic effects on dynamic acceleration 

 To investigate the effects of the thermodynamic evolution during the ET, 

simulations were grouped by a common kinematic profile (Figure 3.9). It is expected 

that DYN will be mostly unaffected by thermodynamic evolution of the ET. 
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Figure 3.9 Vertical profiles of updraft core dynamic acceleration grouped by simulations 

featuring W0 (a), W1 (b), and W2 (c). 

 

In simulations featuring W0, DYN near the surface is weakest for T2, while DYN for T0 

and T1 is similar (Figure 3.9a). Moving up the profile, DYN for T1 decreases to the 

same value as T2 by 1 km, and DYN for T0 decreases to the same value as T1 and T2 by 

2 km. From 2 km to 5 km, DYN for T2 is slightly larger than DYN for T0 and T1. 

Between 5 km and 8 km, all three DYN profiles decrease to zero. T2 starts to decrease at 

the lowest height, and T0 starts to decrease at the greatest height. In simulations 

featuring W1, DYN near the surface is weakest for T2, while DYN for T0 and T1 is 

similar (Figure 3.9b). DYN for T1 decreases to the same value as T2 by 1 km and 

remains similar from 1 km to 8 km. DYN below 4 km is greatest for the T0 profile. For 

the simulations featuring W2, DYN near the surface decreases as the ET progresses 

(Figure 3.9c). Between 1 km and 8 km, DYN for all three thermodynamic profiles is 

mostly similar. Overall, low-level DYN is similar in simulations featuring T0 and T1, 

and low-level DYN is weaker in T2 simulations. The reduction in DYN later in the ET 

was unexpected and will be investigated in further detail in section 3.2.3.3. 



 

23 

 

3.2.3.2. Kinematic effects on dynamic accelerations 

 To investigate the effects of the kinematic evolution during the ET, simulations 

were grouped by a common thermodynamic profile (Figure 3.10). It is expected that 

low-level DYN will increase through the ET as the LLJ strengthens and SRH increases.  

 
Figure 3.10 Vertical profiles of updraft core dynamic acceleration grouped by simulations 

featuring T0 (a), T1 (b), and T2 (c). 

 

In simulations featuring T0, DYN is greatest for W1 from the surface to 5 km (Figure 

3.10a). Near the surface, DYN is greater for W2 than for W0. Otherwise below 6 km, 

DYN for W2 is the least. In simulations featuring T1, DYN below 1 km is greatest for 

W1 and similar for W0 and W2 (Figure 3.10b). Between 1 km and 4 km, all three 

simulations feature similar DYN. Between 4 km and 8 km, DYN decreases as the ET 

progresses. For simulations featuring T2, DYN in the lowest 1 km is greatest for W1 and 

similar for W0 and W2 (Figure 3.10c). Above 1 km, DYN for W0 and W1 is similar, 

while DYN for W2 is the least. Overall, low-level DYN is greatest for simulations 

featuring W1, while low-level DYN is similar for simulations featuring W0 and W2. It 

was expected that low-level DYN would increase as the kinematic profile evolved 
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through the ET. While low-level DYN increased from W0 to W1, the decrease in low-

level DYN from W1 to W2 will be explored further in the next section. Additionally, 

mid-level DYN is generally similar for W0 and W1 but weaker for W2.  

 Figure 3.11 shows example plan views of DYN in relation to the updraft core and 

radar reflectivity at heights of 100 m (a) and 5163 m (b). 

 
Figure 3.11 Similar to Figure 3.1 but featuring contours of buoyancy pressure acceleration. 

3.2.3.3. Physical mechanisms leading to decreased low-level dynamic accelerations 

late in the ET. 

 In section 3.2.3.1, low-level DYN was weakest in simulations featuring T2 

despite being similar in simulations featuring T0 and T1, and in section 3.2.3.2, low-

level DYN was weaker in W2 simulations than in W1 simulations despite W2 featuring 

a stronger LLJ and greater SRH. Neither of these results were expected and require 

further analysis. Therefore, the pressure perturbations that contribute to dynamic VPPGF 

will be broken down into their primary components: “spin” from vorticity and “splat” 

from deformation. Oftentimes, the dynamic pressure perturbation is formulated in terms 

of the perturbation wind field. This formulation gives rise to the nonlinear and linear 
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components. However, because the linear acceleration is small compared to the 

nonlinear acceleration, the two terms have been combined to form DYN.  So, the 

dynamic pressure perturbation can be written in terms of the full wind field. Thus, the 

linear term is accounted for within the deformation term, and the dynamic pressure 

perturbation is: 

𝑝𝑑
′ ∝ 𝑒𝑖𝑗

2 − 
1

2
|𝜔⃑⃑ |2. 

The deformation term is: 

𝑒𝑖𝑗
2 = 

1

4
∑∑(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)
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𝑗=1

3

𝑖=1

 

where u1 = u, u2 = v, u3 = w, x1 = x, x2 = y, and x3 = z. The vorticity term is: 

−
1

2
|𝜔⃑⃑ |2 

where 𝜔⃑⃑  is the three-dimensional vorticity vector (Markowski and Richardson, 2010). 

The deformation term will always contribute positive pressure perturbations, and the 

vorticity term will always contribute negative pressure perturbations. The dynamic 

acceleration term is: 

𝑑𝑤

𝑑𝑡
~ −

1

𝜌0

𝜕𝑝𝑑
′

𝜕𝑧
. 

Thus, dynamic pressure perturbations that decrease with height will result in positive 

vertical dynamic accelerations. 

To investigate the decreased low-level DYN in T2 simulations, first, profiles of 

updraft core spin are grouped by common kinematic profile (Figure 3.12). 



 

26 

 

 
Figure 3.12 Vertical profiles of updraft core spin term grouped by simulations featuring W0 

(a), W1 (b), and W2 (c). 

 

 Regardless of kinematic profile, the magnitude of the vorticity term in the lowest 

4 km is the weakest for simulations featuring the T2 profile (Figure 3.12a-c). Therefore, 

the negative pressure perturbation associated with vorticity term is weakest in T2 

environments. One physical mechanism that may contribute to weaker spin in the lowest 

4 km for T2 simulations is decreased buoyancy. By having less low-level buoyancy 

acceleration in T2 simulations, vertical vorticity within the mesocyclone would 

experience less amplification from midlevel vorticity stretching. Thus, if midlevel 

vertical vorticity is weaker, the low-level vertical gradient in vorticity would be weaker, 

and the vorticity term would decrease. Next, profiles of updraft core splat were grouped 

by common kinematic profile (Figure 3.13). 
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Figure 3.13 Vertical profiles of updraft core splat grouped by simulations featuring W0 (a), W1 

(b), and W2 (c). 

 

For all kinematic profiles, the splat term in the lowest 3 km is the weakest for T2 

simulations, while the splat term is similar for T0 and T1 simulations (Figure 3.13a-c). 

Additionally, the difference in splat between T0 and the other thermodynamic profiles is 

most pronounced near the surface, so the dynamic pressure perturbation contributed by 

the splat term near the surface is reduced. One mechanism that may impact the near-

surface splat of T2 environments is the cooler near-surface base environment. Because 

the near-surface environment is the coolest in T2, the difference in  between the cold 

pool and the environment will be minimized for T2. Thus, the cold pool likely 

propagates slower, reducing horizontal convergence along the leading edge of the cold 

pool and, consequently, the deformation term Therefore, T2 simulations feature both 

reduced positive pressure perturbations near the surface from the deformation term and 

reduced negative pressure perturbations from spin in the lowest 4 km. Thus, the dynamic 

VPPGFs in the low levels are weaker in magnitude for T2 simulations than the other 
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simulations. As a result, DYN is also weaker for T2 simulations, because DYN is largely 

determined by dynamic VPPGFs.  

 To investigate the weaker low-level DYN in W2 simulations than W1 

simulations, first, profiles of updraft core spin are grouped by common thermodynamic 

profile (Figure 3.14). 

 
Figure 3.14 Vertical profiles of updraft core spin grouped by simulations featuring T0 (a), T1 

(b), and T2 (c). 

 

In the lowest 1 km, across all thermodynamic profiles, the vorticity term is weaker for 

W2 than for W1. Therefore, the magnitude of negative pressure perturbation created by 

vorticity for W2 simulations is less than W1 simulations. Next, profiles of updraft core 

splat were grouped by common kinematic profile (Figure 3.15). 
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Figure 3.15 Vertical profiles of updraft core splat grouped by simulations featuring T0 (a), T1 

(b), and T2 (c). 

 

For all thermodynamic profiles, deformation term in the lowest 1 km for W2 is less than 

for W1. The greatest difference in the deformation term between W2 and W1 is near the 

surface. Therefore, the positive dynamic pressure perturbation from the deformation 

term is most reduced at the surface. In combination with weaker negative dynamic 

pressure perturbations from vorticity in the lowest 1 km, the reduced near-surface 

positive dynamic pressure perturbations from deformation lead to weaker dynamic 

VPPGFs and weaker low-level DYN.  

3.2.4. Net acceleration 

 NET is the sum of BUOY, BP, and DYN and each height level for each 

simulation.  

3.2.4.1. Thermodynamic effects on net acceleration 

 To investigate the effects of the thermodynamic evolution during the ET, 

simulations were grouped by a common kinematic profile (Figure 3.16). 
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Figure 3.16 Vertical profiles of updraft core net acceleration grouped by simulations featuring 

W0 (a), W1 (b), and W2 (c). 

 

For simulations featuring W0, NET decreases in the lowest 1 km as the thermodynamic 

profile progresses through the ET (Figure 3.16a). Between 2 km and 6 km, NET is 

similar for all three thermodynamic profiles. For simulations featuring W1, NET 

decreases in the lowest 1 km as the thermodynamic profile progresses through the ET 

(Figure 3.16b). Between 2 km and 7 km, NET is greatest for T0 and least for W1. In 

simulations featuring W2, NET is similar for T0 and T1, and NET is weakest for T2 

(Figure 3.16c). Above 1 km, NET is similar for all three thermodynamic profiles, except 

T0 is slightly greater than the others above 5 km. Overall, low-level NET decreases as 

the thermodynamic profile evolves through the ET.  

3.2.4.2. Kinematic effects on net acceleration 

 To investigate the effects of the kinematic evolution during the ET, simulations 

were grouped by a common thermodynamic profile (Figure 3.17). 
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Figure 3.17 Vertical profiles of updraft core net acceleration grouped by simulations featuring 

T0 (a), T1 (b), and T2 (c). 

 

For simulations featuring T0, NET is greatest for W1 in the lowest 5 km, and NET is the 

least for W2 in the lowest 7 km (Figure 3.17a).  In simulations featuring T1, NET is the 

greatest in the lowest 1 km for W1 and similar for the others (Figure 3.17b). Between 1 

km and 8 km, NET generally decreases as the kinematic profile progresses through the 

ET. For simulations featuring T2, NET is the greatest in the lowest 1 km for W1 and 

similar for the others (Figure 3.17c). Above 2 km, NET for W0 is slightly greater than 

for W1, and NET for W2 is much less than the others. Overall, low-level NET is greatest 

in W1 simulations and similar in W0 and W2 simulations. Additionally, mid-level NET 

generally decreases through the ET, and the difference between W2 and W1 is greater 

than the difference between W1 and W0. 

3.2.5. Vertical velocity 

 All points within the updraft core at each height level are associated with vertical 

velocity greater than or equal to the updraft core vertical velocity shown in this section. 
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3.2.5.1. Thermodynamic effects on vertical velocity 

 To investigate the effects of the thermodynamic evolution during the ET, 

simulations were grouped by a common kinematic profile (Figure 3.18). 

 
Figure 3.18 Vertical profiles of updraft core threshold vertical velocity grouped by simulations 

featuring W0 (a), W1 (b), and W2 (c). 

 

For simulations featuring W0 and W1, TW above 1 km is greatest for T0 (Figure 3.18a-

b). TW is similar for T1 and T2 below 4 km, above which T2 is greater. In simulations 

featuring W2, TW is similar for all three thermodynamic profiles below 3km (Figure 

3.18c). Above 3 km, TW decreases as the thermodynamic profile progresses through the 

ET. Overall, TW below 1 km is mostly unaffected by thermodynamic changes during the 

ET, and TW above 1 km is greatest for the T0 profile. Interestingly, in two of the three 

cases (Figure 3.18a-b), mid-level TW is greater for the T2 simulation than for the T1 

simulation. The difference is likely driven by slightly greater mid-level DYN for T2 

simulations (Figure 3.9 a-b).  

3.2.5.2. Kinematic effects on vertical velocity 
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 To investigate the effects of the thermodynamic evolution during the ET, 

simulations were grouped by a common kinematic profile (Figure 3.19). 

 
Figure 3.19 Vertical profiles of updraft core threshold vertical velocity grouped by simulations 

featuring T0 (a), T1 (b), and T2 (c). 

 

For simulations featuring T0, TW below 1 km is similar amongst all kinematic profiles 

(Figure 3.19a). Above 1 km, TW for W0 and W1 is similar, and TW for W2 is the 

weakest. For simulations featuring T1, TW in the lowest 2 km is greatest for W1 (Figure 

3.19b). Otherwise, TW is similar amongst all the simulations. In simulations featuring 

T2, TW in the lowest 1 km is greatest for W1 (Figure 3.19c). Above 2 km, TW for W0 

and W1 is similar, and TW for W2 is the weakest. Overall, W1 simulations feature the 

greatest TW below 2 km, and W2 simulations feature the weakest TW above 2 km. 

3.3. Effects of environmental changes during the ET on near-surface vertical 

vorticity stretching. 

 The stretching of near-surface vertical vorticity can be an important physical 

mechanism during tornadogenesis (Markowski and Richardson, 2014; Coffer and 

Parker, 2015). It is expected that the kinematic changes of the ET will be favorable to 
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near-surface vertical vorticity stretching (VVS). To investigate the effects 

thermodynamic and kinematic changes during the ET may have on near-surface VVS, 

the vertical vorticity stretching term, 𝜁
𝜕𝑤

𝜕𝑧
, was calculated at each model grid point and 

will be compared amongst simulations. For each simulation, the time of maximum 

vertical vorticity within the storm domain and during the mature storm period will be 

analyzed at a height of 75 m, which is the lowest height level for which every simulation 

has updraft core points. Thus, any trends in VVS amongst simulations can be related to 

the updraft acceleration results of previous sections.   

 Contours of VVS at a height of 75 m within the storm domain for simulations 

featuring T0 are plotted in Figure 3.20. To compare VVS between simulations, the 

magnitude and area of regions of positive VVS are of interest. Right-moving supercells 

are generally associated with cyclonic tornadoes. Thus, positive VVS is favorable for 

tornadogenesis because it would amplify cyclonic vertical vorticity.  
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Figure 3.20 Plan view of vertical vorticity stretching contours within the storm domain at a 

height of 75 m from times of maximum vertical vorticity during the mature storm period of 

each simulation. The radar reflectivity contour of 10 dBZ is overlaid in black, and the updraft 

core contour is overlaid in green. Simulations all feature T0 with kinematic profiles W0 (a), W1 

(b), and W2 (c). 

 

 In Figure 3.20, it appears that the regions of positive VVS are largest and most 

intense in the T0W1 simulation (b) and are smallest and weakest in the T0W0 simulation 

(c). However, it is difficult to clearly compare between simulations using plan views. So, 

using the same temporal and spatial criteria applied in Figure 3.20, histograms featuring 



 

36 

 

the number of grid points with positive VVS greater exceeding 10-4 s-2 were created for 

each simulation (Figure 3.21).  

 
Figure 3.21 Histograms of vertical vorticity stretching exceeding 10-4 s-2 within the storm 

domain at a height of 75 m and at the time of maximum vertical vorticity for each simulation. 

Note that the y-axis of each histogram is logarithmic.  

 

 First, the thermodynamic effects on VVS will be investigated. For simulations 

featuring W0 (Figure 3.21 a, d, and g), as the thermodynamic profile progressed through 

the ET, the number of grid points exceeding the VVS threshold decreased. Additionally, 

the greatest VVS values occurred in the T0 simulation, while the maximum VVS in the 

T1 and T2 simulations were similar. For simulations featuring W1 (Figure 3.21 b, e, and 

h), as the thermodynamic profile progressed through the ET, the number of grid points 

exceeding the VVS threshold decreased. Additionally, the greatest VVS values occurred 



 

37 

 

in the T1 simulation, while the maximum VVS in the T0 and T2 simulations were 

similar. For simulations featuring W2 (Figure 3.21 c, f, and i), as the thermodynamic 

profile progressed through the ET, the number of grid points exceeding the VVS 

threshold and the maximum VVS value decreased. Overall, the area of positive VVS 

decreases as the thermodynamic profile evolves through the ET, and the early periods of 

the ET are more favorable to strong VVS. These VVS trends physically align with 

decreasing low-level NET as the thermodynamic profile progresses through the ET. 

 Next, the kinematic effects on VVS will be investigated. For each grouping of 

simulations by common thermodynamic profile, T0 (Figure 3.21 a, b, and c), T1 (Figure 

3.21 d, e, and f), and T2 (Figure 3.21 g, h, and i), positive VVS exceeding the threshold 

in the simulations featuring W1 is the strongest and most widespread. W1 also features 

the strongest low-level NET due to strong low-level DYN. Meanwhile, positive VVS 

was consistently the weakest and least frequent in simulations featuring W0. Despite 

similar low-level NET between W0 and W2 simulations, W2 simulations are more 

favorable for VVS, likely due to greater SRH. 
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4. CONCLUSIONS 

 This study investigated the effects of low-level thermodynamic and kinematic 

changes characteristic of the ET on supercell updraft accelerations. The first hypothesis 

expected low-level vertical velocity and the relative contribution of low-level dynamic 

accelerations to increase through the ET while both the thermodynamic and kinematic 

profiles varied amongst the chosen simulations. It also expected mid-level and peak 

updraft velocity to decrease through the ET. The first hypothesis was tested in section 

3.1. The primary takeaway points of that section are that the relative contributions of 

dynamic accelerations increase at low height levels only during the early stages of the 

ET, and mid-level and peak updraft speed decrease through the ET.  

 The second hypothesis of the study expected the thermodynamic evolution of the 

ET would lead to decreased buoyancy accelerations and the kinematic evolution of the 

ET would lead to increased dynamic accelerations, particularly at low height levels. The 

second hypothesis was tested in section 3.2 and focused on isolating the effects of either 

the thermodynamic or kinematic evolution of the ET on each updraft acceleration term. 

 The effects of the thermodynamic evolution during the ET will be summarized 

first. BUOY becomes more negative at low levels as the thermodynamic profile progress 

through the ET. Meanwhile, BUOY is maximized above 1 km in the T0 environment 

and is similar above 1 km in the T1 and T2 environments. BP at low levels increases as 

the thermodynamic profile progresses through the ET. Above 1 km, BP is slightly more 

negative in simulations featuring T0 than simulations featuring T1 and T2. DYN at low 

levels is similar in simulations featuring T0 and T1 but weaker in T2 simulations. NET 
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at low levels decreases as the thermodynamic profile evolves through the ET. TW below 

1 km is mostly unaffected by thermodynamic changes during the ET, and TW above 1 

km is greatest for the T0 profile. 

 Next, the effects of the kinematic evolution during the ET will be summarized. 

BUOY is the least in simulations featuring W2, and BUOY is similar for simulations 

featuring W0 and W1. BP is mostly unaffected by changes to the kinematic profile. 

DYN at low levels is greatest for simulations featuring W1 and is similar for simulations 

featuring W0 and W2. DYN at mid-levels is generally similar for W0 and W1 but 

weaker for W2. NET at low levels is greatest in W1 simulations and similar in W0 and 

W2 simulations. NET at mid-levels generally decreases through the ET, and the 

difference between W2 and W1 is greater than the difference between W1 and W0. W1 

simulations feature the greatest TW below 2 km, and W2 simulations feature the 

weakest TW above 2 km. 

 The final hypothesis of this study expected near-surface vertical vorticity 

stretching to increase as the kinematic profile progressed through the ET. The third 

hypothesis was tested in section 3.3 and focused on the quantity of grid points with 

positive VVS and the magnitude of VVS. The thermodynamic progression of the ET is 

unfavorable to VVS. The W1 and W2 profiles are substantially more favorable for VVS 

than W0, and W1 is more favorable than W2.  

 The takeaway point from this work most applicable to operational forecasting 

likely is the introduction and development of the LLJ early in the ET amplifies both 

dynamic accelerations and vertical vorticity stretching at low levels. Thus, accurate 
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prediction and detection of LLJ onset likely is important to accurately forecast the 

production of tornadoes by supercell thunderstorms during the early ET. Another 

interesting takeaway point is that a stronger LLJ with more SRH isn’t necessarily more 

favorable for low-level dynamic accelerations. Also, it is interesting that as the 

thermodynamic profile evolves through the ET, low-level buoyancy pressure 

accelerations increase to largely offset the decrease in low-level buoyancy accelerations. 

 An important caveat of this work is the storm in each simulation was initialized 

and evolved in a time-invariant base state environment. However, in nature, storms that 

occur during the ET would be initiated in an environment that is evolving with time. 

Therefore, future work should simulate supercells during the ET in environments that 

evolve in time within the simulation by using a technique such as base state substitution 

or by applying radiation physics and surface fluxes within the simulation. The 

relationship between supercells and the characteristics of the ET should also be studied 

across a wider range of possible environments. For example, the LLJ profiles used in 

this study were developed from LLJ climatology studies and represent only one likely 

LLJ evolution. Future studies should study the impacts of a wider range of LLJ 

characteristics such as: magnitude, depth, nose height, and direction. Studying a wider 

range of LLJs would also likely be useful offer more insight into the weakening of 

dynamic accelerations late in the ET within this study. Another physical aspect of this 

study that could be investigated in further detail is the moistening of the near-surface 

atmosphere during the ET. The moistening is dependent upon evapotranspiration which 

varies with soil moisture and vegetation. There exists a range of possible qv profile 
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evolutions that may affect buoyancy accelerations, and this study one represents one 

possible qv profile evolution. 

 The most prominent unresolved question that arose from this study is: Why are 

buoyancy accelerations weaker for W2 environments than W0 and W1 environments? 

Based on the results of Peters et al. (2019), which correlate storm-relative flow to 

buoyancy, one possible avenue to explore is differences in storm-relative flow and 

updraft width between W2 and other simulations.  
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APPENDIX A 

SUPPLEMENTAL FIGURES 

 
Figure A.1 Vertical profiles of updraft core linear dynamic acceleration (blue) and nonlinear 

dynamic acceleration (red).  


	Abstract
	Acknowledgements
	contributors and funding sources
	Nomenclature
	Table of Contents
	List of Figures
	List of Tables
	1. Introduction
	1.1. Background
	1.2. Research Questions and Hypotheses
	1.2.1. During the ET, how do the relative contributions of buoyant and dynamic updraft accelerations change? How is updraft velocity in turn affected?
	1.2.2. How do thermodynamic and kinematic changes of the ET individually affect updraft accelerations and velocity?
	1.2.3. Do any environmental changes during the ET affect near-surface vertical vorticity stretching?


	2. Methods
	2.1. Model Setup and Initialization
	2.2. Model Environments
	2.2.1. Thermodynamic Profiles
	2.2.2. Kinematic Profiles


	3. Results
	3.1. Relative contributions of buoyant and dynamic accelerations during the ET.
	3.2. Isolated effects of thermodynamic and kinematic changes during the ET on updraft accelerations and velocity.
	3.2.1. Buoyancy acceleration
	3.2.1.1. Thermodynamic effects on buoyancy acceleration
	3.2.1.2. Kinematic effects on buoyancy acceleration

	3.2.2. Buoyancy pressure acceleration
	3.2.2.1. Thermodynamic effects on buoyancy pressure acceleration
	3.2.2.2. Kinematic effects on buoyancy pressure acceleration

	3.2.3. Dynamic acceleration
	3.2.3.1. Thermodynamic effects on dynamic acceleration
	3.2.3.2. Kinematic effects on dynamic accelerations
	3.2.3.3. Physical mechanisms leading to decreased low-level dynamic accelerations late in the ET.

	3.2.4. Net acceleration
	3.2.4.1. Thermodynamic effects on net acceleration
	3.2.4.2. Kinematic effects on net acceleration

	3.2.5. Vertical velocity
	3.2.5.1. Thermodynamic effects on vertical velocity
	3.2.5.2. Kinematic effects on vertical velocity


	3.3. Effects of environmental changes during the ET on near-surface vertical vorticity stretching.

	4. ConclusionS
	references
	Appendix A Supplemental Figures

