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Abstract

Despite advancements in our understanding of supercell thunderstorms, numerous ques-

tions remain regarding relationships between their environment, storm-scale characteris-

tics, and tornado potential. In particular, quantifying the range of storms possible in a

given environment is an active area of research, and examining these relationships in time

remains even more unexplored. This dissertation addresses these two research foci using a

blend of numerical modelling and observational analysis.

First, two 15-member ensembles of high-resolution, idealized simulations are con-

ducted to explore the sensitivity of supercellular tornado production to small, storm-scale

variations. The composite near- and far-field tornadic VORTEX2 profiles (Parker 2014) are

used as the base-state for each of these two ensembles. Within each environment, the initial

wind profile is perturbed slightly, resulting in 15 slightly different storms evolving within

each environment. Based on my definition of a “tornado” in the simulation, all members in

the near-field environment produce a tornado while only 40% of those in the far-field en-

vironment produce a tornado. Important storm-scale characteristics differ between the two

ensembles, especially in terms of low-level updraft strength and surface outflow temper-

ature. These results also show that storm-environment modifications can result in a local

environment much more supportive of tornado potential.

Next, an observational dataset consisting of 902 soundings and 220 supercell tracks

is analyzed to better understand storm-track characteristics, particularly related to the right

turn, and their relationship to environmental conditions. No significant correlations were

found between the environmental parameters examined here and the time of the right turn.

However, larger values of 0–1 km AGL streamwise horizontal vorticity magnitude (e.g.,

> 0.010–0.015 s�1) tended to coincide with cells turning right within the first 65 minutes

of their lifetime, and vice versa for smaller values of streamwise horizontal vorticity. The

mean time between the cell’s first appearance on radar and the right turn was around 45

minutes for all supercells with a standard deviation of 25–30 minutes. Mean streamwise

xviii



horizontal vorticity was significantly larger in the tornadic environments in the 0–1 and 0–3

km AGL layers, but not the 0–0.5 km AGL layer. Interestingly, mean crosswise horizontal

vorticity was not significantly different between the tornadic and nontornadic subsets.

A goal of this work was to identify relationships and/or processes linking environ-

mental conditions to supercell characteristics that may be relevant to real-time forecasters,

either immediately or in the near-future. Some conclusions from this work that are relevant

to this goal include further quantifying what range of storms, in terms of tornado produc-

tion, are possible in different environments and mean statistics regarding characteristics of

the right turn in supercells. Future work will continue to use a blend of analysis methods to

further examine supercell environments, storm-scale characteristics, and tornado potential

in ways that will most efficiently benefit operational forecasting, emergency management,

and other audiences.
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Chapter 1

Introduction

Uncovering the secrets of tornadogenesis has been a “Holy Grail” in the severe weather

community since the first tornado forecast was issued for Tinker Air Force Base in Okla-

homa County, Oklahoma on 25 March 1948 (Doswell III et al. 1999). Since then, the com-

munity has made significant progress on multiple fronts with regards to better protecting

life and property during tornado events. Through laboratory experiments, evolving observ-

ing systems, theoretical studies, and high-resolution computer simulations, scientists have

uncovered processes influencing supercells and tornadoes on various atmospheric scales.

These findings have aided operational forecasters in better predicting severe weather events

from minutes to days in advance and issuing products for a variety of audiences. These aid

broadcast meteorologists and others in informing the public and help local emergency man-

agers and personnel prepare for upcoming severe weather events.

However, many questions remain regarding how supercell tornadoes form, are main-

tained, and decay, what observing systems are required to best anticipate their occurrence

minutes to days in advance, how to coordinate modelling efforts to focus on processes rel-

evant to protect lives and property, how to synthesize these findings and make them useful

for the operational forecaster in a stressful, real-time setting, and how to efficiently convey

this information to the public, just to name a few.

This dissertation focuses on better understanding supercellular evolution and tornado

potential in different environments in the central U.S. Both numerical model output and

observations are analyzed to address this focus. High-resolution idealized modelling is

used to simulate supercell evolution and tornado production and examine their sensitivity

to very small changes in environmental conditions. What ranges of storm-scale charac-

teristics and vortex production are possible in certain environments? This question is the

1



primary focus of this modelling work. Next, over 900 soundings collected during past

field campaigns from 1994–2019 are analyzed to better understand supercell environments

and their influences on storm morphology. Exploring relationships between environmen-

tal conditions and supercell track characteristics, like the initial cell motion, time of the

right turn and (if relevant) tornadogenesis, storm acceleration during the right turn, etc.,

is the primary focus of this observational study. Ultimately, this work yields insight into

factors influencing supercell evolution and tornado potential and is relevant to operational

forecasters in better predicting storm morphology and hazards in real-time.

1.0.1 Research background

The first schematics of airflow within supercell thunderstorms arose from observational

analysis of the severe Wokingham hailstorm in England (Browning and Ludlam 1962).

Several years and many radar, surface, and sounding observations later, Lemon and Doswell III

(1979) produced a schematic of surface supercell characteristics that is still used today

(Lemon and Doswell III 1979; their Fig. 7). This conceptual model features a central,

rotating storm updraft (“UP”) flanked by rear- and forward-flank downdrafts (“RFD” and

“FFD”). Storm-scale boundaries demarcating regions of storm-cooled air and warmer envi-

ronmental inflow are shown, along with the location of the possible tornado at the inflection

point of the surface boundaries near the back edge of the main updraft. In the present day,

small modifications to this schematic might include neglecting the FFD boundary on the

eastern extent of the storm. Otherwise, this conceptual model of surface airflow within

supercells remains mostly unchanged.

Since then, theoretical work and advancements in numerical modeling and observing

capabilities have greatly improved our understanding of processes influencing supercell

morphology and tornado potential, especially related to environmental conditions. Given
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discrete convection initiation, supercell formation is expected if the background environ-

ment contains sufficient convective available potential energy (CAPE; � 1000 J kg-1), ver-

tical wind shear (0–6 km AGL shear � 15–20 m s-1), and 0–3 km storm-relative helicity

(SRH; � 100 m2 s-2). These general thresholds (not met stringently in all cases) have been

found in multiple studies analyzing soundings in the vicinity of supercells (e.g., Rasmussen

and Blanchard 1998; Thompson et al. 2003; Craven et al. 2004). The physical processes

driving these relationships have been well explored. For example, increased SRH is as-

sociated with greater streamwise horizontal vorticity, resulting in greater vertical vorticity

tendencies via tilting (e.g., Lilly 1982; Weisman and Klemp 1982; Davies-Jones 1984;

Lilly 1986), and greater storm-relative flow, promoting wider updrafts (Peters et al. 2019)

and limiting the deleterious effects of hydrometeor loading and entrainment (Peters et al.

2019; Peters et al. 2020). Greater CAPE values also yield greater vertical accelerations due

to buoyancy that, although partially compensated by downward-directed buoyant pressure

perturbation gradients, increase updraft speeds.

Environmental conditions and forecast parameters like these are used daily by forecast-

ers to predict supercell occurrence and associated hazards. However, less is known about

how these conditions influence supercell morphology in time. A few studies have examined

how changes in the background environment result in changes in supercell characteristics,

including the effects of horizontally varying vertical wind shear (Richardson et al. 2007;

Davenport and Parker 2015; Gropp and Davenport 2018), a developing stable layer near

the surface (Ziegler et al. 2010; Coffer and Parker 2015), and differences in SRH (Klees

et al. 2016)). Bluestein and Parker (1993) analyzed the life cycles of supercells forming

along the dryline in the central U.S. and found that, on average, roughly two hours passed

between convective initiation and the time of the first severe weather occurrence. Supercell

morphology during this developmental phase remains a largely unexplored topic.

Certain storm-scale characteristics are known to strongly influence supercellular tor-

nado potential, including a strong, low-level, rotating updraft, near-surface rotation, and

3



significant intensification of that rotation to tornadic intensity at the surface (Davies-Jones

2015). The formation of the rotating updraft aloft, or mesocyclone (Glickman and Wal-

ter 2000), is perhaps best understood. Horizontal vorticity in the near-storm environ-

ment is tilted into the vertical and stretched by a convective updraft (Rotunno 1981; Lilly

1982; Davies-Jones 1984; Dahl 2017) to form the mid-level mesocyclone. A similar pro-

cess is responsible for the formation of the low-level mesocyclone based on observational

(Markowski et al. 2012a) and modeling studies (e.g., Markowski and Richardson 2014;

Coffer and Parker 2017), augmented to some degree by baroclinic generation within the

storm (e.g., Klemp and Rotunno 1983; Rotunno and Klemp 1985).

Regarding the initial development of near-surface vertical vorticity, it appears that many

supercells (both tornadic and nontornadic) contain similar surface characteristics, including

kinematic fields like vorticity (e.g., Trapp et al. 1999; Wakimoto and Cai 2000; Markowski

et al. 2011). Given that the only requirements for near-surface vertical vorticity production

are a downdraft and downdraft-relative horizontal flow (Parker and Dahl 2015), it is likely

that near-surface vertical vorticity is present in most if not all supercells. The emerging the-

ory is thus not entirely focused on how that vorticity forms but whether or not the supercell

will act on it “enough” to produce a tornado.

In the final moments preceding tornadogenesis, an intense low-level updraft is required

to stretch near-surface vertical vorticity to tornadic intensity. This stretching is a function of

both the density (or buoyancy) of the outflow air within which said vertical vorticity resides

as well as the strength of the low-level updraft. To this degree, tornadic supercells generally

contain warmer outflow than nontornadic supercells (e.g., Markowski et al. 2002; Grzych

et al. 2007; Hirth et al. 2008). Warmer outflow is favored in environments with higher

boundary-layer humidity (Rasmussen and Blanchard 1998; Rasmussen 2003; Thompson

et al. 2003; Craven et al. 2004) owing to less evaporational cooling (Kumjian 2011; French

et al. 2015). Increased boundary-layer humidity also tends to lower the level of free con-

vection, strengthening low-level updraft speeds. Recent work has also shown that larger
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streamwise horizontal vorticity nearer to the surface (e.g., 0–500 m AGL) favors steadier,

more robust low-level updrafts (e.g., Coffer and Parker 2017). This is consistent with prior

studies of observed soundings near tornadic and nontornadic supercells (Thompson and

Edwards 2000; Esterheld and Giuliano 2008).

However, both tornadic and nontornadic supercells often coexist in closer proximity

to each other (e.g., Klees et al. 2016; Markowski and Richardson 2017). On other days,

it seems that nearly every supercell that forms produces a tornado. This shows that su-

percellular tornado potential is a function of background environmental conditions as well

as intra-storm characteristics. Coffer et al. (2017) simulated several idealized supercells

in composite tornadic and nontornadic environments sampled during the second Verifica-

tion of the Origins of Rotation in Tornadoes Experiment (VORTEX2; Wurman et al. 2012)

and found the tornadic environment to support tornado production every time while the

nontornadic environment supported tornado production 40 % of the time. This difference

in tornado production was attributed to larger low-level SRH in the tornadic environment,

promoting stronger, more robust low-level updrafts. In light of these findings, what other

conditions may support more or less consistent tornado production within a given envi-

ronment? How do storm-environment modifications (e.g., Parker 2014; Nowotarski and

Markowski 2016; Wade et al. 2018; con) influence the volatility of tornadogenesis? An-

swering questions like these will better our understanding of supercell morphology, tornado

potential, and the physical processes associated with these relationships.

1.0.2 Research questions

This work addresses ongoing questions regarding supercell morphology and tornado po-

tential in different environments common in the central U.S. These include the following:

� What patterns of variability in storm characteristics and tornado potential exist be-

tween storms forming in essentially the same environment?
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� Is the volatility of tornadogenesis different in the near- and far-field VORTEX2 en-

vironments?

� If so, what drives differences in the volatility of tornadogenesis in these environ-

ments?

� How long does it take for a developing supercell to turn right? How is this timescale

influenced by environmental characteristics?

� Is the initial cell motion (prior to the right turn) generally aligned with the mean

wind? Are deviations in initial cell motion from the mean wind related to environ-

mental characteristics?

� How large is the difference between initial cell motion and right-moving supercell

motion? How does this difference relate to the difference between the 0–6 km

pressure-weighted mean wind and Bunkers estimated storm motion?

� Are the answers to the above questions different for supercells destined to be tornadic

or nontornadic?

The first three questions are addressed using two ensembles of high-resolution, idealized

supercell simulations. Findings from this study are presented in the next chapter, which has

been submitted to Monthly Weather Review and is currently in revision. The remaining five

questions are addressed using an observational dataset consisting of over 900 soundings

launched in the vicinity of 220 supercells. Environmental conditions and forecast param-

eters obtained from the soundings are related to storm characteristics, especially those of

the right turn. These results are presented in Chapter 3 and will be submitted to Monthly

Weather Review. Finally, concluding remarks and thoughts on future work are provided in

the last chapter.

6



Chapter 2

Modes of storm-scale variability and tornado potential in VORTEX2

near- and far-field tornadic environments

2.1 Introduction and Background

Storm-scale characteristics and processes necessary for tornadogenesis in supercells in-

clude a) a low-level1, rotating updraft, b) near-surface2 rotation, and c) significant inten-

sification of that near-surface rotation to tornadic intensity at the surface (Davies-Jones

2015). Our current understanding of each of these characteristics differs. The formation of

the rotating updraft, or mesocyclone (Barnes 1978; Doswell and Burgess 1993; Glickman

and Walter 2000), is well understood, at least at mid-levels3. Horizontal vorticity in the

near-storm environment is tilted into the vertical and stretched by a convective updraft (Ro-

tunno 1981; Lilly 1982; Davies-Jones 1984; Dahl 2017). The spatial correlation between

vertical velocity and vorticity increases as the angle between the environmental horizon-

tal vorticity vector and wind vectors decreases (i.e., as the streamwise horizontal vorticity

component increases; Davies-Jones 1984). This environmental vorticity is enhanced by

baroclinic vorticity generation along parcel trajectories entering the updraft (Klemp and

Rotunno 1983; Rotunno and Klemp 1985; Markowski et al. 2012b; Dahl et al. 2014). Fore-

casters use storm-relative helicity (SRH), a measure of the amount of streamwise vorticity

at a given location in a certain layer of the atmosphere, to help diagnose environments

that are more kinematically conducive for the development of rotation in convective up-

drafts (e.g., Thompson et al. 2003; Thompson et al. 2007). These same processes are also

1In this paper, “low-level” roughly refers to the 0–1 km AGL layer or to the 1 km AGL level.
2In this paper, “near-surface” roughly refers to the lowest tens of meters AGL.
3In this paper, “mid-level” roughly refers to the 3–6 km AGL layer.
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thought to be responsible for the formation of the low-level mesocyclone in a few observa-

tional (Markowski et al. 2012a) and modeling studies (Markowski and Richardson 2014;

Coffer and Parker 2015; Coffer and Parker 2017; Coffer and Parker 2018; Coffer et al.

2017).

Mechanisms influencing the formation of near-surface rotation have been the focus

of many modeling and observational studies. A few processes may contribute, including

baroclinic vorticity generation and tilting in storm-scale downdrafts (e.g., Davies-Jones

and Brooks 1993; Wicker and Wilhelmson 1995; Markowski and Richardson 2009; Dahl

et al. 2014; Markowski and Richardson 2014; Parker and Dahl 2015) and the generation

and modification of vorticity via surface friction (Schenkman et al. 2014; Roberts et al.

2016). Regardless of the processes at work, unless preexisting near-surface vertical vortic-

ity is present, a downdraft is theorized to be required for the development of near-surface

vertical vorticity (Davies-Jones 1982b; Davies-Jones 1982a). Supporting this work, numer-

ous observations exist of rear-flank downdrafts (RFDs; Markowski et al. 2002) and down-

drafts associated with descending reflectivity cores (Rasmussen et al. 2006; Markowski

et al. 2012a; Markowski et al. 2012b; Markowski et al. 2018) in the vicinity of tornadoes.

However, Rotunno et al. (2017) showed that “rapid near-surface amplification of vertical

vorticity” can occur solely due to tilting of initially horizontal vorticity and subsequent

stretching. Furthermore, some observational and modeling studies have shown similarities

between near-surface kinematic fields in tornadic and nontornadic supercells (e.g., Trapp

et al. 1999; Wakimoto and Cai 2000; Markowski 2008; Markowski et al. 2011, Coffer

et al. 2017). Given that “the only fundamental requirement for downdrafts to produce sur-

face vertical vorticity is the existence of downdraft-relative flow” (Parker and Dahl 2015),

near-surface vertical vorticity probably exists in the vast majority of, if not all, supercells.

Thus, it is likely that a deciding factor in tornadogenesis is not whether or not near-surface

vertical vorticity exists, but how that vorticity is modified by the supercell.
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In the final moments of tornadogenesis, an intense, low-level updraft stretches near-

surface vertical vorticity and wind speeds increase to tornadic intensity. The resulting mag-

nitude of vertical vorticity stretching is related to the strength of the low-level updraft,

because vertical velocities vanish to zero at the surface. The buoyancy of near-surface air

within which the stretched vorticity resides also plays a role in modulating vertical vorticity

tendency (e.g., Markowski and Richardson 2014); generally, more buoyant air experiences

larger upward displacements due to vertical pressure perturbation gradient forces associ-

ated with the low-level updraft, and the opposite is true for less buoyant air. As discussed

previously, low-level updraft strength and associated dynamic lift is linked to the magni-

tude and orientation of the low-level, environmental vertical wind shear. Storm outflow

buoyancy is at least partially related to low-level, environmental moisture content (Ras-

mussen and Blanchard 1998; Rasmussen 2003; Thompson et al. 2003; Craven et al. 2004),

with lower lifted condensation levels (LCLs) favoring less negatively buoyant outflow. The

physical reasoning for this relationship involves less evaporational cooling in more humid

environments (Kumjian 2011; French et al. 2015). This in turn is more favorable for tor-

nadogenesis than supercells with more negatively buoyant outflow (Markowski et al. 2002).

In nontornadic supercells, it appears that the low-level updraft fails to draw air upwards far

from the surface (e.g., Markowski and Richardson 2014; Coffer and Parker 2017), suggest-

ing the presence of a weaker low-level updraft and/or more negatively buoyant outflow.

Recent studies have also found that increased spatial overlap between the surface circula-

tion maximum and low- and mid-level mesocyclones, modulated by low-level wind shear

(Guarriello et al. 2018) and humidity (Brown and Nowotarski 2019) in the environment,

increases tornado potential.

Some severe weather outbreaks conducive for supercells are characterized by nearly

every supercell producing a tornado, while others may include both tornadic and nontor-

nadic supercells in close proximity to each other (e.g., Klees et al. 2016; Markowski and

Richardson 2017). The reason for the latter may be due to mesoscale differences in the
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background environment (e.g., Markowski et al. 1998; Klees et al. 2016), stochasticity

in storm-scale features and evolution (e.g., Coffer et al. 2017), or a combination of both.

Specifically, Coffer et al. (2017) examined the “volatility of tornadogenesis” in composite

tornadic and nontornadic supercell environments (Parker 2014) sampled during VORTEX2

(Wurman et al. 2012). The study used high resolution CM1 (Cloud-Model 1; Bryan and

Fritsch 2002) experiments to create two 15-member ensembles that simulated supercells in

both of these environments. All 15 of the supercells initialized in the tornadic near-field

environment produced a tornado (defined in Coffer et al. 2017), and six produced a tornado

in the nontornadic near-field environment. Thus, at least in simulations, the tornadic en-

vironments sampled during VORTEX2 appear to be strongly favorable for tornadogenesis

regardless of storm-scale stochasticity, while the sampled nontornadic environments appear

to be conditionally favorable for tornadogenesis given fortunate (or unfortunate) variations

in storm-scale features. The difference in tornado production between the simulated storms

was mostly attributed to variations in rotation-induced dynamic lift, with storms initialized

in the tornadic environment containing stronger low-level updrafts than those in the nontor-

nadic environment. This difference was related to variations in the environmental low-level

wind profile in both environments; while both contained similar effective SRH, the tornadic

environment was characterized by more streamwise horizontal vorticity (and SRH) in the

lowest 500 m AGL than the nontornadic environment (e.g., Thompson and Edwards 2000;

Esterheld and Giuliano 2008; Coffer et al. 2019). Tilting and subsequent stretching of this

vorticity resulted in the development of a longer-lived, more intense low-level updraft in

the tornadic environment.

In this study, I explore the volatility of tornadogenesis further by analyzing an ensemble

of simulations in the near- and far-field composite tornadic environments from VORTEX2

(Coffer et al. 2017 only examine the near-field environment in their simulations). As de-

scribed in Parker (2014), the tornadic near-field environment was extracted roughly 40 km
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Figure 2.1: Soundings extracted from composite environments sampled during VORTEX2

in the vicinity of tornadic and nontornadic supercell thunderstorms. The mean storm mo-

tion of all tornadic storms is indicated by the red “M”, and the mean storm motion of all

nontornadic storms is indicated by the blue “M”. Near-inflow (far-inflow) soundings were

extracted roughly 40 km (80 km) away from the storm updraft. Tornadic (nontornadic)

soundings were extracted from the composite environment sampled in the vicinity of tor-

nadic (nontornadic) supercells. The tornadic and nontornadic near-inflow soundings were

used in Coffer et al. (2017), and the tornadic near- and far-inflow soundings are used in this

study. From Parker (2014).

upstream of the supercell updraft in the inflow region (the same as in Coffer et al. 2017)

whereas the far-field environment was extracted roughly 80 km upstream (see Fig. 2.1).

Comparing these two environments allows us to address a couple of questions in addition

to those presented in Coffer and Parker (2017), Coffer et al. (2017), and Coffer and Parker

(2018). In particular, I am interested in how the spatial evolution from the far-field to
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the near-field environments impacts the volatility of tornadogenesis and, since low-level

horizontal vorticity characteristics are similar in both cases (Fig. 2.3), assessing kinematic

characteristics influencing any differences in the volatility of tornadogenesis. With this in

mind, this study aims to address the following questions:

1. What patterns of variability in storm characteristics and tornado potential exist be-

tween storms forming in essentially the same environment?

2. Is the volatility of tornadogenesis different in the near- and far-field VORTEX2 en-

vironments?

3. If so, what drives differences in the volatility of tornadogenesis in these environ-

ments?

2.2 Data and Methods

2.2.1 Model setup

The simulations used in this study were created using the Bryan cloud model (CM1; Bryan

and Fritsch 2002), release 19.5. CM1 is an idealized, three-dimensional, non-hydrostatic

model useful for studying small-scale atmospheric phenomena such as supercell thunder-

storms and tornadoes. Simulated storms were initiated in horizontally homogeneous en-

vironments using the updraft nudging technique outlined in Naylor and Gilmore (2012).

Rather than a warm bubble, this technique applied a volume of updraft characterized by a

maximum vertical velocity of 15 m s-1 at 1.5 km AGL at the beginning of the simulation.

This nudging diminished with horizontal and vertical extent and was applied consistently

for 15 minutes before exponentially decreasing toward 0 m s-1 20 minutes into the simula-

tion. Each simulation was run for 2 hours.

A stretched 200 x 200 km horizontal grid was used with a minimum grid spacing of 125

m in the inner 100 x 100 km domain stretched to 3875 m on the edges. Grid motion was set

to the approximate storm motion in order to keep each simulated storm near the center of
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the grid. 115 vertical levels were present, with vertical grid spacing stretching from 20 m in

the lowest 300 m AGL to 280 m at the model top (18160 m). The lowest model level was 10

m AGL. I used a 0.6 s timestep along with a 5th order advection scheme. The National Se-

vere Storms Laboratory 2-moment microphysics scheme was used (Ziegler 1985; Mansell

2010; Mansell et al. 2010) and a semi-slip condition was applied to the bottom boundary

with a constant drag coefficient (Cd) of 0.0014. This value is consistent with a few recent

simulation studies (Coffer and Parker 2017; Coffer et al. 2017; Coffer and Parker 2018)

and was derived from the rear-flank outflow composite sounding shown in Parker (2014).

Acknowledging the concerns of Markowski and Bryan (2016) in that simulated surface

drag may excessively modify near-ground vertical wind shear, I applied this small constant

drag coefficient to my simulations in the hope of increasing physical realism and to more

directly compare my results with recent modeling studies. In an effort to best preserve the

base-state environment, the Coriolis force was applied to the perturbation winds (Roberts

et al. 2016).

2.2.2 Ensemble configuration

The composite, tornadic near-field (far-field) thermodynamic profile found in Parker (2014)

was used as the base-state thermodynamic profile for each member of the near-field (far-

field) ensemble (shown by the red and green lines in Fig. 2.1). The base-state wind profile

for each member in the near-field (far-field) tornadic ensemble was generated by perturbing

the composite near-field (far-field) tornadic wind profile observed in VORTEX2 ((Parker

2014)). The original composite wind profiles are bolded in Fig. 2.3. Commonly used

parameters for each environment are shown in Fig. 2.24; unsurprisingly, both exhibit char-

acteristics typical of environments in the vicinity of tornadic supercells, although the

4The near-field environmental parameters presented here are slightly different than those in Coffer and

Parker (2017). the parameters shown here were calculated using MetPy (May et al. 2017) whereas those

shown in Coffer and Parker (2017) were calculated using SHARPpy (Blumberg et al. 2017).
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Figure 2.2: Commonly used parameters associated with the tornadic near- and far-field

composite VORTEX2 environments. Convective available potential energy (CAPE; J

kg�1), convective inhibition (CIN; J kg�1), and lifted condensation level (LCL; m) are all

calculated using the surface-based (SB) parcel. 0–1 and 0–3 km SRH (m2 s�2) are shown

as well as SRH calculated within the effective layer (CAPE ¿ 100 J kg�1 and CIN ¿ -250

J kg�1) of the storm (ESRH; m2 s�2). Critical angle is calculated as the angle (in degrees)

between the 10 m AGL storm-relative wind vector and the 10–500 m AGL shear vector

(as defined in Esterheld and Giuliano (2008)). The significant tornado parameter (STP; di-

mensionless) and supercell composite parameter (SCP; dimensionless) are also calculated

as defined in Thompson et al. (2003).

significant tornado parameter and supercell composite parameter in the near-field environ-

ment are larger. This is due to the larger low-level shear in the near-field environment,

resulting in greater SRH.

Perturbations applied to the wind profile were randomly drawn from a normal distribu-

tion of velocities ranging from -2 m s-1 to 2 m s-1 and applied to each vertical level (115

total) of the wind profile. The velocity range of 2 m s-1 was chosen to best represent ra-

diosonde observational error and sampling inconsistencies (e.g., Dawson II et al. 2012) and

the average of all perturbations applied to any profile was essentially zero. This resulted

in two ensembles (near-field and far-field) consisting of 15 members each. Each ensemble

consisted of one control member with a base-state wind profile characterized by the non-

perturbed sounding from Parker (2014) and 14 members with slightly perturbed base-state

wind profiles as described above (Fig. 2.3). The only difference between each member in

the near- or far-field ensemble is the background wind profile. The thermodynamic profiles

used to represent each member in each ensemble were identical, and the thermodynamic
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profiles differed only slightly between the near- and far-field composite environments (see

Fig. 2.1). Differences within these two ensembles (i.e., intra-ensemble differences) yield

insight into the sensitivity of tornadogenesis to different storm-scale characteristics (which

are present in this case due to very small differences in the background environment).

Figure 2.3: The tornadic near-inflow (thick orange line) and far-inflow (thick blue line)

control hodographs (also shown in 2.1) used in this study. Thin lines indicate the 14

hodographs, derived from each control hodograph, used as the base-state, homogeneous

wind profile in each ensemble member. The mean storm motion of all supercells in the

near-field ensemble is indicated by the orange “M”, and the mean storm motion of all su-

percells in the far-field ensemble is indicated by the blue “M”.

2.2.3 Definition of tornado genesis and failure

Because my simulation setup is almost identical to that of Coffer and Parker (2017), Coffer

et al. (2017), and Coffer and Parker (2018), I use the same criteria to define the occurrence

of tornado genesis and failure. A tornado is defined when grid points with:
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1. 10 m AGL vertical vorticity � 0.3 s-1

2. 0–1 km AGL pressure perturbations � -10 hPa, and

3. 10 m AGL wind speeds � 35 m s-1 (low-end EF0)

occur within 4 km of each other for at least two consecutive minutes (using output every

minute). The time of tornadogenesis is defined as the first time these criteria are met. If

these criteria are not met during the two-hour simulation, the time of tornado failure is

defined as the time of maximum 10 m AGL vertical vorticity.

2.2.4 EOF analysis

To analyze spatial patterns of variance in the simulated supercells, empirical orthogonal

function (EOF; Lorenz 1956) analysis was performed on different output variables. This

type of composite analysis has previously been performed in meteorological studies (e.g.,

Richman 1980) and used in severe weather studies primarily to analyze synoptic-scale

patterns supportive of tornadoes (e.g., Schaefer and Doswell 1984; Mercer et al. 2012).

Using this technique, large datasets are reduced to a smaller set of normal characteristic

patterns, or EOFs. In this study, singular value decomposition (e.g., Bretherton et al. 1992)

was used to compute the principal component (PC) timeseries. Spatial patterns of the

fields were then obtained by regressing the original spatial field of each variable within 10

km of the near-surface vortex with the corresponding standardized leading PC timeseries.

The leading EOF pattern (EOF1) explains the largest fraction of variance in the original

dataset and subsequent EOF patterns explain decreasing fractions of variance. While the

orthogonal nature of the EOFs limits their applicability to the real atmosphere, I examine

EOF1s that explain the most variance and are aligned with known, physical features.

This study examines EOF patterns of simulated variables in the near- and far-field

ensemble at the time of tornadogenesis or tornadogenesis failure, including near-surface

vertical vorticity (z ), density potential temperature perturbation (q 0r ), and wind direction.
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This approach differs from most meteorological applications of EOF analysis in that the

grid spacing is smaller (125 m) and the number of input datasets is smaller (15 for each

EOF pattern for each ensemble). As will be discussed in the next section, some EOFs in

this study contain significant small-scale structure due to the small grid spacing used and

turbulence present in the simulated storm outflow. However, insight can be drawn from ex-

amining regions of the domain characterized by greater or lesser amplitudes of small-scale

variability and where demarcations between these two regions are present. Due to the small

number of input datasets and the fact that time or spatial means were not subtracted from

the dataset, EOF1s that explain a large amount of variance will appear similar to a com-

posite map constructed by simple ensemble-averaging. Regardless, the EOF analysis will

yield leading patterns of variance for each field in addition to providing analytical support

for spatial patterns that emerge in each 15-member ensemble.

2.3 Results

2.3.1 Bulk ensemble characteristics

Every member of both the near- and far-field ensembles develops a right-moving supercell

with similar aggregate characteristics during the two-hour simulation. This supercell devel-

ops around 40–50 minutes into each simulation. By the time of tornado genesis or failure,

classic observed and simulated supercellular characteristics are evident in each member,

including a reflectivity hook and strong mid-level updraft (Figs. 2.4 and 2.5). These super-

cells remain discrete for the remainder of the two-hour simulation.
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Figure 2.4: Simulated radar reflectivity (10 m AGL, shaded) and updraft (20 m s-1 at 3

km AGL, black contour) in the 15 near-field ensemble members. Variables are plotted

at the time of tornadogenesis or tornadogenesis failure. These times are indicated in the

bottom-left corner of each panel.

The two ensembles differ in terms of tornado production. Based on the criteria (de-

scribed in Section 2.2.3), all near-field ensemble members produce a tornado and five far-

field ensemble members produce a tornado. Fig. 2.4 shows surface5 reflectivity and the

location of the mid-level updraft for each ensemble at the time of tornadogenesis in each

near-field ensemble member (ranging from 49–56 minutes). Although all members are

initialized in essentially the same environment (Fig. 2.3), each storm is slightly different

(as expected, given the nature of error growth on convective scales; Cintineo and Stensrud

2013). In general, all storms contain a strong mid-level updraft bounded by a hook echo to

the west (more evident in some members than others) and large reflectivity to the north.

5In this paper, “surface” refers either to the surface or the lowest model level (10 m AGL).
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