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ABSTRACT

Despite an increased understanding of the environments that favor tornado formation, a high false-alarm rate

for tornado warnings still exists, suggesting that tornado formation could be a volatile process that is largely

internal to each storm. To assess this, an ensemble of 30 supercell simulations was constructed based on small

variations to the nontornadic and tornadic environmental profiles composited from the second Verification of

the Origins of Rotation in Tornadoes Experiment (VORTEX2). All simulations produce distinct supercells

despite occurring in similar environments. Both the tornadic and nontornadic ensemblemembers possess ample

subtornadic surface vertical vorticity; the determinative factor is whether this vorticity can be converged and

stretched by the low-level updraft. Each of the 15 members in the tornadic VORTEX2 ensemble produces a

long-track, intense tornado. Although there are notable differences in the precipitation and near-surface

buoyancy fields, each storm features strong dynamic lifting of surface air with vertical vorticity. This lifting is due

to a steady low-level mesocyclone, which is linked to the ingestion of predominately streamwise environmental

vorticity. In contrast, each nontornadicVORTEX2 simulation features a supercell with a disorganized low-level

mesocyclone, due to crosswise vorticity in the lowest few hundredmeters in the nontornadic environment. This

generally leads to insufficient dynamic lifting and stretching to accomplish tornadogenesis. Even so, 40% of the

nontornadic VORTEX2 ensemble members become weakly tornadic. This implies that chaotic within-storm

details can still play a role and, occasionally, lead to marginally tornadic vortices in suboptimal storms.

1. Introduction

Despite increased understanding of how environmen-

tal profiles of temperature, humidity, and winds affect the

tornadic potential of convective storms, much is still un-

known about what ultimately differentiates between

seemingly similar nontornadic and tornadic supercells.

Observations and simulations of nontornadic supercells

show remarkable similarity to their tornadic counter-

parts, with operationally unobservable differences ulti-

mately leading to tornadogenesis failure. While skill in

tornado warnings has generally increased over time

(Brooks 2004b), the false-alarm rate for tornadoes still

hovers around 75% (Brotzge et al. 2011), despite warn-

ings being correctly issued for environments known to be

favorable for tornadoes based on the current state of the

knowledge base (Anderson-Frey et al. 2016). As astutely

pointed out by Anderson-Frey et al. (2016), the high

false-alarm rate nationwide indicates that ‘‘either our

knowledge of the environmental controls on tornado

formation is incomplete, or that there are factors beyond

the environment that determine the differences between

nontornadic and tornadic storms’’.

To assess whether the failure point in nontornadic

supercells could be specifically traced to some environ-

mental trait that differs between the nontornadic and

tornadic environments sampled during the second
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Experiment (VORTEX2; Wurman et al. 2012), Coffer

and Parker (2017, hereinafter CP17) simulated super-

cells in the nontornadic and tornadic environments

(Fig. 1) composited from soundings collected during

VORTEX2 by Parker (2014). While the nontornadic

and tornadic environments were both seemingly favor-

able for tornadoes by all conventional measures, there

were key differences in the lower-tropospheric wind

profile, specifically the orientation of the horizontal

vorticity in the lowest few hundredmeters above ground

level (AGL). Increased streamwise horizontal vorticity

and storm-relative helicity (SRH) in the lowest few

hundred meters should promote a stronger low-level

mesocyclone in a supercell and thereby stronger dy-

namic lifting. This lifting, in turn, may increase the

likelihood of tornadogenesis (Markowski et al. 2012b;

Markowski and Richardson 2014; Coffer and Parker

2015). Even though the nontornadic supercell in CP17

readily produced subtornadic1 surface2 vortices, these

vortices failed to be stretched by the low-level updraft

because of a disorganized low-level mesocyclone caused

by the ingestion of predominately crosswise horizontal

vorticity in the lowest few hundred meters AGL within

the VORTEX2 nontornadic environment. In contrast,

the tornadic supercell ingested predominately stream-

wise horizontal vorticity, which promoted a strong,

steady low-level mesocyclone with enhanced dynamic

lifting and stretching of surface vertical vorticity.

Further questions remain, however, including the

complication that nontornadic and tornadic supercells

can coexist side by side in nature (e.g., Klees et al. 2016).

In other words, not all supercells in seemingly favorable

environments are tornadic. This is an important opera-

tional forecasting issue that is not easily addressed with

single sounding model studies. What is the range of

outcomes in similar storms and environments? Is tor-

nado formation strongly linked to the environment or

primarily a volatile, stochastic process internal to each

storm? Are the processes identified by CP17 common

to a range of similar simulated storms (i.e., how robust

were their findings)? The simulations of CP17 utilized

the VORTEX2 composite environments directly from

Parker (2014). It is certainly possible that those results

were serendipitous (i.e., perhaps the VORTEX2 non-

tornadic environment produced a nontornadic supercell

by chance). If tornadogenesis is stochastic, then our

FIG. 1. (left) Skew T–logp diagram and (right) hodographs showing the (top) nontornadic (blue) and (bottom)

tornadic (red) VORTEX2 near-inflow composite soundings. The wind profiles for the 14 ensemble members are

overlaid on the control wind profile (boldface) for both the nontornadic and tornadic hodographs. The simulated

storm motion is indicated on the hodograph by the M. Markers on the hodograph represent 500m (triangle), 1 km

(square), 3 km (circle), and 6 km (diamond)AGL. The wind barbs on the skew T–logp plot are displayed in kt (1 kt5
0.5144m s21). See Parker (2014) for more discussion on the generation and interpretation of the VORTEX2 com-

posite environments.

1 In this paper, ‘‘subtornadic vorticity’’ will refer to mesocyclonic

scale vertical vorticity ($0.01 s21) at the surface that is not (yet)

associated with a tornado. Our definition of a tornadic vortex is

discussed in section 2.
2 In this paper, ‘‘surface,’’ ‘‘near surface,’’ or ‘‘near ground’’ will

refer to #10m AGL (the lowest model level grid point), while ‘‘low

level’’ refers to;1 km AGL, and ‘‘midlevel’’ refers to 3–7 km AGL.
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previous ‘‘1 on 1’’ comparison between the nontornadic

and tornadic supercells may overstate the role of the

ambient environment. We therefore wish to quantify

where those particular simulations fall within a distri-

bution of similar simulations.

Most model studies of tornadogenesis in supercells

have only simulated a singular supercell. Very few

studies have looked at a range of simulated storms in

similar environments. Adlerman and Droegemeier

(2005) briefly commented that small differences in the

environmental wind profile led to distinct supercellular

evolutions, specifically the rate of cyclic mesocyclo-

genesis. Naylor and Gilmore (2014) investigated

storm-scale differences between supercells that pro-

duced tornadoes and those that did not using high-

resolution simulations initialized with the Storm

Prediction Center’s (SPC) Rapid Update Cycle

(RUC) database. They found that 37% of the ‘‘tor-

nadic’’ soundings produced long-lived supercells that

failed to generate a tornado, while 42% of their

‘‘nontornadic’’ soundings produced a tornadic strength

vortex underneath the low-level mesocyclone. This sug-

gests the possibility that a great deal of overlap exists

between the range of outcomes for supercells, even in

environments known to be favorable (or unfavorable) for

tornadoes.

Markowski and Richardson (2017) explored the

sensitivity of tornadogenesis to the location of a heat

sink in ‘‘toy model’’ simulations. In an actual supercell,

the heat sink represents the downdraft and the pro-

duction of negatively buoyant air, which in turn may be

affected by the deep-layer wind shear, storm-relative

flow, hydrometer fall speeds, and hydrometeor species.

Shifting the heat sink by only a few kilometers in any

direction resulted in significant differences to the baro-

clinic generation of horizontal vorticity and subse-

quent surface vertical vorticity maxima. Thus, they

concluded that even outflow with relatively small

negative buoyancy combined with strong low-level

dynamic upward forcing is insufficient (but necessary)

for tornadogenesis. This volatility associated with

downdraft position and strength may explain the failure

of many actual supercells to produce tornadoes in

seemingly favorable environments.

The main goals of this paper are to address the extent

to which tornadogenesis is stochastic and to understand

the range of possible outcomes in similar environ-

ments. To this end, we have completed an ensemble of

30 supercell simulations based on small variations from

the VORTEX2 nontornadic and tornadic composite

environmental profiles from Parker (2014) and CP17. If

tornadogenesis is primarily linked to the environment,

we would expect that the probability of tornadogenesis

would vary distinctly between the VORTEX2 non-

tornadic and tornadic environments. This would

mean that there are fundamental aspects of the

respective environments (e.g., lower-tropospheric

horizontal vorticity orientation) that are heavily deter-

minative of tornadogenesis, notwithstanding the varying

convective structures that arise as a result of the spread

of the wind profiles within the ensemble. On the other

hand, if instead tornadogenesis is primarily a stochastic

process (i.e., highly dependent on random, unpredict-

able details within each storm), then we would expect

that small perturbations to the respective nontornadic

and tornadic wind profiles would lead to a wide range of

outcomes in terms of tornado production. Such volatility

would presumably be linked to differences in the evo-

lution of convection in the simulated storms, including

the presence–absence and timing of downdrafts, pockets

of subtornadic surface vertical vorticity, or zones of

strong dynamic lifting that provide the stretching

needed for tornadogenesis. Probably, in reality, the en-

vironment exerts a substantial influence over the in-

ternal storm dynamics leading to tornadogenesis, even

as chaotic within-storm details still permit a range of

possible outcomes. However, to date there have been

few attempts to constrain these two pieces of the

TABLE 1. CM1 configuration.

Parameter Description

Domain extent 200 km 3 200 km 3 18.16 km

Inner mesh Dx 5 Dy 5 125m spanning 100 km 3 100 km

Outer mesh Stretching to Dx 5 Dy 5 4.875 km (Wilhelmson and Chen 1982)

Vertical grid 115 levels starting at 10m, Dz 5 20m below 300m, stretching to Dz 5 280m at 12 km

Numerics Third-order Runge–Kutta (RK3)/fifth-order weighted essentially nonoscillatory (WENO)

advection of velocities and scalars (Wicker and Skamarock 2002)

Pressure solver Klemp–Wilhelmson time splitting, vertically implicit (Klemp and Wilhelmson 1978)

Microphysics NSSL two-moment (Ziegler 1985; Mansell 2010; Mansell et al. 2010)

Subgrid turbulence TKE (Deardorff 1980) with separate horizontal and vertical coefficients

Bottom boundary condition Semislip with Cd 5 0.0014 (Coffer and Parker 2017)

3D initialization Updraft nudging (Naylor and Gilmore 2012)
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tornadogenesis puzzle. Here, we describe a sensitiv-

ity test aimed at understanding the robustness of

our previously simulated nontornadic and tornadic

supercells.

Section 2 reviews the numerical setup of the ensemble

simulations performed herein. Results of the simula-

tions are presented in section 3, while a discussion of the

implications and avenues for future work are offered in

section 4.

2. Methods

An ensemble of 30 supercell simulations, 15 each for

the VORTEX2 nontornadic and tornadic composite

environments, was conducted using a similar model

configuration to that in CP17 with the following minor

differences. Simulations were conducted using the

latest release (18) of Cloud Model version 1 [CM1;

Bryan et al. 2003, also see the appendix of Bryan and

Morrison (2012)]; however, the National Severe

Storms Laboratory (NSSL) microphysics scheme used

herein was the same version as in CM1 release 17. The

only other model configuration difference was the use

of an adaptive time-step technique. The reasoning for

employing the adaptive time step was twofold: first,

computational efficiency; second, the near impossi-

bility of predicting the most unstable member of

the ensemble a priori. The control member of each

VORTEX2 ensemble produced similar supercellular

structures and evolution to that of CP17. A summary

TABLE 2. Range of SRH (m2 s22) values over various depths for

the VORTEX2 ensemble profiles. SRH was calculated using the

Bunkers storm motion (Bunkers et al. 2000), which was similar to

the simulated stormmotions. The effective inflow layer is described

by Thompson et al. (2007).

0–500-m SRH 0–1-km SRH Effective SRH

Nontornadic 60–96 139–164 299–330

Tornadic 138–174 208–237 284–312

FIG. 2. Time series comparing the vertical velocity (m s21) and surface vertical vorticity (s21) for both the

(a),(b) tornadic (red) and (c),(d) nontornadic (blue) VORTEX2 ensemble. (top) The median maximum vertical ve-

locity value (black line) in both the (a) tornadic and (c) nontornadic VORTEX2 ensembles. (bottom) The median

maximum surface vertical vorticity (black line) for the (b) tornadic and (d) nontornadic VORTEX2 ensembles. The

shaded envelope covers the 10th and 90th percentiles for each ensemble. No smoothing or filtering was applied to

the time series.
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of the CM1 configuration options can be found in

Table 1. Of course, any of the subjective choices in the

model configuration could affect the eventual volatil-

ity of tornadogenesis in the ensemble.

For each of the steady-state near-inflow VORTEX2

composite profiles from CP17, 14 ensemble members

were initialized by applying horizontal wind pertur-

bations generated from a uniform distribution with a

maximum magnitude of 2ms21 to the wind profile, irre-

spective of height (Fig. 1). The horizontal wind pertur-

bations were implemented using code from the National

Severe Storms Laboratory Collaborative Model for

Multiscale Atmospheric Simulation (NCOMMAS; Dowell

and Wicker 2009; Dowell et al. 2011). The mean of the

perturbations applied to each wind profile is practically

zero, and the perturbations are identical between the

correspondingmembers of the nontornadic and tornadic

VORTEX2 ensembles. An additional control member

for each VORTEX2 wind profile was simulated with no

horizontal wind perturbations. No perturbations were

added to the thermodynamic profile. The random wind

perturbations are simply meant to represent random

turbulence present in the atmosphere. The value of

2m s21 has been shown to be roughly the same order of

magnitude as differences between wind profiles mea-

sured from nearby observational platforms (Dawson

et al. 2012). The range of SRH values over various

depths as a result of the wind perturbations is listed in

Table 2, including 0–500-m SRH ranging from approx-

imately 60 to 96 and 138 to 174m2 s22 for the non-

tornadic and tornadic environments, respectively. The

purpose of these small random perturbations was to

produce a range of comparable, yet distinct storms in

very similar environments. In this paper, the ensemble

initialized with the nontornadic (tornadic) near-inflow

VORTEX2 composite profile will be referred to as the

nontornadic (tornadic) VORTEX2 ensemble. One of

the goals of this paper is to determine if any of the

‘‘nontornadic’’ VORTEX2 ensemble members actually

produce a tornado and whether any of the ‘‘tornadic’’

VORTEX2 ensemble members fail to.

For each ensemble member, a key time period of tor-

nadogenesis or tornadogenesis failure was chosen based

on several subjectively determined thresholds. Tornado-

genesis was said to occur whenever all of the following

criteria were met: 1) the surface vertical vorticity exceeds

0.3 s21, 2) the pressure deficit (relative to the base-state

environmental sounding) within the vortex exceeds

10hPa over a depth of at least 1km, and 3) the in-

stantaneous ground-relative wind speed exceeds 35ms21

(;78mih21, midrange EF0 wind speeds) at 10m AGL.

All of the criteria needed to be simultaneously present for

FIG. 3. Horizontal cross sections of 10m AGL reflectivity (dBZ; shaded) at the key time period of tornadogenesis (indicated for each

ensemble member in the corresponding panel) for the tornadic VORTEX2 ensemble.
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at least 2min. If a supercell did not meet the tornado-

genesis criteria at any point during the entire simulation,

tornadogenesis failure was said to occur at the time of

maximum surface vertical vorticity. The times of torna-

dogenesis or tornadogenesis failure were then used as

benchmarks for comparisons among the 30 simulations.

Most other analysis techniques are the same as those

described by CP17. It should be noted that the grid

spacing in these simulations is 125m, and thus tornado-

scale processes, which are often on the order of ,100m,

could be underresolved. This has implications for the

nontornadic VORTEX2 ensemble because weaker tor-

nadoes tend to be associated with narrower path widths

(Brooks 2004a). Despite not fully resolving tornadoes,

this study presents a range of supercells with intense

tornado-like vortices and is a positive step forward in not

just focusing on one deterministic simulation, but rather

the range of possibilities that are present within the same

environment.

3. Results

For the first 20min of each ensemble member, a large

amount of precipitation forms in response to the

updraft-nudging initialization technique, and relatively

little spread develops while positive vertical velocities

are enforced upon the model solutions. Afterward, in

each ensemble member, a dominant, cyclonic, right-

moving storm takes on supercellular reflectivity struc-

tures, and weaker disorganized convection moves north

into the outer mesh. The ensemble members initialized

with the tornadic VORTEX2 environment organize at

low levels approximately 10min sooner than the

supercells in the nontornadic VORTEX2 ensemble.

Each ensemble member contains storms with a strong

midlevel updraft (Figs. 2a,c). During the final 80min

(t 5 40–120min) of the simulations, the tornadic

VORTEX2 ensemble has a mean maximum updraft

speed that is only 5m s21 larger than the nontornadic

VORTEX2 ensemble (68 vs 63m s21), consistent with

the slight increase in convective available poten-

tial energy (CAPE; ;375 J kg21) in the tornadic

VORTEX2 profile. However, the tornadic VORTEX2

ensemble has a mean maximum surface vertical vorticity

that is nearly twice as high (0.91 vs 0.47s21; Figs. 2b,d).

While the bulk statistics for each ensemble indicate that

the general trend is for the nontornadic environment to

favor nontornadic supercells and the tornadic environment

FIG. 4. Horizontal cross sections of 10m AGL translated maximum vertical vorticity (s21; shaded) during the simulation. The 10-dBZ

reflectivity contour (black) at 10m AGL is shown for the respective ensemble members at the key time period of tornadogenesis for the

tornadic VORTEX2 ensemble (refer to Fig. 3 for each ensemble member’s key time index).
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to favor tornadic storms, there are unique features in

each of the ensemble members. Some of the non-

tornadic VORTEX2 ensemble members are briefly

tornadic, while in the tornadic VORTEX2 ensemble,

individual members have varying surface buoyancy

fields, yet still produce similarly intense tornadic vorti-

ces. We discuss these details in the following sub-

sections, first for the tornadic VORTEX2 ensemble and

then for the nontornadic VORTEX2 ensemble.

a. Characteristics of the tornadic VORTEX2
ensemble

All 15 members of the tornadic VORTEX2 ensemble

produce surface vortices that clearly meet the criteria of

tornadogenesis outlined in section 2. Genesis time

ranges from t5 51 to 59min (Fig. 3), with the maximum

surface vertical vorticity for each member ranging from

0.65 to 1.12 s21. The tornadoes last for 17–32min with

pathlengths3 approximately 15–30 km long (Fig. 4).

Despite everymember producing a tornado, each vortex

has unique features, including various cycloidal paths

and reaching peak intensity at different stages in their

life cycles.

Even though the key time period of tornadogenesis

is relatively tightly clustered around t 5 53min, each

simulation produces a distinctly different supercell. The

location and intensity of the main precipitation core

differs between each ensemble member by the time of

tornadogenesis, as well as the orientation and intensity

of forward-flank precipitation (Fig. 3). Another notable

difference between the supercells is the structure of the

hook echo, specifically the intensity of precipitation in

the vicinity of the developing low-level rotation (Fig. 3).

For example, members 5 and 7 (Figs. 3f,h) undergo

tornadogenesis at the same time in the simulation;

however, member 5 has much less precipitation in the

hook echo and has a gentler gradient of reflectivity

across the forward flank.

The differences in precipitation lead to varying dis-

tributions of near-surface buoyancy (Fig. 5). A wide

range of near-surface density potential temperatures is

observed within a 2-km radius of each tornado, with

FIG. 5. Horizontal cross sections of 10m AGL density potential temperature perturbation (K; shaded) at the key time period of

tornadogenesis for the tornadic VORTEX2 ensemble. The 10-dBZ reflectivity contour (black) at 10m AGL for the respective ensemble

members is shown for reference (refer to Fig. 3 for each ensemblemember’s key time index). Density potential temperature perturbations

are proportional to the buoyancy (Emanuel 1994).

3 Pathlength distances were calculated using the contour of time-

integrated maximum vertical vorticity greater than 0.3 s21.

NOVEMBER 2017 COF FER ET AL . 4611

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/19/23 04:15 PM UTC



maximum deficits ranging from approximately 21

to 26K. For example, member 7 contains particularly

cold air within the hook echo (Fig. 5h), while member 12

is quite warm (Fig. 5m). Internal surges in the rear-flank

outflow (e.g., Marquis et al. 2008, 2012; Lee et al. 2012;

Kosiba et al. 2013; Skinner et al. 2014; Schenkman et al.

2016; Orf et al. 2017) are present in every ensemble

member throughout the lifetime of each tornado (not

shown); however, in general, vortexgenesis in the tor-

nadic VORTEX2 ensemble members occurs upon the

initial development and arrival of the main cool outflow

to a region of broad convergence underneath the in-

tensifying low-level mesocyclone [similar to Markowski

and Richardson (2014); also see the supplemental ma-

terial of CP17 for animations of this process], even in

members that have weak surface buoyancy near the

hook echo at the key time period. Because of the dif-

ferences in near-surface buoyancy, the subtornadic

surface vertical vorticity field varies in each member

(Fig. 6). At the time of tornadogenesis, there is a com-

pact vortex near the hook echo in each supercell, yet the

flow of air surrounding the vortex, including the pres-

ence of vorticity rivers (Dahl et al. 2014), varies from

member to member.

Despite outflow temperature deficits that often excee-

ded what is typically found in significantly tornadic

supercells (Markowski et al. 2003; Grzych et al. 2007), as

mentioned earlier, each tornadic VORTEX2 ensemble

member produces an intense tornadic vortex (Fig. 4).

Both observations (e.g., Markowski 2002; Markowski

et al. 2012a,b; Straka et al. 2007; Marquis et al. 2012)

and simulations of tornadic supercells (e.g., Rotunno and

Klemp 1985; Davies-Jones and Brooks 1993; Wicker and

Wilhelmson 1995; Adlerman et al. 1999; Dahl et al. 2014;

Markowski and Richardson 2014; Dahl 2015; Parker and

Dahl 2015; Markowski 2016) have shown that baro-

clinicity is often amajor contributor to the development of

surface vertical vorticity. In the simulations analyzed by

Markowski and Richardson (2017), small shifts in down-

draft location greatly altered the development of near-

surface cyclonic vorticity. Similar displacements in the

low-level downdrafts are present within the tornadic

VORTEX2 ensemble (Fig. 7). Consistent with the dif-

ferences in precipitation structure, the location and in-

tensity of downdrafts within each storm vary. There is no

clear relationship between maximum surface vertical

vorticity and maximum intensity of the downdraft nor the

outflow temperature in the immediate vicinity of the hook

echo (not shown). Some members have downward verti-

cal velocities that exceed215ms21 in the rear of the hook

echo (e.g., Fig. 7k), while others have more subdued sig-

nals of descent (e.g., Fig. 7l).Considering the differences in

FIG. 6. Horizontal cross sections of 10mAGL vertical vorticity (s21; shaded) at the key time period of tornadogenesis or tornadogenesis

failure for the tornadic VORTEX2 ensemble. The 10-dBZ reflectivity contour (black) at 10mAGL for the respective ensemblemembers

is shown for reference (refer to Fig. 3 for each ensemble member’s key time index).
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the downdrafts and lower-tropospheric buoyancy field

between the tornadic VORTEX2 ensemble members, it is

rather remarkable that each simulation within the tornadic

VORTEX2 ensemble produces an intense tornado.

Additional comparisons (not shown) reveal that dif-

ferences in the ensemble are not primarily due to timing

differences between the supercells, indicating the en-

semble does indeed contain a range of different storms

in similar environments (a major goal of this study);

however, there appears to be something fundamental

about the VORTEX2 tornadic composite environment

that heavily favors tornadic supercells, perhaps the

highly streamwise lower-tropospheric horizontal vor-

ticity that induces a steady low-level mesocyclone in

each supercell (e.g., as demonstrated by CP17).

Although there are notable differences in the distri-

bution of the precipitation, intensity, and location of

downdrafts, as well as the magnitude of near-surface

buoyancy within each storm, there are not many differ-

ences in the low-level updraft within the ensemble.

Indeed, a broad area of strong upward motion at

l km AGL exists directly above the tip of the hook echo

in each member (Fig. 7). The low-level updrafts are also

vertically stacked underneath the midlevel updrafts,

above the intersection of the rear- and forward-flank

outflow boundaries (not shown). Additionally, as in

CP17, the low-level updrafts are highly correlated with

upward dynamic accelerations in the vicinity of the low-

level mesocyclone because of the vertical gradient in the

dynamic pressure perturbations (Fig. 8). In each mem-

ber, the updraft and mesocyclone undergo significant

strengthening during the 10min prior to tornadogenesis.

At the time of tornadogenesis, the maximum updraft at

1 km AGL in each member ranges from approximately

30 to 55ms21 (not shown). In addition to being intense,

the updraft is also exceptionally steady, a configuration

that CP17 found to be favorable for tornadogenesis in

the VORTEX2 composite environments. As demon-

strated in CP17, the steady nature of the low-level up-

draft was directly attributable to the influx of highly

streamwise horizontal vorticity into the low-level meso-

cyclone. Recently, Orf et al. (2017) also showed similar

favorable and steady updraft structures were caused by

large near-surface streamwise horizontal vorticity (in

their case, the ‘‘streamwise vorticity current’’ was bar-

oclinically enhanced by the forward-flank outflow).

For all members, circulation C was computed within a

1-km-radius horizontal ring centered at each grid point

within the domain’s constant grid-spacing inner mesh, us-

ing the area (A) sum of vertical vorticity z (i.e.,
Ð
A
z dA).

The circulation at 1km AGL in all the tornadic members

was considerably higher than the circulation at the surface

FIG. 7. Horizontal cross sections of 1 kmAGL vertical velocity (m s21; shaded) at the key time period of tornadogenesis for the tornadic

VORTEX2 ensemble. The 10-dBZ reflectivity contour (black) at 10mAGL for the respective ensemble members is shown for reference

(refer to Fig. 3 for each ensemble member’s key time index).
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(Figs. 9a–c). Since circulation is qualitatively related to

dynamic pressure minima in flow regimes where the

rotation predominates, this indicates that the low-level

mesocyclone is set up favorably for upward dynamic ac-

celerations in each of the tornadic VORTEX2 ensemble

members (as described in more detail by CP17). Although

not presented for each simulation, the low-level circulation

at 1km AGL is highly correlated with the low-level up-

draft for allmembers in the tornadicVORTEX2 ensemble

(see Fig. 19 in CP17), which is a robust indicator of pre-

dominately streamwise horizontal vorticity being ingested

into the supercell’s low-level mesocyclone (Davies-Jones

1984; CP17).

In summary, the perturbations added to theVORTEX2

tornadic composite wind profile produced 15 distinct

supercells, and yet all of them were tornadic. While

there are notable differences among the simulations,

one main pathway of tornadogenesis occurs: a concen-

trated area of surface vertical vorticity is converged and

stretched underneath an intensifying low-level mesocy-

clone. The steady, persistent area of strong upward dy-

namic lifting is due to the ingestion of predominately

streamwise horizontal vorticity into the low-level me-

socyclone (as in CP17).

b. Characteristics of the nontornadic VORTEX2
ensemble

While onemain pathway of tornadogenesis occurred in

each of the tornadic VORTEX2 ensemble simulations,

the nontornadic VORTEX2 ensemble resists general-

ization. Using the combined tornadogenesis definitions in

section 2, 40% of the nontornadic ensemble are consid-

ered to be tornadic (members 1, 3, 7, 10, 11, and 12),

although it is possible weaker, smaller-scale tornadic

processes are not resolved on the 125-m grid. The key

time periods of tornadogenesis or tornadogenesis failure

range from t5 62 to 114min (Fig. 10), with themaximum

surface vertical vorticity for each member ranging from

0.32 to 0.88 s21. Only one member (member 3) has a

maximum surface vertical vorticity (0.88 s21) that falls

within the range of the tornadic VORTEX2 ensemble,

a value comparable to the weakest of the tornadic

VORTEX2 ensemble (member 10). Member 10 in the

tornadic VORTEX2 ensemble is still clearly more in-

tense than any of the nontornadic VORTEX2 ensemble

members (not shown).

The supercells in members 7, 10, and 12 (Figs. 11h,k,m)

are considered to be ‘‘weakly tornadic’’ [arbitrarily defined

FIG. 8. Horizontal cross sections of 0–1 kmAGLdynamic vertical perturbation pressure gradient acceleration (m s22; shaded) at the key

time period of tornadogenesis for the tornadic VORTEX2 ensemble. The 10-dBZ reflectivity contour (black) at 10m AGL for the

respective ensemble members is shown for reference (refer to Fig. 3 for each ensemble member’s key time index).
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as a tornadic supercell that produces an EF0–EF1 tor-

nado for #5min, as in Markowski et al. (2002)]. These

supercells only briefly produce vortices that meet the

minimum requirements of tornadogenesis outlined in

section 2. While they produce higher values of vertical

vorticity ($0.4 s21) than the other nontornadicVORTEX2

ensemble members, the vortices are brief, transient

spinups that last only a couple of minutes and do not

exhibit the characteristic surface vertical vorticity

swaths that the other tornadic members in both the

nontornadic and tornadic VORTEX2 ensembles do (cf.

Figs. 11h,k,m with Figs. 11b,d,l and each member in

Fig. 4). The wind speeds in these vortices never exceed

the EF1 wind speed threshold, and they also critically

lack significant pressure deficits (,220hPa), both at the

surface and throughout the lower troposphere, com-

pared to the other tornadic members.

Of the six tornadic supercells in the nontornadic

VORTEX2 ensemble, only the strongest three (20%;

members 1, 3, and 11) have the consistent tornadic sig-

natures of sustained, vertically continuous vertical vor-

ticity and pressure deficits as in the tornadic VORTEX2

ensemble. Unlike the weakly tornadic supercells,

members 1, 3, and 11 (Figs. 11b,d,l) produce surface

vertical vorticity swaths that exceed 0.3 s21 for approx-

imately 10 km and last 5–10min. Albeit undoubtedly

weaker than the tornadic VORTEX2 ensemble, they

exhibit deep pressure falls (,220 hPa) throughout the

lower troposphere (not shown). However, as will be

shown below, it is not obvious from the reflectivity,

surface vertical vorticity, near-surface buoyancy, or the

low-level updraft why these seemingly similar storms in

the nontornadic VORTEX2 ensemble produced tor-

nadoes while the rest of the ensemble did not.

At no point in the nontornadic VORTEX2 ensemble

simulations do the supercells appear to be as steady

and organized as any of the members in the tornadic

VORTEX2 ensemble. Everymember has a low-level hook

FIG. 9. Time series comparing the maximum circulation (m2 s21) for both the (a)–(c) tornadic (red) and

(d)–(f) nontornadic (blue) VORTEX2 ensembles. The (top) weakest, (middle) median, and (bottom) strongest

members based on maximum surface vertical vorticity are shown for each ensemble. Circulation was computed

around a 1-km-radius horizontal ring centered at each grid point at the surface (dotted line) and at 1 kmAGL (solid

line) for each ensemble member.
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echo (Fig. 10) and plenty of subtornadic surface vertical

vorticity (Fig. 12). Frequent cycling of low-level meso-

cyclones and attendant hook echoes is often present in

the simulations (e.g., Figs. 10b,i,k), with tornadogenesis

or tornadogenesis failure in these instances commonly

occurring within the rearward hook echo, once the sur-

face circulation is far removed from the main low-level

updraft. It is not obvious from the reflectivity field alone

which members would be tornadic. Those that are tor-

nadic do not have more distinct hook echoes or more

classic supercellular structures (e.g., low- and high-

precipitation supercells are commonly considered less

likely to be tornadic; Moller et al. 1994). For example,

member 3 (Fig. 10d) and member 6 (Fig. 10g) have

similar amounts of precipitation within the hook echoes;

however, member 3 is tornadic while member 6 is not.

Even though the same magnitude of wind perturbations

is applied to each ensemble, there is something about the

nontornadic VORTEX2 environment that engenders

more spread in reflectivity structures within the ensemble

compared to the tornadic VORTEX2 ensemble.

The details of the near-surface cold pool structures vary

widely between the ensemble members (Fig. 13); how-

ever, none of themembers is characterized by particularly

cold air throughout the hook-echo region, which is known

to be unfavorable for tornadoes (see Fig. 14 inMarkowski

et al. 2002; Grzych et al. 2007). The maximum deficits of

the density potential temperature within a 2-km radius of

the main surface vortex in each simulation range from

21 to 27K. For example, member 12 is quite warm

(Fig. 13m) while member 10 is rather colder (Fig. 13k),

even though both are associated with weak tornadoes.

The range of outflow temperatures in the nontornadic

VORTEX2 ensemble is quite similar to that of the tor-

nadic VORTEX2 ensemble at tornadogenesis. This is

consistent with both ensembles having lifted condensa-

tion levels (LCLs; 1129 vs 845m for the nontornadic and

tornadic VORTEX2 profiles, respectively) in the range of

significantly tornadic supercells (Thompson et al. 2012).

The tornadic members of the nontornadic VORTEX2

ensemble tend to have minimum density poten-

tial temperature deficits at the warmer end of the

ensemble’s distribution; however, other nontornadic

members also have similar outflow deficits (Fig. 13).

Thus, relatively small negative buoyancy in the out-

flow is a necessary but insufficient condition for torna-

dogenesis in the nontornadic VORTEX2 ensemble

[as suggested by Markowski and Richardson (2014)].

The cold pool differences are a result of differences in

the location, orientation, and magnitude of downdraft

regions between the ensemble members (Fig. 14).

Regardless, the main 1 km AGL downdrafts in the

nontornadic VORTEX2 ensemble are not noticeably

stronger than in the tornadic VORTEX2 ensemble (cf.

FIG. 10. As in Fig. 3, but for the nontornadic VORTEX2 ensemble.
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Figs. 7 and 14), and there is no correlation between

downdraft intensity and tornadogenesis (not shown).

Although very cold outflow is an obvious hindrance to

tornadogenesis, clearly thismay not be the failuremode in

some supercells, as intense supercells possessing only

moderately negatively buoyant air and ample subtornadic

surface vertical vorticity can still sometimes be non-

tornadic. Additionally, all 15 supercells, regardless of

whether they are tornadic or not, had internal surges in

the rear-flank outflow near the period of tornadogenesis/

failure (not shown), indicating that surges are not exclu-

sive to tornadic supercells. There must be some other

explanation for tornadogenesis failure in these supercells.

Despite the outflow in the nontornadic VORTEX2

simulations displaying no obvious signs that would seem-

ingly inhibit tornadogenesis in most of the members, the

nontornadic VORTEX2 ensemble predominately pro-

duces weak swaths of vertical vorticity (Fig. 11). Typical

members have shallow, transient vortices that only persist

for a couple of minutes, never reaching the tornadic

threshold (e.g., Figs. 11c,e,f,i,j,o), while a couple members

produce almost no swaths of large vertical vorticity (e.g.,

Figs. 11a,n), despite the presence of subtornadic vertical

vorticity ($0.01 s21 at the surface) within the hook-echo

region of each ensemble member (Figs. 12a,n). This

illustrates a crucial point: it is not whether a supercell pro-

duces surface vertical vorticity that determines if it is tor-

nadic or not, but rather how the ample subtornadic surface

vertical vorticity present in all surface-based supercells is

converged and stretched by the low-level updraft.

While the tornadic VORTEX2 ensemble had a

consistent updraft signature favorable for tornado-

genesis, the nontornadic VORTEX2 ensemble has

much more variance in the low-level updraft structure

and intensity (Fig. 14). Nevertheless, a fundamental

theme emerges: the main updraft is often bowed out

along the rear-flank outflow, and behind this, the updraft

is notably unsteadywith large pockets of descent present

in the weak-echo region, consistent with the baseline

nontornadic simulation of CP17. This unsteadiness is

more relevant than the instantaneous peak values of

vertical velocity, as the members with stronger low-level

updrafts were not necessarily the ones that produced

tornadoes (not shown). Both positive and negative areas

of dynamic acceleration frequently form and dissipate

overhead of the existing surface vertical vorticity

(Fig. 15). Without a persistent area of upward lifting,

the surface vertical vorticity that does develop in the

FIG. 11. As in Fig. 4, but for the nontornadic VORTEX2 ensemble. The 10-dBZ reflectivity contour (black) at 10m AGL is shown for

the respective ensemblemembers at the key time period of tornadogenesis or tornadogenesis failure for the respective ensemblemembers

(refer to Fig. 10 for each ensemble member’s key time index).
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nontornadic supercells is not likely to be contracted

into a tornado. The dynamic accelerations in the tor-

nadic VORTEX2 ensemble members are noticeably

stronger in magnitude and universally more organized

than the nontornadic VORTEX2 ensemble (cf. Figs. 8

and 15, specifically the large, coherent area of upward

accelerations in Fig. 8), even in the members that are

marginally tornadic. As shown in CP17, the strikingly

disorganized low-level updrafts in the nontornadic

VORTEX2 ensemble (compared to the steady low-

level updrafts in the tornadic VORTEX2 ensemble)

are most likely due to the flux of predominately

crosswise horizontal vorticity into the low-level me-

socyclone from the nontornadic VORTEX2 wind

profile (as shown in more detail by CP17).

In a similar manner to the tornadic VORTEX2 en-

semble and the baseline simulations in CP17, the cir-

culation field helps elucidate why the nontornadic

VORTEX2 ensemble fails to establish steady low-level

dynamic lifting favorable for tornadogenesis. In each

nontornadic VORTEX2 ensemble member, surface cir-

culation that is comparable to the tornadic VORTEX2

ensemble members exists, meaning these supercells at

least have the potential to become tornadic in the non-

tornadic environments (Fig. 9). However, the surface

circulation is most commonly of equal magnitude to the

1-km circulation (Figs. 9d–f), leading to a lack of a

upward-directed dynamic vertical perturbation pressure

gradient acceleration to stretch subtornadic vertical

vorticity into tornadic strength (Fig. 15). Only in the

strongest three members in the nontornadic VORTEX2

ensemble does the circulation exhibit the classic pattern

associated with tornadogenesis in CP17 and the tornadic

VORTEX2 ensemble herein, where the 1-km circula-

tion strengthens concurrently with the surface circula-

tion (e.g., Figs. 9a–c,f). Yet, even when this occurs in the

nontornadic VORTEX2 ensemble, the surface circula-

tion is nearly of equal magnitude to the 1-km circulation

(Fig. 9f), indicating the potential for dynamically in-

duced downdrafts that disrupt the formation of de-

veloping vortices (Fig. 15). While it is not possible to

present each individual simulation here, an examination

of all 15 supercells reveals that the orientation of cir-

culation at 1 km AGL is configured as a cyclonic–

anticyclonic couplet located primarily behind the main

updraft region and is associated with a deformational

wind field, rather than a closed circulation (see Fig. 18 in

CP17). Since deformation is associated with locally

positive dynamic pressure perturbations (Markowski

and Richardson 2010, 28–30), there are commonly pos-

itive nonlinear dynamic pressure perturbations at 1 km

AGL in the nontornadic VORTEX2 ensemble, even in

FIG. 12. As in Fig. 6, but for the nontornadic VORTEX2 ensemble. The 10-dBZ reflectivity contour (black) at 10m AGL is shown for

the respective ensemblemembers at the key time period of tornadogenesis or tornadogenesis failure for the respective ensemblemembers

(refer to Fig. 10 for each ensemble member’s key time index).
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the simulations that are tornadic. The positive–negative

circulation couplet straddling the updraft is a robust

indicator of the tilting and advection of crosswise hori-

zontal vorticity by the storm-relative wind into a su-

percell’s updraft (Davies-Jones 1984; CP17).

In summary, despite identical perturbations to the

wind profile between the nontornadic and tornadic

VORTEX2 ensembles, the nontornadic VORTEX2

ensemble results in a greater variation in solutions than

the tornadic VORTEX2 ensemble. Twenty percent of

the simulations in the nontornadic VORTEX2 ensem-

ble produce supercells that are tornadic, although each

of these is clearly weaker than any of the tornadoes from

the tornadic VORTEX2 ensemble. An additional 20%

of the nontornadic VORTEX2 ensemble is marginally

tornadic, producing vortices that meet the tornadic cri-

teria but only transiently. Each nontornadic VORTEX2

simulation features a supercell with a disorganized low-

level mesocyclone, with minimal significant dynamic

pressure falls at 1 km AGL. This leads to insufficient

dynamic lifting and stretching of parcels that acquire

surface vertical vorticity within the nontornadic super-

cells. The disorganized low-level mesocyclone and lack

of dynamic lifting appears to be linked to predominately

crosswise vorticity in the lowest few hundred meters in

the nontornadic environment, just as in the baseline

nontornadic simulation of CP17.

4. Synthesis

a. Summary

In this article, we investigated the impact of relatively

minor variations in the environmental wind profile upon

the range of tornadogenesis outcomes in an ensemble of

supercell storms. Despite an increased understanding

of the environmental controls on tornado formation

in recent years, a high false-alarm rate for tornado

warnings still exists, perhaps because of the possibility

that tornado formation could be a volatile, stochastic

process internal to each storm. This may result in a wide

range of outcomes for supercells, even in environments

known to be favorable (or unfavorable) for tornadoes.

Our previous study indicated that key differences in the

lower-tropospheric wind profile in the VORTEX2 com-

posite environmental profiles, specifically the orientation

of the horizontal vorticity in the lowest few hundred

FIG. 13. As in Fig. 5, but for the nontornadic VORTEX2 ensemble. The 10-dBZ reflectivity contour (black) at 10mAGL at the key time

period of tornadogenesis or tornadogenesis failure for the respective ensemble members is shown for reference (refer to Fig. 10 for each

ensemble member’s key time index).
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meters AGL, were ultimately determinative of a storm’s

tornadic potential. However, we were concerned that

those results might have been serendipitous (i.e., that the

nontornadic and tornadic environments produced the

‘‘correct outcome’’ by chance). The ensemble simulations

herein help to quantify the role of the environment versus

the possibly stochastic nature of within-storm fluctua-

tions. Our main conclusions are as follows:

d Even though the ensemble is initializedwith onlyminor

variations to the VORTEX2 nontornadic and tornadic

composite environmental profiles, the perturbations

are quite impactful to the resulting precipitation and

cold pool structures. Differences in each ensemble do

not appear to be solely due to temporal phasing

differences between the supercells. The ensemble

supports the idea that a range of distinctly different

storms can occur in very similar environments.
d Each of the 15 members in the tornadic VORTEX2

ensemble produced long-track intense tornadoes, result-

ing in a neighborhood probability of tornadic-strength

vertical vorticity greater than 95% within the ensemble

(despite spatial displacements; Fig. 16a).Although there

are notable differences in the distribution of pre-

cipitation, intensity and location of downdrafts, and the

magnitude of near-surface buoyancy, these differences

are not determining factors in whether or not a tornado

forms. Instead, the most important component of the

simulations is that each storm features a steady low-level

mesocyclone due to the ingestion of predominately

streamwise horizontal vorticity. This configuration of

the low-level mesocyclone provides a persistent area of

strong upward dynamic lifting to contract and stretch

subtornadic surface vertical vorticity into a tornado. This

fundamental attribute of the VORTEX2 tornadic com-

posite environment (highly streamwise lower-tropospheric

horizontal vorticity) seems to strongly favor tornadic

supercells.
d Forty percent of the ensemble members initialized

with the nontornadic VORTEX2 profile are actually

tornadic, with half of those only being weakly tornadic

(EF0–EF1 tornado for #5min). The neighborhood

probability of a tornado within the ensemble is much

lower than the tornadic VORTEX2 ensemble but

crucially is nonzero (peaking near 35%; Fig. 16b). It

is not obvious from the reflectivity, surface vertical vor-

ticity, near-surface buoyancy, or the low-level updraft,

why these seemingly similar storms in the nontornadic

VORTEX2 ensemble produced tornadoes while the rest

of the ensemble did not. Even though sixmembers of the

nontornadic VORTEX2 ensemble produced a tornado,

each of the vortices was unquestionably weaker than any

FIG. 14. As in Fig. 7, but for the nontornadicVORTEX2 ensemble. The 10-dBZ reflectivity contour (black) at 10mAGLat the key time

period of tornadogenesis or tornadogenesis failure for the respective ensemble members is shown for reference (refer to Fig. 10 for each

ensemble member’s key time index).

4620 MONTHLY WEATHER REV IEW VOLUME 145

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/19/23 04:15 PM UTC



of the tornadicVORTEX2ensemblemembers, although

it is possible smaller-scale tornadic processes are not

resolved with the current grid spacing. This implies that,

even though chaotic within-storm details can occasion-

ally lead to marginally tornadic vortices, these vortices

are still a weaker class than the tornadic vortices pro-

duced by supercells in more favorable environments.
d Each nontornadic VORTEX2 simulation features a

supercell with a disorganized low-level mesocyclone,

with no significant dynamic pressure falls at 1 km

AGL. This leads to insufficient dynamic lifting and

stretching of parcels that acquire surface vertical

vorticity within the nontornadic supercells. The disor-

ganized low-level mesocyclone and lack of dynamic

lifting appear to be linked to predominately crosswise

vorticity in the lowest few hundred meters in the

nontornadic environment, just as in the baseline non-

tornadic simulation of CP17.

b. Discussion and future work

A key, emerging theme from these and other recent

simulations (e.g., Parker and Dahl 2015, CP17) is that it

ostensibly does notmatter how a supercell generates near-

ground rotation (whether via barotropic, baroclinic, or

frictional processes). Rather, it is more practically perti-

nent to ascertain whether (and how) the ample near-

surface rotation present in all surface-based supercells is

converged and stretched by the low-level updraft into a

tornadic-strength vortex (i.e., the third and final step of

the tornadogenesis process; Davies-Jones 2015). Fortu-

nately, for operational forecasting purposes, the eventual

fate of subtornadic surface vertical vorticity is not de-

termined solely by the cold pool buoyancy, but rather that

tornadogenesis seems to be substantially modulated by

the environmental wind profile (at least for the VORTEX2

composite environments), even as chaotic within-storm

details still permit a range of possible outcomes (as in

the nontornadic VORTEX2 ensemble). This is encour-

aging operationally because lower-tropospheric SRH

can be diagnosed more easily than outflow buoyancy.

The focus of the ensemble simulations herein and the

baseline nontornadic and tornadic simulations in CP17

has been on the orientation of the lower-tropospheric

horizontal vorticity because high SRH favors a stronger

low-level mesocyclone and thus greater dynamic lifting

(e.g., Markowski and Richardson 2014). Perhaps large

streamwise horizontal vorticity in the lower troposphere,

and the resulting steady, intense low-level mesocyclones

FIG. 15. As in Fig. 8, but for the nontornadic VORTEX2 ensemble. The 10-dBZ reflectivity contour (black) at 10mAGL at the key time

period of tornadogenesis or tornadogenesis failure for the respective ensemble members is shown for reference (refer to Fig. 10 for each

ensemble member’s key time index).
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(as in the tornadic VORTEX2 ensemble), are why on

some rare days nearly every storm is tornadic despite

variations in the near-surface buoyancy field [a co-

nundrum highlighted by Markowski and Richardson

(2017)]. Unfortunately, the present simulations fail to

completely address why environments that seem to be

very supportive for tornadogenesis sometimes fail to

yield tornadoes (i.e., all of our tornadic ensemble

members produced tornadoes). Our knowledge of the

environmental controls on tornado formation is almost

certainly still incomplete [as suggested by Anderson-

Frey et al. (2016)]. Perhaps, since the ingestion of

crosswise horizontal vorticity influences the organiza-

tion of the low-level mesocyclone, the tornadic potential

of environments could be discriminated through a

ratio of streamwise to crosswise horizontal vorticity,

instead of solely just SRH. After all, high SRH is com-

monly achievable when the lower-tropospheric envi-

ronmental vertical wind shear vector magnitude is large,

even when the orientation of lower-tropospheric hori-

zontal vorticity is predominately crosswise.

Since the values of 0–1-km and effective SRH within

both ensembles (Table 2) are generally considered

favorable for tornadoes (e.g., Thompson et al. 2007),

maybe it is not surprising that as much as 40% of the

nontornadic VORTEX2 ensemble would be tornadic

(albeit weaker than the tornadic VORTEX2 ensemble).

However, one of the biggest distinctions between the

VORTEX2 composite environments was the 0–500-m

SRH. CP17 found parcels in this layer were crucially

important to the eventual characteristics of the low-level

mesocyclone and ultimately tornadogenesis versus fail-

ure. It is possible that looking at shallower layers of SRH

than are conventionally used operationally, in addition

to both the streamwise and crosswise components of

horizontal vorticity, will lead to clearer boundaries be-

tween environments of nontornadic and significantly

tornadic supercells. Future work will explore these

possibilities through observations and simulations.

The current range of 0–500-m SRH (60–96 and 138–

174m2 s22 for the nontornadic and tornadic environ-

ments, respectively; Table 2) produced by the random

wind perturbations does not result in a ‘‘tipping point’’

between nontornadic and tornadic supercells. In fact,

there is no correlation between the 0–500-m SRH and

maximum surface vertical vorticity within either the

FIG. 16. Neighborhood probability (shaded) of 10m AGL translated maximum vertical vorticity exceeding

a threshold of 0.3 s21 from Figs. 4 and 11 anywhere within the neighborhood during a 45-min time period sur-

rounding the key time period of tornadogenesis or tornadogenesis failure for each ensemble member (10min

before, 35min after) for both the (a) tornadic and (b) nontornadic VORTEX2 ensembles. The neighborhood

consisted of 12 points (1.5 km). Additionally, a Gaussian smoother is applied with a standard deviation of 1.5 km.

The composite 10-dBZ reflectivity contour (black) at 10m AGL at the key time period of tornadogenesis or

tornadogenesis failure for the respective ensemble is shown for reference. See Schwartz and Sobash (2017) formore

information on probabilistic neighborhood approaches.
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nontornadic or tornadic VORTEX2 ensemble (not

shown). This suggests that, if there is a critical value of

lower-tropospheric streamwise horizontal vorticity that

heavily favors tornadic supercells, the current nontornadic

VORTEX2 ensemble does not reach that threshold.

Furthermore, considering that allmembers of the tornadic

VORTEX2 ensemble produce a tornado, it is unclear

what amount of near-surface crosswise horizontal vortic-

ity is necessary to disrupt the low-level mesocyclone suf-

ficiently for tornadogenesis failure. Therefore, additional

simulations with interpolated wind profiles between the

nontornadic and tornadic VORTEX2 environments are

currently ongoing to address this research question.

Ultimately, an understanding of how environmental

ingredients link to the predictability of tornadic versus

nontornadic storms will require studies that span amuch

broader range of the supercell spectrum than what is

represented by the VORTEX2 composite environ-

ments. Future work will investigate tornadogenesis

failure in more diverse environments (e.g., event and

null cases from VORTEX2 and VORTEX-Southeast),

as well as more varied ways to add spread to the en-

semble (thermodynamic perturbations, microphysics,

etc.). We view the present methods as a promising first

step toward isolating the part of the problem that is

specifically due to within-storm variability.
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