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ABSTRACT

Environments characterized by large values of vertical wind shear and modest convective available

potential energy (CAPE) are colloquially referred to as high-shear, low-CAPE (HSLC) environments.

Convection within these environments represents a considerable operational forecasting challenge.

Generally, it has been determined that large low-level wind shear and steep low-level lapse rates—along

with synoptic-scale forcing for ascent—are common ingredients supporting severe HSLC convection. This

work studies the specific processes that lead to the development of strong surface vortices in HSLC con-

vection, particularly associated with supercells embedded within a quasi-linear convective system (QLCS),

and how these processes are affected by varying low-level shear vector magnitudes and lapse rates.

Analysis of a control simulation, conducted with a base state similar to a typical HSLC severe environment,

reveals that the key factors in the development of a strong surface vortex in HSLC embedded supercells are

(i) a strong low- to midlevel mesocyclone, and (ii) a subsequent strong low-level updraft that results from

the intense, upward-pointing dynamic perturbation pressure gradient acceleration. Through a matrix of

high-resolution, idealized simulations, it is determined that sufficient low-level shear vector magnitudes are

necessary for the development of low- to midlevel vertical vorticity [factor (i)], while steeper low-level

lapse rates provide stronger initial low-level updrafts [factor (ii)]. This work shows why increased low-level

lapse rates and low-level shear vector magnitudes are important to HSLC convection on the storm scale,

while also revealing similarities between surface vortexgenesis in HSLC embedded supercells and higher-

CAPE supercells.

1. Introduction

Schneider et al. (2006) first referred to severe con-

vection occurring within environments characterized by

strong vertical wind shear, modest convective available

potential energy (CAPE), and plentiful low-level moisture

as one of the two ‘‘key subclasses’’ of severe weather in the

United States. These high-shear, low-CAPE (HSLC) en-

vironments support approximately half of the significant

(EF21) tornadoes in the CONUS (Schneider et al. 2006),

either within miniature supercells or quasi-linear convec-

tive systems (QLCSs; e.g., Smith et al. 2012; Davis and

Parker 2014). However, HSLC convection is also associ-

ated with low probabilities of detection (PODs) and high

false alarm rates (FARs) of tornado watch and warning

products (Dean and Schneider 2012; Anderson-Frey et al.

2016; Sherburn et al. 2016).

Recent work has improved our knowledge of the in-

gredients and settings favoring severe HSLC convection

(Sherburn and Parker 2014; Sherburn et al. 2016; King

et al. 2017). Severe HSLC environments tend to exhibit

steeper low-level lapse rates, larger low-level shear vector

magnitudes, and stronger synoptic-scale forcing for ascent

than their nonsevere counterparts. However, due to very

few targeted observations or high-resolution numerical

simulations of HSLC events, there remain many gaps in

our knowledge regarding the dynamics that govern the

differences between severe and nonsevere HSLC con-

vection. The primary aim of the following idealized simu-

lations is to understand the links in the chain that lead from

the development of a strong updraft to the subsequent

genesis of a strong surface (i.e., lowest model level) vortex

in a typical HSLC severe convection environment. Once

an understanding of these processes is established, it will

be possible to assess what links in this chain are ‘‘broken’’

in some portions of the parameter space.
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For the most part, research on the genesis of near-

surface vortices and tornadoes has been focused

on high-CAPE environments supportive of supercells,

which are common in the U.S. Great Plains. Tornadoes

develop within high-CAPE supercells following the

development of a midlevel mesocyclone—the vorticity

of which is acquired from the tilting of environmental

horizontal vorticity, present due to sufficient vertical

wind shear—and the development of a separate area

of vertical vorticity (z) near the surface. Subsequently,

this near-surface z is converged and stretched, pro-

ducing a tornado (Davies-Jones and Brooks 1993;

Davies-Jones 2015). The first step in this process is fairly

well established (e.g., Klemp 1987). However, pathways

for the development and intensification of surface

z remain a subject of much investigation (e.g., Dawson

et al. 2016; Markowski and Richardson 2017; Roberts

et al. 2016; Coffer and Parker 2017; Rotunno et al. 2017).

Recent work has elucidated the mechanisms by

which surface z arises within supercells and how it is

intensified to tornadic strength (e.g., Markowski and

Richardson 2014; Dahl et al. 2014; Roberts et al.

2016). Via trajectory analysis, these studies have also

identified the general pathways by which parcels con-

tribute to intense near-surface vortices. In most studies,

the majority of parcels contributing to near-surface

vortices arrive from storm-relative north or northwest,

acquiring vertical vorticity as they descend in a downdraft

FIG. 1. Control base-state environment in HSLC matrix of simulations.
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(e.g., Dahl et al. 2014). When surface drag is included, it

has been shown to play a large role in the production of

vorticity that is subsequently tilted and stretched into a

tornado-like vortex (e.g., Schenkman et al. 2012, 2014;

Roberts et al. 2016), although the most physically consis-

tent way to include surface drag in an idealized model

remains uncertain (e.g., Markowski and Bryan 2016;

Markowski 2018).More recent numerical simulations with

lowestmodel levels very close to the ground (e.g., Rotunno

et al. 2017) suggest that z may arise due to tilting of baro-

clinically generated horizontal vorticity very close to the

surface. Practically speaking, the source of surface zmay

not be the main concern for operational meteorologists;

rather, the ability for the storm’s updraft to converge

and stretch this vorticity is the deciding factor in whether

or not it produces a tornado (e.g., Coffer et al. 2017).

Therefore, the strength of low-level vertical accelera-

tions—and subsequently, low-level updrafts—is critical

in distinguishing tornadic from nontornadic supercells.

In contrast to supercells, mesovortices within QLCSs

are shallow and lack accompanying midlevel rotation

(e.g., Trapp and Weisman 2003; Weisman and Trapp

2003; Wakimoto et al. 2006; Atkins and St. Laurent

2009a,b; Xu et al. 2015). Mesovortices that produce tor-

nadoes or damaging straight-line winds tend to be longer

lived, taller, and stronger than nonsevere mesovortices

(e.g., Przybylinski et al. 2000; Atkins et al. 2004,

2005), characteristics that may depend upon the low-

level shear vector magnitude (Weisman and Trapp

2003; Godfrey et al. 2004; Schaumann and Przybylinski

2012). Large values of low- to midlevel shear vector

magnitude in HSLC environments may be associated

with the large fraction of QLCS tornadoes within

HSLC convection (Smith et al. 2012; Davis and

Parker 2014) because they support deeper, longer-lived

mesovortices.

Based on this prior research, the strength of low-level

updrafts and associated rotation in mesocyclones or

mesovortices influence the likelihood of tornadogenesis.

It is important to consider the means by which en-

vironmental variables with documented discriminatory

skill in HSLC environments (low-level lapse rates and

shear vector magnitudes1; Sherburn and Parker 2014;

Sherburn et al. 2016) could impact each of these

features. The sensitivity of vortexgenesis to low-level

shear vector magnitude has been documented in both

QLCSs and supercells within high-CAPE environ-

ments, as reviewed above. The strength and lifetime of

QLCS mesovortices—and, accordingly, their potential

to produce severe hazards—appears to primarily be

dictated by the low-level environmental shear vector

magnitude (Weisman and Trapp 2003; Schaumann and

Przybylinski 2012). Meanwhile, shear vector magni-

tude and storm-relative helicity over the lowest 500 to

1000m above ground has been shown to be a key dis-

criminator between tornadic and nontornadic super-

cells (Brooks et al. 2003; Adlerman and Droegemeier

2005; Esterheld and Giuliano 2008; Markowski and

Richardson 2014; Coffer and Parker 2017). Vortex

sensitivity to low-level lapse rates is less definitive,

though highly idealized simulations suggest that steeper

lapse rates facilitate stronger vortices (Leslie and Smith

1978; Parker 2012). Before we can better prepare for

severe potential within HSLC environments, we must

understand the sensitivity of convection therein to these

parameters with documented discriminatory skill. The

specific question guiding this research is: by what

mechanisms do changes in low-level lapse rates and

shear vector magnitudes influence the evolution and

severity of HSLC storms and their potential to sup-

port strong surface vortices?2

2. Methodology

a. Model setup

To address the question of how varying low-level

lapse rates or shear vector magnitudes impacts HSLC

convection, a multimember model sensitivity matrix

was developed to examine how variations in 0–1-km

shear vector magnitude (01s) and 0–3-km lapse rates

TABLE 1. Selected base-state environment variables for matrix of

simulations.

Variable Control 101s 201s 103lr 203lr

SBCAPE (J kg21) 493 493 493 493 493

MLCAPE (J kg21) 274 274 274 276 288

0–3-km CAPE (J kg21) 21 21 21 40 6

0–1-km shear (kt) 30 40 20 30 30

0–1-km SRH (m2 s22) 253 352 160 236 264

0–3-km shear (kt) 45 45 45 45 45

0–3-km SRH (m2 s22) 369 451 304 366 370

0–6-km shear (kt) 83 83 83 83 83

1Despite being a critical discriminator between severe and

nonsevere HSLC convective events, the magnitude of synoptic-

scale forcing is not systematically tested in this modeling study.

The idealized framework of the experimental design does at-

tempt to mimic synoptic-scale forcing, but it is not explicitly

represented. As such, sensitivity studies associated with synoptic

forcing cannot be performed within this framework and will be

left for future work.

2We acknowledge that these sensitivities may vary depending

on the convective mode.
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(03lr) affect the structure, evolution, and intensity of

HSLC convection. The control thermodynamic and ki-

nematic profiles were subjectively designed to capture

the typical characteristics from prior HSLC composites

(Sherburn et al. 2016) and preliminary radiosonde data

from the Verifications of the Origins of Rotation in

Tornadoes Experiment-Southeast (VORTEX-SE) field

experiment and HSLC-focused radiosonde launches

from North Carolina State University (Sherburn et al.

2019). The control base-state environment (Fig. 1) exhibi-

ted 493Jkg21 of surface-based (SB) CAPE, 21Jkg21 of

0–3-km CAPE, and 30, 45, and 83kt (1kt ’ 0.5144ms21)

FIG. 2. Base-state thermodynamic profiles for the (left) increased low-level lapse rate and (right) decreased low-level lapse rate

simulations.

FIG. 3. Base-state kinematic profiles for the (left) increased low-level shear and (right) decreased low-level shear simulations.
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of 0–1-, 0–3-, and 0–6-km shear vector magnitude,

respectively.

The four primary experimental simulations are char-

acterized by adjustments to the base-state 01s or 03lr

over ranges of 20 (201s) to 40kt (101s) and 6.0 (203lr)

to 6.5Kkm21 (103lr),3 respectively. Table 1 shows the

variability in chosen convective ingredients from the

control base-state environment to the other simulations.

Skew T–logp diagrams for the 03lr variations are pro-

vided in Fig. 2, while Fig. 3 shows hodographs for the 01s

variations. Storm-relative helicity (SRH) values change

considerably with variations in 01s, as expected, with

minor changes between the 03lr simulations.4 Note that

the 0–1-, 0–3-, and 0–6- km shear vector orientations

remain constant across all simulations in this matrix.

Though lifted condensation levels (LCLs) are another

environmental parameter shown to discriminate be-

tween tornadic and nontornadic supercells (Brooks et al.

2003; Markowski and Richardson 2014), all of the base-

state environments here are fairly moist throughout the

depth of the troposphere and exhibit low LCLs, as is

FIG. 4. Overview of 1-km reflectivity (dBZ; rainbow shading), surface potential temperature perturbation (K; tan to dark blue shading),

1-km w (5, 7.5, 10, 12.5, 15, 20, 25, and 30m s21; black contours), and 1-km z (0.02, 0.04, 0.06, 0.08, and 0.1 s21; white contours) for the

control simulation from (a) t 5 150min through (i) t 5 270min over 15-min intervals.

3 This range of lapse rates seems fairly modest; however, clima-

tologically, the inner 50% of 03lr associated with severe HSLC

convection for any given region tends to encompass a range of only

about 1K km21 (Sherburn and Parker 2014). Using SPC meso-

analysis data for the Southeast United States, 25th and 75th per-

centile values are around 5–6K km21, respectively. Values on the

higher side of this distribution were chosen for this particular study

because lower values did not support appreciable convection in this

idealized, homogeneous setup. Additionally, despite a fairly nar-

row range of lapse rates, the range of 0–3-kmCAPEvalues is rather

large (Table 1).

4 These changes result from the chosen effective shear-based

storm motion estimate (Bunkers et al. 2014), which was used to be

consistent with typical analysis and model fields. Actual storm

motions between the simulations show minor differences, so true

SRH is approximately the same.
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typical in cool-season HSLC environments (e.g.,

Schneider et al. 2006; Sherburn et al. 2016).

Simulations were performed with the Bryan Cloud

Model (CM1; Bryan and Fritsch 2002; Bryan andRotunno

2009), release 18. Because prior work indicated the ma-

jority of HSLC severe events were associated with strong

synoptic forcing and an associated boundary (e.g., Sherburn

et al. 2016), simulations were initialized with a cold pool

meant to mimic a cold front or outflow boundary. The cold

pool was characterized by a minimum potential tempera-

ture perturbation of210K, decreasing as a cosine function

eastward 260km from the western edge of the domain and

upward 6km from the bottom edge of the domain. Al-

though verticalmotion due to synoptic-scale andmesoscale

heterogeneity is not directly included in this idealized

framework, this initiating cold pool is meant to repre-

sent linear forcing similar to an outflow boundary or cold

front, along which HSLC severe convection tends to

form and evolve. By virtue of the cold pool’s structure,

realistic destabilization through cooling aloft occurs east

of the surface cold pool, leading to rather organic de-

velopment and evolution of convection. Increased de-

stabilization occurs with stronger low-level winds (i.e.,

increased 01s) due to increased advection and mixing.

Other conventional initiation mechanisms, such as

warm bubbles and forced convergence, were attempted

but failed to produce sustained convection with the

chosen base states. Further, sensitivity tests revealed

that weaker initial cold pools would not support sus-

tained convection. Thus, based on these simulations, it

appears that HSLC environments are not very ame-

nable to convection in the absence of forcing.

Horizontal grid spacing was 250m, with the x domain

stretched outside of the inner 100km to lower the compu-

tational demand. The horizontal grid spacing here is fairly

coarse given the scale of HSLC vortices (e.g., Davis and

Parker 2014), and simulation results here are presentedwith

the caveat that surface vortices are not entirely resolved.

However, the focus here is on the processes leading to the

development of these vortices, which should be reasonably

represented given that comparable grid spacing has been

used in prior similar studies (e.g., Dahl et al. 2014). Addi-

tionally, through preliminary tests, it was determined that

there is little difference in storm structure or characteristics

when the horizontal grid spacing is cut in half to 125m.

The vertical grid spacing was stretched from 10m at

the lowest model level (5m) to 250m from 9.875km to

the top of the domain. The domain moved with a con-

stant speed that varied slightly depending upon the base-

state hodograph to ensure that convection remained

near the center of the domain. Boundaries were open in

the x direction and periodic in the y direction. Coriolis

forcing was included on the perturbation winds only,

which is equivalent to assuming geostrophic balance in

the base-state wind field (Roberts et al. 2016; Coffer and

Parker 2017). The simulations were initialized with

modest (60.25K or smaller), pseudorandom potential

temperature perturbations throughout the domain to

encourage development of three-dimensional convec-

tive structures. Sensitivity tests varying the distribution

FIG. 5. Hovmöller plot of 2–5-km updraft helicity (m2 s22; shaded) and near-surface z (s21;

contours) tracks for the control simulation over the time period t 5 150–270min.
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of these perturbations showed little change in resulting

convection’s mode or characteristics. The NSSL double-

moment microphysics scheme (Mansell et al. 2010) was

used, with both graupel and hail densities predicted.

Many of the choices in the model setup were made for

simplicity, in order to focus on the processes of primary

interest, or to reduce computational demand. For ex-

ample, surface fluxes of heat and moisture—which are

thought to influence HSLC environments only modestly

(e.g., King et al. 2017)—and radiation are excluded for

simplicity. Additionally, the bottom boundary in this

matrix of simulations is free-slip, consistent with the

majority of prior QLCS mesovortexgenesis and super-

cell tornadogenesis studies. Nonetheless, surface drag

could potentially influence the development of surface

vortices or otherwise modify the near-surface wind field

(e.g., Schenkman et al. 2012, 2014; Markowski 2016;

Roberts et al. 2016). Thus, one additional simulation

was conducted with a semislip bottom boundary condi-

tion, which produced some differences in surface vortex

characteristics compared with the results explored here.

However, there remains considerable uncertainty re-

garding how surface drag should realistically be included

within idealized convection simulations, particularly in the

absence of a turbulent boundary layer (e.g., Markowski

and Bryan 2016; Markowski 2018). Therefore, we view

these free-slip simulations as a first attempt at modeling

critical processes leading to tornadogenesis in HSLC en-

vironments and hope that a clearer idea of the proper way

to formulate a semislip bottom boundary condition in

idealized runs will help us add sophistication in future

work. Future work should also take advantage of finer grid

spacing to assess how the important processes examined

here are affected at higher resolution and to begin to study

the details of the vortex dynamics. Additionally, as noted

above, a more realistic boundary layer including surface

drag could be utilized to assess the role of neglected near-

ground processes in the vortexgenesis process, though this

should only be included at scales capable of resolving

turbulent eddies to prevent unrealistic low-level shear

FIG. 6. As in Fig. 4, but for zoomed-in plot for the control simulation’s strongest updraft from (a) t5 230min through (i) t5 270min over

5-min intervals. Note that this takes place in the area of x 5 228, 28 and y 5 222, 22 for comparison with Figs. 4 and 5.

JUNE 2019 SHERBURN AND PARKER 2195



profiles (Markowski and Bryan 2016). Despite these ca-

veats, the given model setup appears to reasonably depict

the basic evolution of HSLC convection that ultimately

fosters the development of embedded vortices based on

comparisons to observed cases.

b. Object tracking algorithm

To analyze the characteristics of low-level updrafts

and vortices (i.e., those in the lowest 0.5–2 km AGL)

within each simulation, an algorithm to objectively de-

tect and track these features was developed. 3D fields

were compressed to 2D by taking the maximum value of

either w (for updrafts) or the Okubo–Weiss parameter

(OW, for vortices; Okubo 1970; Weiss 1991)5 over the

lowest 1.5 km. Then, an object detection tool was used to

identify 2D closed contours within which w$ 5m s21 or

OW $ 0.001 s22 was satisfied over an area of at least

1.5 km2. In addition to identifying updraft and vortex

features meeting these thresholds, the algorithm was

able to objectively determine the maximum and mean

values of the chosen fields along with the area and

centroid of the features. The objects were subject to

a minimum depth criterion: threshold values of w

(or OW) had to be met over 12 (8) grid points in the

lowest 1.5 km to be considered. These criteria were

incorporated to prevent the presence of small, incon-

sequential features in the population of updrafts and

vortices. Several other criteria thresholds were also

tested, and while updraft and vortex counts did vary,

relative distribution characteristics were similar across

all thresholds.

Once features were detected, the algorithm searched the

same grids 1min later to determine the new location of

these features. The algorithm searched within a 10-grid

FIG. 7. Surface z (s21; rainbow shading) and maximum (black contours) and minimum (brown contours) w in the lowest 1 km (m s21) for

the control simulation’s strongest updraft from (a) t 5 247min through (i) t 5 263min over 2-min intervals.

5 The Okubo–Weiss parameter fOW5 [(dy/dx)2 (du/dy)]2 2

[(du/dx)2 (dy/dy)]2 2 [(dy/dx)2 (du/dy)]2g is sometimes preferred

over z because it effectively removes deformation from z, thus

providing a focus on the location where rotation (as opposed to

shearing) is dominant.
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point (4-grid points for vortices) box surrounding the

feature’s centroid during the previous output time,

starting with the grid point nearest the prior centroid.

Because the domain was moving at a speed generally

close to that of the convection, the centroid tended to

move little between time steps; thus, features of interest

were tracked readily. Features were subsequently sub-

ject to a longevity requirement of 5min, as transient

updrafts and vortices were not the intended subject of

analysis.

By detecting and tracking updrafts and vortices, it was

possible to analyze the distributions of these features—

including their typical sizes, intensities, and durations—

and how their characteristics varied across environments.

The distributions of values for a population of objectively

identified objects over time were much more represen-

tative of the environmental sensitivities than a single

maximum value, the latter of which was at times in-

conclusive or even misleading.

c. Analysis of accelerations

To isolate cause from effect in these sensitivity ex-

periments, we seek to quantify the specific impacts of 01s

and 03lr upon the low-level updrafts of the simulated

storms. Regardless of convective mode, a strong low-

level vortex cannot develop and be maintained without

low-level stretching of z, which is driven by low-level

vertical accelerations. Thus, careful analysis of low-level

accelerations was a primary focus of this study. When

the Boussinesq approximation is valid and frictional and

viscous forces are ignored, vertical accelerations are

governed by the following expression:

Dw

Dt
52

1

r
0

›p0

›z
1B , (2.1)

where the first term on the right-hand side is the vertical

perturbation pressure gradient acceleration, and the

second term is the buoyancy. Vertical accelerations can

FIG. 8. As in Fig. 7, but zoomed-in and including lowest model level wind vectors (m s21). Note change in color bar meant to highlight

lower values of vertical vorticity. Red ‘‘P’’s and blue ‘‘N’’s in first two panels show alternating positive and negative bands of vertical

vorticity appearing to emanate from the downdraft.
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subsequently be broken down into buoyant and dynamic

components (Wilhelmson and Ogura 1972; Rotunno

and Klemp 1982), which involves decomposing the total

pressure perturbation (p0) into its buoyant (p0
b) and dy-

namic (p0
d) components.

The buoyant term, given by

a
0
=2p0

b 5
›B

›z
, (2.2)

tends to be small in low-CAPE environments, as a lifted

parcel has a density relatively close to that of the ambient

environment. Therefore, vertical accelerations resulting

from the dynamic perturbation pressure gradient likely

dominate inHSLCconvection (e.g.,McCaul andWeisman

1996; Markowski and Richardson 2014). The dynamic

component of the perturbation pressure is given by

=2p0
d 52r

0

"�
du

dx

�2

1

�
dy

dy

�2

1

�
dw

dz

�2
#
2w2 ›

2

›z2
(lnr

0
)

22r
0

�
dy

dx

du

dy
1

du

dz

dw

dx
1

dy

dz

dw

dy

�
, (2.3)

where u, y, and w are 3D wind components and r0 is

density. The linear component of p0
d incorporates effects

of an updraft interacting with the vertical wind shear

vector (Rotunno and Klemp 1982; Klemp 1987). It is

referred to here as p0
dl and is given by

=2p0
dl 522r

0

�
du

0

dz

dw

dx
1
dy

0

dz

dw

dy

�
, (2.4)

where u0 and y0 are the base-state horizonal wind

components. The nonlinear terms in Eq. (2.3) are then

combined as p0
dnl, which is equivalent to p0

d 2 p0
dl and

represents deformation and rotation due to perturba-

tion winds (Davies-Jones 2002). The pressure pertur-

bation equations given above were solved following a

similar methodology to Parker and Johnson (2004a,b),

Parker (2007, 2010, 2017), Davenport and Parker

(2015), and Coffer and Parker (2015, 2017). In terms of

the three components, the equation for vertical accel-

erations is then

Dw

Dt
5B2

1

r
0

›p0
b

›z|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
ACCB

2
1

r
0

›p0
dl

›z|fflfflfflffl{zfflfflfflffl}
ACCDL

2
1

r
0

›p0
dnl

›z|fflfflfflffl{zfflfflfflffl}
ACCDNL

, (2.5)

where B includes the effects of hydrometeor loading.

Within supercells, nonlinear dynamic accelera-

tions (ACCDNL) can substantially augment vertical

FIG. 9. Trajectories, showing (left) z (s21) and (right) height (m) of parcels contributing to a strong, near-surface vortex in the control

simulation. Note that each parcel’s trajectory trace ends approximately when that parcel enters the vortex to prevent confusion about

whether the parcel is entering or exiting the vortex. Time over which trajectories are plotted is 240–256.5min.
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velocities in the updraft and have been shown to be

the primary contributor to vertical accelerations in

numerical studies of supercells (e.g., Weisman and

Klemp 1984; McCaul and Weisman 1996; Weisman and

Rotunno 2000; Coffer and Parker 2017). Because low-

level shear vector magnitude plays a significant role in

the strength of low-level mesocyclones in supercells

(Brooks et al. 2003; Adlerman and Droegemeier 2005;

Markowski and Richardson 2014; Coffer and Parker

2015, 2017), low-level ACCDNL could be significant in

supercellular HSLC convection.

Rather than strictly focusing on the origins and

lifetimes of strong surface vortices in these simula-

tions, much of the analysis will instead focus on the

origins of strong, low-level updrafts that facilitate and

maintain these vortices. The reasoning for this choice

is twofold: 1) As noted throughout the manuscript thus

far, the most important consideration in surface vortex

strength is the ability for vorticity near the surface to

be tilted and stretched, a process made possible

through a strong low-level updraft; and 2) convective

updrafts are well resolved on the chosen model do-

main, while vortices are only marginally resolved on

the 250-m horizontal grid. This analysis will lead to an

understanding of the processes that precede the in-

tensification of surface vortices and will allow for the

identification of any storm-scale precursors that could

be observed in real cases.

d. Parcel trajectory analysis

For each primary matrix simulation, a restart run was

performed in which tracer parcels were seeded within

the model. Parcels were initiated at each grid point

within a 50km (in x) by 100km (in y) by 1.4 km (in z) box

ahead, and in the vicinity, of the location where the

strongest or longest-lived updraft developed, and then

integrated forward in time. Parcel trajectories were

calculated at every large model time step, with output—

calculated via trilinear interpolation of 3D model

fields—written every 10 s in the simulation. Candidate

parcels entering low-level updrafts and surface vortices

were then identified to determine the origins and key

accelerations contributing to the strongest features.

These trajectories offered insight into the Lagrangian

characteristics of the parcels that contributed to strong

updrafts and vortices—particularly how the accelera-

tions affecting their motion changed as they approached

and entered the updrafts—while also allowing for com-

parisons of these characteristics among the environmen-

tal sensitivity simulations.

3. Results

a. Overview of control simulation

Convection in the control simulationwas fairly slow to

develop, with appreciable updrafts (i.e., w $ 10ms21)

FIG. 10. As in Fig. 9, but for the y–z plane and showing stretching and tilting (s22) rather than height. Also note that this figure represents a

longer time period (240–270min) than Fig. 9 (including the time after parcels exit the vortex).
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first appearing nearly 2 h6 after the model was started.

Convective updrafts tended to originate within 10km of

the leading edge of the initiating cold pool (e.g., Fig. 4a),

which retreated westward relative to the domain’s motion

prior to the development of convection. Convective evo-

lution proceeded rapidly, with upscale growth into aQLCS

occurring over the next 30–60min (Figs. 4b,c). Convection

then progressively moved east of the initiating boundary

due to the ambient environmental flow and the establish-

ment of a system-generated cold pool (Figs. 4d–i).

Beyond 3h, embedded rotating updrafts became ap-

parent, as shown in Hovmöller diagrams of 2–5-km up-

draft helicity and surface (lowest model level) z (Fig. 5;

also visible in Figs. 4c–i where updraft and z contours

overlap). These features correspond to embedded super-

cells within the predominant QLCS mode. Rotating up-

drafts are supported by the favorable lower and middle

tropospheric wind profile, with the majority of parcels

contributing to these updrafts arriving from the lowest

500m AGL and acquiring rotation via tilting of environ-

mental vorticity, followed by stretching (not shown). In

addition to rotating updrafts, numerous weak surface

vortices became established along the leading edge of the

system-generated cold pool (green contours in Fig. 5) and

move southward relative to the storm motion, consistent

with flow within the cold pool. The majority of these

vortices originated within or near embedded supercell

downdrafts and strengthened as they move into regions of

convergence or overlying updraft near the leading edge

of the system-scale outflow boundary. Subsequently,

the vorticesweakened as theymoved southward out of the

region of enhanced updraft and convergence near the

embedded supercell. New updrafts occasionally de-

veloped near and just ahead of this QLCS, including the

strongest updraft of the simulation that became dominant

just prior to 4h into the simulation (Fig. 6; note strong,

relatively steady updraft in Figs. 6a–g and development of

surface vortex in Figs. 6d–i). This updraft, which was

subsequently ingested into theQLCS, exhibited persistent

rotation and a hook echo and eventually supported a se-

ries of strong surface vortices (Fig. 5) before weakening.

Over the last 30min of the control simulation, positive

z is essentially ubiquitous along the cold pool’s leading

edge north of the dominant rotating updraft (Fig. 7). This

also occurred in a sensitivity run excludingCoriolis, though

to a lesser degree. Additional, subtle maxima and minima

of z appear to be emanating from the convective down-

drafts (Fig. 8), though positive z generally dominated.

FIG. 11. Scatterplot of (a) updraft duration (min) vs maximum

w (m s21), (b) vortex duration (min) vs maximum z (s21), and

(c) maximum z (s21) vs maximum w (m s21) for each updraft or

vortex object tracked for at least 5min in the control simulation.

6 This took longer than expected, but given extremely limited

instability, the environmental evolution that provided organic de-

velopment of convection was deemed important and worth the

upfront computational demand.
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In terms of their basic positioning, the two zones of

zwithin the embedded supercell somewhat resemble the

‘‘rivers’’ feeding a near-surface vortex in a high-CAPE

supercell simulated by Dahl et al. (2014). Trajectory

analysis confirms that there are indeed two primary

source regions for the air parcels that are converged

into a strong vortex (Fig. 9; note that each parcel’s trace

ends when that parcel enters the vortex).

Parcels initially contributing to the strong vortex in

the control run had limited z (i.e., #0.01 s21) as they

approached the updraft from the two aforementioned

source regions (Fig. 9, left and Fig. 10, top). In the

10–15min prior to contributing to the vortex, these

parcels approached the updraft along or very near

the bottom model level (Figs. 9 and 10). As in prior

supercell tornadogenesis studies, stretching7 was the

primary contributor to the rapid development of z as the

parcels ascended within updraft (Fig. 10, cf. middle

and bottom). The z typically exceeded 0.1 s21 by an

altitude of 180m, and the vast majority of stretching

(and thus enhancement of z) occurred in the lowest

0.5 to 1 km above ground (Fig. 10, middle), providing

evidence that strong low-level rotating updrafts were

critical for the intensification of surface HSLC vorti-

ces here.

Given the importance of stretching, it is worthwhile to

isolate and study the strongest low-level updrafts that

occur in the control simulation. The updraft tracking

algorithm identified over 30 low-level updrafts that

persisted for five or more minutes in the control simu-

lation (Fig. 11a). Five of these had lifetimes of over

20min, including the strongest that is explored in more

detail throughout this section. The mean maximum in-

tensity for these updrafts in the lowest 1.5 km was ap-

proximately 18ms21, while the mean duration was about

12min. Additionally, 35 low-level (lowest 1.5 km AGL)

FIG. 12. As in Fig. 6, but showing 1-km ACCD (31022 m s22; shading), surface-to-1-km maximum (black contours) and minimum

(blue contours) w (m s21), and lowest level z (s21; green to red contours).

7 Stretching is defined as z(dw/dz), while tilting is defined as

j(dw/dx)1h(dw/dy).
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vortices were identified in the control simulation

(Fig. 11b). These tended to be a bit shorter lived than

updrafts, with a typical duration of approximately 7min

for the control run. The short vortex durations are

unsurprising, given operational evidence of rapid

strengthening and demise of HSLC vortices (e.g.,

Cope 2004). However, one longer-lived vortex with a

lifetime of 18min was also identified. The strongest

vortices were not necessarily the longest lived; in-

stead, vortex strength again appeared to be more de-

pendent upon the strength of the overlying low-level

updraft (Fig. 11c). Additionally, the strongest vortices

tended to be those that originated at the surface, then

grew upward via stretching. This provides further

support for the contention that the strength of low-

level updrafts appears to be a considerable factor in

the potential intensification of surface vortices (e.g.,

Markowski and Richardson 2014). Note that many of

the updrafts tracked here are nonsupercellular given

their longevity and intensity. The strongest and

longest-lived updrafts, however, exhibit persistent

rotation and are clearly supercellular, suggesting that

rotation may be required to support a long-lived up-

draft. The forcing mechanisms for the strongest low-

level updraft will be explored next.

b. Vertical accelerations and the processes leading to
surface vortexgenesis

For the purposes of this discussion, we will focus on

the strongest updraft in the control simulation, which

was associated with an embedded supercell and sup-

ported the longest-lived vortex. Focusing on one

particular updraft allows for a clear depiction and

discussion of the processes that lead to surface vortex-

genesis. However, this updraft was not the only strong

updraft in the simulation.Within the control run, several

low-level updrafts exceeded 20ms21. Given that these

values existed very close to the height of the LFC, it is

likely that any buoyant accelerations were augmented

by other processes. Indeed, within mature updrafts,

positive low-level accelerations attributable to the

dynamic perturbation pressure gradient acceleration

FIG. 13. As in Fig. 12, but for 1-km ACCB (31022 m s22; shading).
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components (ACCD; Fig. 12) appear to be more

critical for low-level accelerations than the total

buoyant acceleration (ACCB), which is generally

more modest (Fig. 13). Additionally, ACCD maxima

relate well with the strongest embedded updraft

(Fig. 12). This was further supported by examining the

characteristics of parcels entering the updraft, the

accelerations for which were dominated by ACCD

when compared to ACCB (Fig. 14). Parcels ap-

proaching the updraft exhibited predominantly hori-

zontal motion prior to reaching the region of strong

upward-pointing ACCD, confirming that this acceleration

FIG. 14. Trajectories showing (top) ACCD (m s22) and (bottom) ACCB (m s22) of parcels entering the strongest updraft in the control

simulation, looking south-southwest. Time period plotted is 240–270min.
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was necessary for the appreciable low-level updrafts

(Fig. 14).

By breaking ACCD down into its linear (ACCDL)

and nonlinear (ACCDNL) components, it becomes

clear that the ACCDNL terms are most important for

strength and maintenance of the core of this rotating

updraft. ACCDNLmaxima through time are associated

well with the maxima in w (Fig. 15), while ACCDL

maxima and minima are weaker and generally straddle

the maximum updraft (Fig. 16). These findings are in

line with theory, given that high and low pressure per-

turbations attributable to p0
dl develop on the upshear and

downshear sides of the updraft, and those associated

with p0
dnl tend to be located within areas of rotation,

which are maximized near the updraft. This finding

is also consistent with prior investigations of super-

cell simulations (e.g., Weisman and Rotunno 2000;

Markowski and Richardson 2014; Coffer and Parker

2017), including those in environments with limited

CAPE (e.g., McCaul and Weisman 1996). Further, the

general scales of these vortices are comparable to those

in simulated high-CAPE supercells (e.g., Coffer and

Parker 2017) and QLCSs (e.g., Atkins and St. Laurent

2009a) and are consistent with observed radar char-

acteristics of HSLC vortices (Davis and Parker

2014). The spatial scales of the convection, in terms

of updraft depth and width, appear to be smaller than

in higher-CAPE environments, again consistent with

observations. This sometimes leads to gray area in

the distinction between low-level and midlevel fea-

tures, as midlevel features would presumably be

found closer to the ground in this relatively shallow

convection.

Despitemany similarities to tornadogenesis in discrete,

high-CAPE supercells, the interior of this control QLCS

seems to possess far more transient and rapidly evolving

features on the system scale than the quasi-steady state,

long-lived, discrete supercells that have historically been

simulated and studied in tornadogenesis research. These

transient features include numerous near-surface vortices

that generally develop through similar means those that

become longer-lived vortices but do not benefit from

FIG. 15. As in Fig. 12, but for 1-km ACCDNL (31022 m s22; shading).
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favorable collocation with an overlying updraft and

near-surface convergence zone. The comparatively

transient nature of our embedded supercell may be as-

sociated with its location within—and interaction with—

a parent QLCS, which offers a larger number of source

regions than a typical discrete supercell due to its mul-

tiple downdrafts. However, as simulations of high-CAPE

tornadic supercells continue to benefit from increased

spatial and temporal resolutions (e.g., Orf et al. 2017),

it is progressively clearer that even purportedly steady-

state storms exhibit many transient, rapidly evolving

features similar to those in the simulations presented

here.

In summary, we can offer the following list of pro-

cesses that lead to near-surface vortexgenesis within an

embedded supercell in the control run (Fig. 17):

1) Low- to midlevel (0.5–2 km) z begins to generally

increase as the midlevel updraft strengthens (this is

playing the role that a low-level mesocyclone would

in a high-CAPE supercell);

2) in response to item 1, low-level, upward-pointing

ACCDNL increases;

3) in response to item 2, low-level w is enhanced,

bringing strong updrafts closer to the ground; and

4) resulting from item 3, the potential for tilting

horizontal vorticity into the vertical and stretching

z increases.

This chain of processes appears to begin several

minutes prior to the development of the surface vortex.

In fact, approximately 20-min passes from the initial

enhancement of 1–2-km z to the rapid intensification of

the surface vortex. Assuming that the model is accu-

rately representing real within-storm processes, this

suggests potential for lead time during real-timewarning

operations of these events, provided radar coverage is

sufficient to observe such trends in low to midlevel ro-

tation. The key features noted above must be spatially

collocated for the chain of processes to succeed. The

processes also appear to be self-limiting, as eventu-

ally, downward-directed ACCDNL resulting from the

FIG. 16. As in Fig. 15, but for 1-km ACCDL (31022 m s22; shading).
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strengthening surface vortex disrupts the updraft and

limits further intensification.

Potential failure points in the series of processes

leading to vortexgenesis will be examined in the fol-

lowing section across the varying environmental base

states. It is suspected that each environment will pro-

duce surface z that could potentially be converged and

stretched. This follows the control simulation detailed

above, which showed plentiful z within the cold pool,

and Coffer and Parker (2017), who posited that this final

step in the process of tornadogenesis was nearly entirely

dependent on above-ground storm characteristics. It is

hypothesized that weaker low-level lapse rates may

struggle to support initially strong low-level updrafts

given extremely modest instability in the lowest 3 km

above ground (Hampshire et al. 2017). In this case, the

initial updraft may simply be too weak to support the

development of a strong surface vortex. Within weaker

low-level shear environments, it is suspected that the

production of low- to midlevel z will be limited, given

the documented sensitivity of low-level z production to

low-level shear in both supercells and QLCSs. This

could preclude the strengthening of a low-level updraft

that precedes vortexgenesis. We evaluate the validity of

these hypotheses via the various sensitivity simulations

in the following section.

c. Sensitivity tests

Convective mode generally differs little across the

matrix of five simulations (cf. Figs. 4 and 18), even as

the areal coverage of convection varies somewhat.

Differences in storm motion can be noted early in the

comparisons, when some convection (e.g., 201s) re-

mains closer to the initiating boundary (e.g., located

at approximately x 5 240 km in Fig. 18d). Addi-

tionally, Hovmöller plots reveal considerable differ-

ences in rotational characteristics between the runs

(Fig. 19). In particular, it appears that 01s plays a

substantial role in both the number of incipient sur-

face vortices that develop and the strength and lon-

gevity of rotating updrafts. In 201s, the number of

surface vortices decreases greatly, while the opposite

is true in 101s (cf. Figs. 19a,b). Additionally, 101s

supports a long-lived rotating updraft, while rotating

FIG. 17. Vertical time series of maximum z (31022 s21; shading), w (m s21, black contours), and ACCDNL

(310m s22, blue contours) within a 10 km by 10 km box surrounding the strongest updraft, leading to the devel-

opment of the strongest vortices in the control simulation.
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updrafts in 201s tend to be transient compared to the

control simulation or 101s. Similarly, within 203lr, ro-

tating updrafts are fairlyweak and short lived, whereas the

strongest updrafts and surface vortices across the matrix

of simulations were observed in 103lr (cf. Figs. 19c,d).

The most prominent sensitivities in the lapse rate tests

appear to be associated with the number of strong, rotat-

ing updrafts and the typical strength of surface vortices;

both of these decrease as 03lr decreases.

Results from the tracking algorithms generally cor-

roborate these findings (Fig. 20). Compared to the

control simulation, the number, strength, and longevity

FIG. 18. As in Fig. 4, but for (a)–(c) 101s, (d)–(f) 201s, (g)–(i) 103lr, and (j)–(l) 203lr for (from left to right)

t 5 180, 225, and 270min.
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of updrafts and low-level vortices decrease within the

upper half of the distributions in 203lr and 201s, while

they generally increase or are comparable to the control

run for 103lr and 101s. However, there is substantial

overlap in these distributions, suggesting that the biggest

practical difference is in the number of the aforemen-

tioned features. Additionally, as either 01s or 03lr in-

creases, the distributions of ACCD and ACCB within

long-lived (i.e., duration$20min) updrafts shift toward

higher values (Fig. 21). Notably, ACCD is almost always

larger, and tends to vary more, than ACCB within these

updrafts, regardless of the associated environment, as

was documented in the control run. This confirms that

the main change in forcing among differing base-state

environments is dynamic in nature, underscoring the

importance of embedded rotating updrafts. To further

compare the simulations in their entirety, we use plots of

exceedance frequency (i.e., the number of times a given

threshold value of a field was met or exceeded over the

course of each simulation). Here, we use thresholds of

0.03 s21, 0.3m s22, and 20m s21 for z, ACCDNL, and

w (Fig. 22), respectively. Given that the processes of

utmost importance appeared to be limited to low levels,

we focus our analysis on the layer from the surface to

1.5 km AGL.

Low-level z appears to be largely dependent on the

magnitude of 01s, with approximately an order of mag-

nitude increase in the number of occurrences of z of at

least 0.03 s21 across the lowest 1 km in 101s compared

to 201s (Fig. 22a). This gives 101s a considerable ad-

vantage over 201s in the chain of processes leading

to surface vortexgenesis and contributes to increased

ACCDNL and, accordingly,w (Figs. 22b,c) in the lowest

1 km. Although prior QLCS studies have shown that

longer-lived mesovortices are more likely to produce

surface vortices (e.g., Przybylinski et al. 2000; Atkins

et al. 2004, 2005), it is not entirely clear how our simu-

lated embedded supercells correspond to the observed

convection in their studies; plausibly, the formation

mechanisms and characteristics could be rather similar,

particularly given the differing resolution and techniques

used in these analyses.

FIG. 19. As in Fig. 5, but for (a) 101s, (b) 201s, (c) 103lr, and (d) 203lr simulations.
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The primary difference between 103lr and 203lr lies

in the w, where an order of magnitude increase is again

noted in 103lr throughout most of the lowest 1.5 km

when compared to 203lr (Fig. 22c). Comparable dif-

ferences are noted in ACCDNL, while exceedance fre-

quencies for z are a bit more similar (Figs. 22a,b).

Interestingly, the 101s z exceedance frequencies out-

pace those in 103lr, while 103lr has larger exceedance

frequencies at most heights for ACCDNL; this is likely

because101s hasmore low-level vortices, but those that

form in 103lr tend to be stronger and deeper. Alto-

gether, this analysis supports the contention that steeper

03lr support stronger low-level updrafts, while 01s

affects the number and strength of embedded rota-

tion centers within the updrafts. The ideal HSLC

environment for the development of severe weather

would exhibit both steep low-level lapse rates and

large low-level shear vector magnitude in order to

benefit from both sensitivities, as identified in prior

studies (Sherburn and Parker 2014; Sherburn et al.

2016). With these broad differences in the distribu-

tions in mind, we can shift our analysis to the stron-

gest updraft in each case to investigate the relevant

processes in more detail.

Within the strongest updraft of201s, low-level ACCD

is considerably weaker than in the control simulation.

This can be attributed primarily to ACCDNL (Fig. 23),

which is limited due to a lack of low-level z. Thus, as

suggested above, the failure point in 201s appears to be

a lack of sufficient dynamic forcing for ascent due to

decreased low- to midlevel z. This limits the strength of

low-level updrafts and precludes the convergence and

stretching of surface z, which is generally present once a

cold pool is established in each primary matrix simula-

tions. Therefore, there is likely a minimum value of 01s

necessary for the development of strong, long-lived, low-

level vortices capable of supporting tornadoes within

HSLC environments.

As 01s increases beyond the control value, the re-

sponse is not entirely straightforward. The number of

surface vortices indeed increases in 101s (as shown in

Fig. 20), but embedded rotating updrafts become less

organized. As 01s increases, the environmental Richardson

number within this idealized framework falls well below

the critical value of 0.25, leading to the development of

widespread turbulence. Within 101s, this does not dis-

rupt the convection to a point where surface vortices

are precluded. Low-level ACCD fields associated with

the strongest updraft (an embedded supercell) remain

FIG. 20. Scatterplot of (top) mean updraft duration (min) against

mean maximum updraft intensity (m s21) and (bottom) mean vortex

duration (min) againstmeanmaximumvortex intensity (Okubo–Weiss

parameter, s22) for the tracked features in each simulation. Error bars

extend to the 25th and 75th percentiles of each distribution.

FIG. 21. (top) Scatterplot of ACCD and ACCB for each minute

of tracked long-lived updrafts within the respective simulations.

(bottom) A kernel density estimate encompassing 50% of the total

distribution, extending from the densest bin.
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sufficient to produce appreciable updrafts in the lowest

1 km, facilitating the development of an intense surface

vortex, albeit one that is weaker and shallower than in

the control simulation (Fig. 24). However, in a supple-

mental simulation with 01s of 50 kt (i.e., 10 kt stronger

than in 101s), tracked updrafts become shorter lived

and weaker on the mean (not shown). Thus, in addition

to the minimum threshold of 01s for the development of

severe hazards in HSLC environments, it is possible that

there is a threshold beyond which increasing 01s no

longer improves the potential for the production of se-

vere hazards. This possibility is somewhat supported by

prior environmental studies that show a broader range

of low-level shear vector magnitude values for warned

but nonsevere HSLC convection when compared to

severe HSLC convection (e.g., Sherburn et al. 2016). It

may also be that, in such strongly sheared environ-

ments with low Richardson numbers, a fully turbulent

representation of the atmospheric boundary layer is

essential in order to acquire a statistically steady am-

bient environment.

Clearly, steepening 03lr leads to an increase in the

severity of HSLC convection, given the environment’s

ability to produce stronger and longer-lived low-level

updrafts and vortices (Fig. 20). This is supported by a

vertical time series of the primary rotating updraft

(Fig. 25), which exhibits a rapid increase in low-level

z and the subsequent development of an intense surface

vortex. The initial strength of updrafts in 203lr tends

to be comparatively weaker (e.g., Figs. 20 and 21), hin-

dering the remaining processes in their ability to produce

a strong surface vortex. Generally, weaker updrafts early

in the203lr convection’s lifetime can likely be attributed

to less buoyancy in 203lr compared to the control envi-

ronment (Fig. 21); however, ACCD is weaker in 203lr,

as well.

Across the five preceding simulations, the most in-

tense vortices tend to be affiliated with the strongest,

rotating updrafts. The results suggest that decreasing

either 03lr or 01s decreases the potential for stronger,

longer-lived, andmore numerous low-level updrafts and

surface vortices. These sensitivities arise through dif-

ferences in both initial updraft strengths and feedbacks

associated with ACCDNL that develops beneath rota-

tion aloft. Thoughmany vortices and updrafts within the

distributions are weak and transient, they are important

to consider because their origin locations and mecha-

nisms are generally similar to those features that become

dominant. Increased numbers of low-level vortices, for

example, raise the potential that one of these vortices

will benefit from favorable collocation with an overlying

updraft or associated near-surface convergence zone,

thus leading to rapid intensification. Meanwhile, stronger

FIG. 22. Exceedance frequency for (a) z of 0.03 s21, (b) ACCDNL

of 0.3m s22, and (c) w of 20m s21 for all simulations.
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low-level updrafts would favor more rapid stretching of

near-surface vorticity, again promoting intensification

of low-level vortices. For HSLC supercells embedded

within a broader QLCS, these basic sensitivities help

explain the parameters identified as the most skillful in

the environmental studies of Sherburn and Parker (2014)

and Sherburn et al. (2016), who found that the potential

for tornadoes increased statistically with steepening low-

level lapse rates and increased low-level shear vector

magnitudes. In addition to within-storm processes, mod-

ified lapse rates and shear vector magnitudes also impact

the convective system’s initiation and cold pool evolution.

We envision exploring these additional interactions be-

tween the convective system and ambient environment

within less idealized experimental designs in the future.

4. Summary and conclusions

Investigations into severe and nonsevere HSLC con-

vection have identified key discriminators between their

environments. In particular, low-level lapse rates and

shear vector magnitudes—along with the strength of

synoptic scale forcing for ascent—have been shown to

differentiate well between those HSLC environments

supporting severe convection and those that are limited

to nonsevere convection (Sherburn and Parker 2014;

Sherburn et al. 2016; King et al. 2017). The idealized

simulations herein have identified physical explanations

behind these sensitivities associatedwith quasi-supercellular

structures within a broader QLCS. Additionally, they have

provided an overview of the processes leading to the

development of strong surface vortices in HSLC

environments.

Given a sufficiently strong supercellular updraft in

an HSLC environment, the following processes may

lead to the development of a strong surface vortex:

1) Low- to midlevel z (between 0.5 and 2km AGL)

increases as the midlevel updraft develops and

intensifies;

2) in response to the increase in low- to midlevel z,

upward-pointing accelerations via ACCDNL increase

FIG. 23. As in Fig. 15, but for 201s.
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in low levels, which is particularly important in these

low-CAPE environments;

3) due to increased accelerations in low levels, low-level

w intensifies; and

4) increased low-level w provides increased potential

for tilting and especially stretching of surface vortic-

ity, particularly in the lowest 500m above ground.

This facilitates the development of a strong surface

vortex.

Notably, this final step will only succeed if there is

nontrivial z at the ground and this z is spatially collo-

cated with the overlying rotating updraft. Following the

identification of these processes in a control simulation,

sensitivity tests were used to determine how these pro-

cesses were affected as either 01s or 03lr decreased or

increased.

Although the particular matrix of simulations con-

ducted here investigated only a small portion of the

HSLC parameter space, the values for 01s and 03lr

tested represent a realistic sampling of environments

near the most discriminatory values of these fields

according to Sherburn and Parker (2014) and Sherburn

et al. (2016). Thus, we are confident in the following

summary of sensitivities with regard to embedded su-

percellular convection within HSLC environments:

d The primary impact of decreasing 01s is decreasing the

production of low- to midlevel z via tilting by the

developing updrafts. This limits low-level ACCDNL

and, thus, low-level w.
d The primary impact of decreasing 03lr is decreasing

the initial strength of updrafts due to generally weaker

buoyant accelerations. This limits the potential for

tilting and stretching of vorticity in low levels.
d Decreasing either 01s or 03lr limits the potential for

severe weather in HSLC environments. Either situa-

tion prevents the chain of processes extending from

the development of a strong updraft to the eventual

development of a strong surface vortex from being

successful.

Regardless of environment, ACCD, rather than ACCB,

were dominant in forcing updrafts. This is no surprise

given that the key updrafts here are near or below the

level of free convection (LFC), where ACCB will be

minimal. These findings corroborate prior research in-

dicating that ACCD dominated in both convection with

rotating updrafts and in HSLC environments (e.g.,

Weisman and Klemp 1984; McCaul and Weisman 1996;

Weisman and Rotunno 2000; Coffer and Parker 2017).

This implies that HSLC environments incapable of

producing sufficient low- to midlevel z—that is, those

FIG. 24. As in Fig. 17, but for 101s.
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with meager 01s—will have a much lower potential

of producing strong surface vortices, as found here.

Furthermore, it also suggests that the potential for the

development of a strong surface vortex could be evalu-

ated to some degree in real-time with radial velocity

products, assuming sufficient radar coverage. Indeed, in

the simulations presented here, nearly 20min of time

passed between the initial intensification of midlevel

(1–2 km) z and the development of the surface vortex.

There is no shortage of additional work on HSLC

environments to be undertaken. Future work should

continue to test the sensitivities of HSLC convection to

additional environmental characteristics, such as mid-

level shear vector magnitudes (also shown by Sherburn

and Parker 2014 to be skillful discriminators), hodo-

graph shapes and orientations, forcing mechanisms and

strengths, and the orientation and strength of nearby

boundaries. Further work at higher resolutions, where

low-level and surface vortices are better resolved, would

be especially useful in analyzing sources of vorticity and

how HSLC vortices differ from those in higher-CAPE

convection. Given that many of the processes preceding

surface vortexgenesis occurred very close to the lowest

model level, future work should employ a more realistic

bottom boundary condition to determine the impact of

drag on these processes provided that suitable parameter-

izations can be developed for idealized HSLC convection

simulations. Finally, studies comparing observational data

and model output, particularly with tools such as a radar

emulator, would be helpful in identifying precursors to low-

level and surface vortexgenesis or the onset of damaging

straight-linewinds, which could improve detection and lead

time of severe hazards in real cases. Additionally, it is im-

portant to determine how many HSLC QLCS tornadoes

occur in association with embedded quasi-supercellular

structures, such as those observed in our simulations.

However, we acknowledge that many HSLC QLCS

tornadoes are likely associated with bow-echo type

structures and mesovortices, which likely differ physi-

cally from the supercellular mechanisms discussed

herein. In spite of the lingering questions and abundant

potential future work, the simulations herein provide

insight into why two of the most skillful environmental

parameters, low-level shear vector magnitudes and lapse

rates, discriminate well between severe and nonsevere

HSLC convection.
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