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ABSTRACT: Despite an increased understanding of environments favorable for tornadic supercells, it is still sometimes

unknown why one favorable environment produces many long-tracked tornadic supercells and another seemingly equally

favorable environment produces only short-lived supercells. One relatively unexplored environmental parameter that may

differ between such environments is the degree of backing or veering of the midlevel shear vector, especially considering

that such variations may not be captured by traditional supercell or tornado forecast parameters. We investigate the impact

of the 3–6-km shear vector orientation on simulated supercell evolution by systematically varying it across a suite of ide-

alized simulations. We found that the orientation of the 3–6-km shear vector dictates where precipitation loading is max-

imized in the storms, and thus alters the storm-relative location of downdrafts and outflow surges. When the shear vector is

backed, outflow surges generally occur northwest of an updraft, produce greater convergence beneath the updraft, and do

not disrupt inflow, meaning that the storm is more likely to persist and produce more tornado-like vortices (TLVs). When

the shear vector is veered, outflow surges generally occur north of an updraft, produce less convergence beneath the updraft,

and sometimes undercut it with outflow, causing it to tilt at low levels, sometimes leading to storm dissipation. These storms

are shorter lived and thus also produce fewer TLVs. Our simulations indicate that the relative orientation of the 3–6-km

shear vector may impact supercell longevity and hence the time period over which tornadoes may form.

SIGNIFICANCE STATEMENT: We explore how the orientation of the 3–6-km vertical wind shear vector impacts the

longevity of and thus the potential for near-surface vortex formation within simulated supercell thunderstorms. Our

investigation is significant because these impacts have been relatively unexplored and because themidlevel winds dictate

where outflow surges develop within supercells. We found that the storm-relative location of outflow surges can affect

the magnitude of the convergence beneath an updraft, the buoyancy of the air flowing into an updraft, and the potential

tilting and undercutting of an updraft by outflow, all of which can influence supercell longevity and thus the potential for

near-surface vortex formation.
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1. Introduction

Tornadic supercells pose a threat to life and property, and

thus the environments that produce these storms have drawn

much attention from researchers. In the past few decades, our

knowledge of ingredients favorable for the development of these

storms has improved greatly (e.g., Brooks et al. 2019; Coniglio

and Parker 2020) and forecasters now can generally identify

environments supportive of tornadic supercells, sometimes sev-

eral days in advance. Yet even with this increased understanding,

it is still not always well understood why in one favorable envi-

ronment many long-lived tornadic supercells may develop, while

in a seemingly equally favorable environment only short-lived or

nontornadic supercells develop (e.g., Erwin et al. 2016; Klees et al.

2016; Coffer et al. 2017; Flournoy et al. 2020; Markowski 2020).

Surely, there are mesoscale factors unique to a given environ-

ment or geographical region that also influence storm longevity

and tornado production, but perhaps there is still something

unknown that differentiates some environments that produce

long-lived tornadic supercells from those that do not.

A typical environment supportive of tornadic supercells is

characterized by nonzero convective available potential energy

(CAPE), minimal convective inhibition (CIN), strong deep-

layer vertical wind shear oriented such that the shear vector

crosses the initiating boundary at a large (;458–608) angle

(Bluestein andWeisman 2000; Dial et al. 2010), strong low-level

vertical wind shear leading to a long, curved low-level hodo-

graph and hence large values of storm-relative helicity (SRH;

usually calculated over the 0–1- or 0–3-km layers, or even shal-

lower layers, such as 0–500m, as suggested by Coffer et al. 2020),

and low lifting condensation levels (LCLs; Thompson et al. 2003,

2004).We chose to investigate midlevel shear vector orientation

since its potential impacts are relatively unexplored compared to

those of many other environmental parameters.

Warren et al. (2017) used an idealized model to investigate

how upper-level (above 6 km) wind shear impacts supercell

morphology and found that when the upper-level shear vector

backs with height, precipitation is enhanced in the rear flank of

the storm and when the upper-level shear vector veers with

height, precipitation is enhanced toward the forward flank.

They also found that stronger upper-level shear led to faster

stormmotions and thus increased storm-relative inflow. Parker

(2017) found that backing winds aloft do not disrupt or weakenCorresponding author: Kevin Gray, kevintg2@illinois.edu
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the upward-directed perturbation pressure gradient force be-

low the level of free convection, and that upper-level winds

oriented more parallel to a synoptic or mesoscale initiating

boundary can lead to more rapid upscale growth. Otherwise,

the degree of backing or veering of the midlevel vertical wind

shear vector has generally not been examined, especially how it

may influence the location of hydrometeor fallout and down-

drafts within a storm.

Recent observational work suggests that internal outflow

surges may be instrumental in the development of in-storm

boundaries and may aid in tornadogenesis. Finley and Lee

(2004) documented up to three rear-flank downdraft surges

prior to tornadogenesis in the 9 June 2003 Bassett, Nebraska,

supercell. Lee et al. (2012) documented four rear-flank

downdraft internal surges within 1 km of the 22 May 2010

Bowdle, South Dakota, tornado and suggest that the con-

vergence produced as a surge wraps into the pre-tornadic

circulation may aid in tornadogenesis. Marquis et al. (2012),

through dual-Doppler wind syntheses and ensemble Kalman

filter analyses, found that three of four tornadic supercells

examined exhibited a secondary rear-flank gust front, com-

monly associated with internal outflow surges. Kosiba et al.

(2013) used mobile Doppler radar data and mobile mesonet

observations to conclude that genesis of the 5 June 2009

Goshen County, Wyoming, tornado was closely linked to a

secondary rear-flank downdraft surge west of the pre-tornadic

vortex. Skinner et al. (2014) used dual-Doppler radar, phased

array radar, thermodynamic, and wind observations to identify

four internal rear-flank downdraft surges in the 18 May 2010

Dumas, Texas, supercell. The downdrafts that produced the

surges appeared to be forced dynamically when rotation was

stronger near the surface than aloft. Skinner et al. (2015) used an

ensemble Kalman filter analysis to further investigate these

momentum surges and found that nonlinear dynamic pertur-

bation pressure gradients near the surface drove the horizontal

accelerations that produced the surges. Through a trajectory

analysis, they found that air that entered the surges originated

from near the surface on the north side of the mesocyclone and

from inflow around 2 km above ground level (AGL). Marquis

et al. (2016) assimilated ensemble Kalman filter analyses of the

Goshen County, Wyoming, tornadic supercell into a high-

resolution numerical model and found that tornadogenesis oc-

curred when the air beneath the low-level mesocyclone was

relatively warm and the surface circulation was strong and

convergent.

There are also recent numerical studies that focus on the

impacts of internal outflow surges. Beck and Weiss (2013)

simulated a supercell and documented the forward-flank con-

vergence boundary, formed by convergence of evaporatively

cooled inflow and rain-free inflow, the left-flank convergence

boundary, formed by convergence of evaporatively cooled

inflow and evaporatively cooled downdraft air that descends

from 2 to 3 km AGL, and the rear-flank gust front, which

separates outflow in the rear flank of the storm from environ-

mental air. They also found that ascent along these boundaries

contributes to low-level vertical vorticity development through

upward tilting of horizontal vorticity. The development of the

left-flank convergence boundary could be the result of internal

outflow surges. Their study demonstrates that the forward-

flank region of supercells can be more complex than that sug-

gested by the conceptual model of Lemon and Doswell (1979).

Dahl et al. (2014) found that surface vertical vorticity in their

simulated supercell forms owing to the vortex line slippage

process described by Davies-Jones and Brooks (1993). The

vertical vorticity is enhanced and organized into vertical vor-

ticity ‘‘rivers’’ along internal storm boundaries, where surface

convergence forces ascent and stretching (see their Fig. 5).

Schenkman et al. (2016) investigated a tornado-triggering

surge in a simulated supercell and found that air in the surge

descends from around 2 km AGL. The descent is forced by a

downward-directed vertical perturbation pressure gradient

acceleration owing to a positive pressure perturbation that

develops at the stagnation point between the mesocyclonic

circulation and the environmental flow at 2–3 km. Descent is

also forced by negative buoyancy and precipitation loading,

especially in colder outflow surges. Riganti andHouston (2017)

investigated the heterogeneity in the rear-flank outflow of the

10 June 2010 Last Chance, Colorado, supercell and hypothe-

sized that it was related to Kelvin–Helmhotz instability behind

the gust front.

Since outflow surges can produce near-surface conver-

gence and generate vertical vorticity along their leading

edges, the storm-relative locations of such surges may in-

fluence updraft intensity and tornado potential. Indeed,

Markowski and Richardson (2017) found a large sensitivity

between surface vortex development and the location of a

heat sink in idealized ‘‘toy model’’ simulations of supercells.

Outflow surges also feed the cold pool, the storm-relative

location of which may impact whether outflow air can tilt

or undercut the updraft, possibly decreasing storm lon-

gevity. The storm-relative location of outflow surges may

impact the longevity of tornadoes by displacing them away

from low-level mesocyclones (e.g., the Orleans, NE, tor-

nado discussed by Marquis et al. 2012) or by tilting the

updraft (Guarriello et al. 2018). Brown and Nowotarski

(2019) found that a lower LCL height results in slower gust

front propagation, presumably owing to a smaller density

surplus within the outflow. Intense low-level rotation in

their simulations resulted when the low- and midlevel

mesocyclones were aligned with near-surface circulations

in the outflow.

Most tornadoes and tornado fatalities are associated with

supercell thunderstorms (Schoen and Ashley 2011; Anderson-

Frey and Brooks 2019). Thus, better understanding environ-

ments that support long-lived supercells may aid in saving lives.

There are relatively few case studies of long-lived supercells

(e.g., Browning and Foote 1976; Glass and Britt 2002). A more

thorough investigation by Bunkers et al. (2006) analyzed 224

long-lived supercells and found that most long-lived supercells

are isolated, suggesting that storm mergers are generally detri-

mental to supercell longevity. They also found that long-lived

supercells producedmoreF2–F5 tornadoes, stronger winds, and

larger hail than short-lived supercells. They define a long-

lived supercell as one that persists for more than 4 h and

concluded that the demise of most long-lived supercells is

simply owing to mesocyclone dissipation. Our investigation
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of the impacts of the midlevel shear vector orientation on

storm longevity using idealized numerical model simulations

may lead to a better understanding of why some supercells

persist longer than others.

The midlevel shear vector orientation, and thus the midlevel

storm-relative winds, dictate where precipitation falls in a

storm and where outflow surges may be more likely to occur,

especially in the precipitation region. In this way, the orien-

tation of themidlevel storm-relative winds may be another link

between the environmental wind profile and the potential for

long-lasting supercells and thus tornadoes. Furthermore, the

midlevel shear vector orientation does not change many tra-

ditional supercell and tornado forecast parameters, including

CAPE, CIN, low-level vertical wind shear, and the LCL height.

Although the midlevel shear vector orientation can impact the

magnitude of the deep-layer shear, storm motion, and thus

SRH, it could still differ between two similar environments

seemingly favorable for long-lived tornadic supercells and may

not be captured by a traditional ingredients-based forecasting

approach or composite parameters. For this reason, we choose

to investigate how the backing or veering of the midlevel

vertical wind shear vector may impact storm longevity, outflow

surge location, and thus the potential for tornado-like vortex

formation within simulated supercells. We give an overview of

our methods in section 2, discuss results in section 3, and

present conclusions in section 4.

2. Methods

We used CM1 (Bryan and Fritsch 2002), version 19.8, to

perform idealized simulations of supercell thunderstorms. The

model is initialized with the sounding launched at 1800 UTC

27 April 2011 at Jackson, Mississippi, during the largest

documented outbreak of tornadoes in U.S. history (Knupp

et al. 2014; Fig. 1). An isothermal layer was added between

1050 and 1150m to suppress spurious convection in the model

and only a single storm develops in all simulations. An ideal-

ized sickle-shaped hodograph is used for the vertical wind

profile in our control (CNTL) simulation. Southerly winds in-

crease from 0 to 20 kt (1 kt ’ 0.51m s21) in the lowest 0.5 km,

the hodograph exhibits a quarter-circle turn from 0.5 to 1.0 km,

and there is westerly shear from 1 to 6 km. Above 6 km, the

winds are constant (solid hodograph in Fig. 1).

Our model domain size is 150 km3 150 km3 19.5 km with

horizontal grid spacing of 250m. The vertical grid spacing at

the surface is 25m, stretched to 325m between 0.5 and

11.7 km, resulting in 108 vertical levels with 30 levels in the

lowest 1 km. The time step is 0.5 s. We initialized convection

using updraft nudging in the first 20min of simulation time

(Naylor and Gilmore 2012). The lateral boundary conditions

are open-radiative, the upper and lower boundaries are free-

slip, and a damping layer is included above 17 km. We em-

ployed the National Severe Storms Laboratory (NSSL)

double-moment microphysical parameterization scheme with

graupel and hail (Ziegler 1985; Mansell 2010; Mansell et al.

2010). The Coriolis force, surface fluxes, and radiation are

neglected. Data are saved every minute and the simulations

are terminated after 4 h.

To obtain a range of midlevel shear vector orientations, we

systematically altered the portion of the CNTL hodograph

between 3 and 6 km (blue portion of the hodograph in Fig. 1)

by veering and backing the shear vector by 108, 208, and 308,
yielding veering simulations named v10, v20, and v30 and

backing simulations named b10, b20, and b30 (dotted hodo-

graphs labeled v30 and b30 in Fig. 1). The 0–6 km bulk shear

remained 65 kt in all simulations.1 Simulation initializations

are identical otherwise. To obtain a larger ensemble, the v20,

v30, b20, and b30 simulations were repeated twice with random

wind perturbations applied to the hodograph at every level.

Perturbations did not exceed 61m s21 (;1.94 kt; following

Coffer et al. 2017). The same perturbations that were applied

to the v20 hodograph were also applied to the b20 hodograph

to obtain simulations named v20p1 and b20p1 for the first set of

perturbations and v20p2 and b20p2 for the second set (and

similarly for the v30 and b30 hodographs to produce v30p1,

b30p1, v30p2, and b30p2). The v20, v30, b20, and b30 simula-

tions were also repeated with the Morrison double-moment

microphysical parameterization with hail (Morrison et al.

2005), yielding a suite of 19 simulations. While the idealized 0–

3-km wind profile could also be altered, we held it constant to

keep the number of simulations tractable and because of

computational constraints. The relationship between varia-

tions in the wind profile and the storm motion described in

FIG. 1. Skew T–logp diagram depicting the thermodynamic

profile used to initialize all simulations. The solid hodograph

(0–0.5 km: black; 0.5–3.0 km: red; 3.0–6.0 km: blue) was used to

initialize the CNTL simulation. The dashed blue portions of the

hodograph indicate the hodographs used to initialize the b30 and

v30 simulations (labeled).

1We kept the 3–6-km bulk shear vector constant instead of the

0–6-km bulk shear vector in some preliminary simulations (not

shown). In these simulations, as the 3–6-km shear vector became

more backed, more 0–6-km bulk shear resulted, leading to an

amplified signal in our results.
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Bunkers et al. (2000) is discussed in section 3a. Simulations

with the shear vector veered are referred to as the veering

simulations and those with the shear vector backed are re-

ferred to as the backing simulations.2

Massless flow tracers (hereafter ‘‘trajectories’’) were used

to investigate properties of air that descends in the simulated

supercell downdrafts. Both forward and backward trajecto-

ries are used and are calculated using a second-order semi-

implicit discretization in space and time (section 2.1 of

Miltenberger et al. 2013). The trajectory time step is the same

as the output save interval (1min). Only trajectories that

remain above the lowest scalar model level are considered in

any analyses herein as recommended by Vande Guchte and

Dahl (2018). The initialization of trajectories is described in

section 3c.

3. Results

a. Tornado-like vortices and supercell longevity

In each simulation, convection develops and becomes

supercellular within the first hour. Most supercells produce

tornado-like vortices (TLVs). Our TLV criteria are similar

to those used by Coffer et al. (2017): vertical vorticity (z) at

the surface exceeding 0.15 s21,3 a perturbation pressure

deficit of at least 10 hPa over a depth of at least 1 km, and an

instantaneous wind speed at the surface of at least 30 m s21

for five or more time steps. Criteria-meeting time steps did

not need to be consecutive, but a vortex was required to not

drop below the thresholds for longer than four time steps

(4 min) before regaining TLV strength. Stricter TLV criteria

were tested and the results were qualitatively similar. Less-

strict criteria resulted in too many spurious vortices classi-

fied as TLVs.

The supercells in the backing simulations produce more

TLVs (average of 3.2 per simulation over the 4-h model in-

tegration) than those in the veering simulations (average of

1.3; Fig. 2). The TLVs are also longer lived in the backing

simulations (11.9min per TLV) than in the veering simula-

tions (7.6 min per TLV). TLV strength, measured by surface

z (Fig. 2), does not appear to be influenced by the midlevel

shear vector orientation. Supercells in environments with the

midlevel shear vector veered tend to dissipate earlier (defined

by when the maximum 2–5-km updraft helicity, UH, drops

below 750m2 s22, representative, for example, of an updraft

exhibiting a mean vertical velocity of 15m s21 collocated with

mean z of 0.017 s21 in the 2–5-km layer; blue shading in Fig. 2)

FIG. 2. Duration of individual TLVs (horizontal black lines; the CNTL simulation produces two separate TLVs

that overlap at 130min) and the maximum surface z within each TLV at times when the TLV criteria are met

(shaded with warm colors; s21). Times when the maximum 2–5-km UH drops below 750m2 s22 are shaded blue.

FIG. 3. Storm motion (m s21) calculated using the method de-

scribed in Bunkers et al. (2000; stars) and average simulated storm

motion for the second hour (circles) and third hour (crosses) for

each simulation.

2 Although we refer to the simulations with the 3–6-km shear

vector backed as the ‘‘backing’’ simulations, the ground-relative

(and storm-relative) winds never back with height in any of those

simulations as in Parker (2017).
3 Our z criterion is half that used in Coffer et al. (2017) because

their horizontal grid spacing is 125m and ours is 250m.
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while those in the backing simulations persist and may continue

to produce TLVs over a longer period of time. Generally, the

entire suite of simulations indicates that environments in which

the midlevel shear vector is backed are more conducive to

longer-lived supercells that can producemore and longer-lasting

TLVs than are environments in which the midlevel shear vector

is veered. This result is even more pronounced in the Morrison

microphysics simulations (b30MOR, b20MOR, v20MOR, and

v30MOR simulations; Fig. 2).

To explain this trend, we first investigated the SRH available

to the supercells in all simulations. We found that, using storm

motions calculated following Bunkers et al. (2000; Fig. 3), all

supercells would experience similar 0–1-km SRH, but that the

veering simulation environments exhibit greater 0–3-km SRH

(Fig. 4a). Thus, one might expect the veering simulations to

produce stronger and longer-lasting supercells owing to greater

0–3-km SRH, perhaps allowing for the production of more

TLVs, but this is not consistent with our results. We recalculated

the SRH using the simulated storm motion averaged over each

hour. The motion of the simulated supercells differs from that

calculated using the Bunkers method (Fig. 3). The Bunkers

storm motions are too fast for all simulations and too far to the

left of the simulated storm motions in the CNTL and backing

simulations (Fig. 3). Simulated storm motions are similar for all

simulations in the first hour, but differences emerge during the

second hour of simulation time (Fig. 3), when the backing sim-

ulation supercells begin to move faster than those in the veering

simulations. Furthermore, the backing simulation supercells

generally maintain greater deviant rightward motion relative to

the hodograph during the second and third hour of the simula-

tions, while the veering simulation supercells generally begin

turning left, yielding a storm motion closer to the hodograph

FIG. 4. The 0–1-km (orange) and 0–3-km SRH (blue; m2 s22) for each simulation using the

(a) storm motion described in Bunkers et al. (2000) and (b) average simulated storm motion

during the third hour of each simulation.
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(Fig. 3). Thus, the backing simulation supercells generally ex-

perience greater 0–1- and 0–3-km SRH than those in the veering

simulations with time (Fig. 4b). This is consistent with the

results of Coniglio and Parker (2020), who found that more

rightward storm motions contribute to greater SRH owing to

stronger storm-relative flow. Peters et al. (2020) also found

that stronger storm-relative winds contribute to stronger

updrafts, as discussed below.

The backing simulation supercells maintain greater deviant

rightward motion owing to a more persistent upward-directed

linear dynamic perturbation pressure gradient acceleration

(LDPA; Rotunno and Klemp 1982). The LDPA is propor-

tional to the vertical derivative of the dot product of the en-

vironmental vertical wind shear vector and the horizontal

gradient in vertical velocity [LDPA} (›/›z)(S � $hw), where S

is the vertical wind shear vector]. Although the orientation

of the 3–6 km shear vector changes between simulations, the

0–6-km bulk shear magnitude is constant across all simula-

tions. The horizontal vertical velocity gradient, however,

depends greatly on the magnitude of an updraft. The updrafts

in the backing simulations are stronger and persist longer,

meaning that the magnitude of the vertical velocity gradient

is greater in the backing simulations, particularly during the

second and third hours, leading to a stronger and longer-

lasting LDPA on the right flank of those storms and thus more

deviant rightward motion and stronger storm-relative flow

and SRH (Figs. 5 and 6 ).

Trapp et al. (2017) explored theoretical calculations and

idealized simulations and concluded that larger mesocy-

clones should more readily produce larger and stronger tor-

nadoes, provided that there is a source of near-surface z.

Although we did not find a relationship between TLV

strength and the midlevel shear vector orientation, we did

find that TLVs last longer in the backing simulations. Perhaps

TLV production and maintenance is related to mesocyclone

size since larger mesocyclones promote better alignment or

overlap of upward dynamic accelerations with near-surface

rotation (e.g., Guarriello et al. 2018; Brown and Nowotarski

2019). Using the number of grid points with 2–5-km UH

greater than 750m2 s22 as a proxy for mesocyclone size,

backing simulation supercells obtain and maintain larger

mesocyclones (Fig. 7) than those in the veering simulations.

The veering simulation mesocyclones become larger more

rapidly, but these early simulation times (0–30min) are likely

unrepresentative of the real atmosphere because we use ar-

tificial updraft nudging during the first 20min of the simula-

tions. All simulated mesocyclones achieve a similar size

after a dominant updraft becomes established by 40min,

when updraft nudging has been off for 20min. The mesocy-

clone size peaks around 40–60min (most backing simulations

peak later, around 60min), roughly 10–20min before most

simulated supercells produce their first TLV (Fig. 2). Afterward,

the mesocyclones become smaller, although they generally re-

main larger in the backing simulations. Updraft strength and

mesocyclone size differences between the veering and backing

FIG. 5. The 0–6-kmmean LDPA averaged between 120 and 150min (m s22; shaded), 0–6-km vertical velocity (22, 10, 15, and 20m s21;

yellow contours; negative values dashed, positive values solid), and 40-dBZ reflectivity contour at 1 km (black) at 150min in the (a) v30p2,

(b) CNTL, and (c) b30p2 simulations.

FIG. 6. Maximum $hw (m s21 km21) averaged over the 0–6-km

layer in a 25 km 3 25 km box centered on the 2–5-km updraft

maximum averaged between 60 and 90min (blue), 90 and 120min

(red), and 120 and 150min (gray) in each simulation.
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simulations begin around 50min because the simulated super-

cells produce the first outflow surges (defined in section 3b)

around 30–40min and there is a lag time of at least 15min

(discussed in section 3d) before an outflow surge can dramati-

cally influence updraft intensity.

Updrafts exhibit larger $hw in the backing simulations

(Figs. 5c and 6) and thus greater upward-directed LDPA exists

on the right flank of those supercells, yielding more deviant

rightward motion and thus more SRH, favoring stronger meso-

cyclones. Since larger and strongermesocyclones aremaintained

for longer in the backing simulations, there are also more per-

sistent and stronger upward-directed nonlinear dynamic per-

turbation pressure gradient accelerations [NDPA} (›/›z)(z2);

not shown], which aid in stretching of near-surface z into TLVs

(e.g., Orf et al. 2017) for a longer period of time. Updrafts and

mesocyclones are smaller and weaken earlier in the veering

simulations, yielding weaker LDPA, less deviant rightward

motion, and less SRH, favoring weaker mesocyclones, weaker

NDPA, and less potential for stretching of near-surface z into

TLVs later in these simulations.

b. Outflow surge characteristics

Another striking difference between the simulations is the

location of outflow surges within the simulated supercells.

Outflow surges are defined if there is surface divergence $

0.02 s21, a surface density potential temperature perturbation

(u0r)#24K, vertical velocity (w)#26m s21 at 500m, and 1-km

reflectivity $ 40 dBZ. If multiple adjacent surface grid points

meet these criteria, then the point exhibiting the maximum

divergence is taken to be the center of the surge.4 We tested

other thresholds when developing these criteria, and found

that the u0r ,24K criterion was best at discriminating be-

tween outflow air in general and stronger internal surges of

outflow. The w and divergence criteria aid in finding the

center of an outflow surge. We added the 1-km reflectivity

criterion to ensure that only outflow surges in the precipita-

tion regions of storms are considered. Output was subjec-

tively analyzed to group times when the criteria were met into

continuous outflow surges. Outflow surges were required to

meet all criteria for at least three consecutive time steps and

be spatially contiguous.

We selected a subset of simulations (v30p2, v20p2, v20,

CNTL, b20, b20p2, and b30p2) for further analysis of outflow

surges. These simulations were selected because they best

represent the trend that backing simulation supercells persist

longer and produce more TLVs while veering simulation

supercells dissipate earlier and produce fewer TLVs (Fig. 2).

Outflow surges in the backing simulations generally occur

more northwest of the 2–5-km updraft maximum, whereas

outflow surges in the veering simulations occur more north or

northeast of the updraft maximum (Figs. 8–10). Outflow surges

FIG. 7. The 10-min rolling average (centered on analysis time) of the number of grid points

with 2–5-km UH . 750m2 s22 in each simulation. Thick lines are averages of all veering

(blue) and backing (red) simulations. The thick black line is the 10-min rolling average of the

CNTL. Only a single storm develops in all simulations.

4 If multiple surges are occurring at the same time, then the al-

gorithm described above is used to identify one surge and the

center of any other surge was chosen to be the center of any sep-

arate regions meeting the outflow surge criteria.
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in the CNTL simulation generally occur between those in the

backing and veering simulations.

Outflow surges from the subset were subjectively analyzed

to determine if there is a specific outflow surge that contributes

to the demise of a supercell [storm-dissipating surge (SDS)].

An outflow surge was deemed an SDS if the outflow surge air

passed beneath and away from an updraft such that the updraft

either began a dramatic weakening trend and/or dissipated

soon afterward. As an outflow surge passes beneath an updraft,

the updraft often becomes tilted (discussed in section 3d).

Some simulations exhibit multiple SDSs, with each one yield-

ing outflow air that tilts the low-level updraft, weakening, and

ultimately undercutting it. For simulations in which multiple

SDSs were identified, it is likely that without multiple surges in

succession, the storm may not have dissipated. For example,

the updraft could have recovered after the first surge, or the

later surges alone would have been too weak to tilt, weaken,

and undercut the updraft without the first, stronger surge.

When possible, we identified one single surge responsible for

storm demise.

The SDSs tend to occur more to the north of the 2–5-km

updraft maximum (squares in Figs. 8–10), where outflow surges

are more common in the veering simulations. Outflow surges

that precede TLVs occur in more variable updraft-relative lo-

cations (diamonds in Figs. 8–10), but the centroid is more

northwest of the updraft (yellow diamond in Figs. 8–10). TLV-

preceding surges tend to last longer (mean duration of 11.6min)

than SDSs (mean duration of 9.6min; Fig. 8 and Table 1).

Initially, we expected SDSs to exhibit a longer duration than

TLV-preceding surges because a longer outflow surge duration

should yield more negatively buoyant air, but we found that

the opposite occurred in our simulations. Since the storm-

relative location of outflow surges varies systematically across

the simulations, and that TLV-preceding surges last longer

than SDSs, this suggests that the storm-relative location of

outflow surges impacts supercell longevity more than outflow

surge duration (Fig. 8). Furthermore, the mean duration of

outflow surges in the veering simulations and the CNTL

simulation was the same (7.3min) and only slightly longer in

the backing simulations (8.1 min; Fig. 8 and Table 1), again

suggesting that storm demise is not caused by longer-lasting

outflow surges.

We also investigated howmany grid points exhibited 2–5-km

UH. 750m2 s22 at the time of outflow surges, with more grid

points indicating a larger and/or stronger mesocyclone and

updraft. The number of grid points with 2–5-km UH .
750m2 s22 is generally greater during outflow surges in the

backing simulations (mean of 194) and the CNTL simulation

(mean of 210) and less in the veering simulations (mean of 147;

Fig. 9 and Table 1). This is likely a result of the veering simu-

lation supercell updrafts and mesocyclones weakening earlier

(Figs. 2 and 7). The mean number of grid points with 2–5-km

UH. 750m2 s22 during TLV-preceding surges is 236 while it is

only 122 during SDSs (Fig. 9 and Table 1), likely because larger

mesocyclones produce larger areas of upward-directed NDPA,

making stretching of surface z into a TLV more likely (Trapp

FIG. 8. The 2–5-km updraft-relative location of outflow surges (dots), TLV-preceding surges (diamonds), SDSs

(squares), and outflow surges that occur after the first SDS (crosses) in the backing (red), CNTL (gray), and the

veering (blue) simulations from the subset discussed in the text, and the centroids of all surges in each set of

simulations (stars), of all TLV-preceding surges (yellow diamond), and of all SDSs (yellow square). The shading of

all symbols (except the yellow diamond and square) represents the duration (min) of an outflow surge. The mean

duration of all backing, CNTL, veering, storm-dissipating, and TLV-preceding surges in the subset of simulations

are provided at the lower left.
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et al. 2017). Smaller or weaker mesocyclones produce weaker

upward-directed NDPA and are likely more susceptible to

being undercut by outflow. This result also reflects that SDSs

are more common in the veering simulations, which also ex-

hibit smaller and/or weaker mesocyclones.

We additionally investigated u0r at the centers of outflow

surges and found little variation between simulations, with

mean values of25.7K in the veering simulations,26.3K in the

CNTL, and 25.9K in the backing simulations (Fig. 10;

Table 1). There was also little difference between the mean u0r
values of TLV-preceding surges (26.2K) and SDSs (26.9K;

Table 1). The mean u0r values are taken at the center of each

surge and are not necessarily representative of the outflow air

as it flows away from the area of descent. Thus, in our simu-

lations, early storm dissipation is not attributable to colder

outflow surges, again suggesting that the storm-relative loca-

tion of outflow surges is the most important factor in early

storm demise.

The variation in outflow surge location is largely explained

by where the greatest precipitation loading occurs between 1

and 3 km, which is the source of most of the outflow surge air

(discussed in section 3c). We define precipitation loading as

the total mixing ratio of rain, snow, graupel, and hail. The

midlevel shear vector orientation (i.e., the mid- and upper-

level storm-relative winds) strongly impacts where hydro-

meteors are transported within and fall out of a storm, leading

to differences in the location of outflow surges (Fig. 11).

When the midlevel shear vector is veered, more precipitation

falls in the forward flank of a storm, meaning that outflow

surges are more prevalent north or northeast of the 2–5-km

updraft maximum (Figs. 8–10). When the midlevel shear

vector is backed, more precipitation falls in the left and rear

flanks of a storm, consistent with outflow surges more prev-

alent northwest or west of the 2–5-km updraft maximum in

the backing simulations (Figs. 8–10). This result is consistent

with that found in Warren et al. (2017). The variation in

storm-relative outflow surge location between simulations

may impact baroclinic vorticity generation as outflow air

flows toward an updraft, an investigation of which is left for

future work.

We speculate that our results are Galilean invariant, espe-

cially since friction is not included in the simulations. Since

most precipitation forms above 3 km, we do not expect large

changes in the updraft-relative outflow surge location when

using different low-level (0–3-km) hodographs. Weaker low-

level shear would likely result in shorter-lived storms in all

simulations, and thus less obvious differences in storm

longevity and TLV formation. Stronger low-level shear

would likely make the results more obvious, as in our second

set of perturbation simulations (v30p2, v20p2, b20p2, and

b30p2; Fig. 2).

c. Trajectory analysis

We initialized forward and backward trajectories within

outflow surges to investigate u0r of the outflow air passing

beneath updrafts and the net downward excursion of trajec-

tories that enter outflow surges. Trajectories are initialized in

3 km3 3 km3 2 km boxes centered on select SDSs and TLV-

preceding surges. Trajectories are initialized every 250m in

the horizontal and at every model level within the lowest

2 km, providing a total of 6929 total trajectories per surge.

Forward trajectories are integrated for 10min and backward

FIG. 9. As in Fig. 8, but the shading of all symbols represents the number of grid points exhibiting UH .
750m2 s22 averaged during the corresponding outflow surge. The mean number of grid points for all backing,

CNTL, veering, storm-dissipating, and TLV-preceding surges in the subset of simulations are provided at the

lower left.
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trajectories are integrated for 20min. Trajectories initialized

in the surge that precedes the first TLV in the CNTL simu-

lation are shown in Fig. 12. Trajectories generally approach a

downdraft from the east or southeast, descend, move south-

ward near the surface, and then either are ingested by or pass

beneath the updraft. Values of streamwise vorticity approach

0.1 s21 when trajectories are near the surface (brown shading

in Fig. 12a), likely owing to horizontal stretching as parcels

accelerate away from a downdraft and toward an updraft.

These large values of streamwise vorticity exist in all simu-

lations and for most outflow surges, similar to previous

studies. Marquis et al. (2016) found horizontal vorticity

values of 0.06–0.08 s21 along parcel trajectories within the

forward-flank baroclinic zone in the Goshen County,

Wyoming, tornadic supercell. Orf et al. (2017) identified a

streamwise vorticity current (SVC) in their high-resolution

simulation of a long-tracked tornadic supercell. They found

that the SVC is tilted by the updraft and that the intensification

of the SVC precedes tornadogenesis. Finley et al. (2018) also

documented an SVC in their high-resolution simulation of a

tornadic supercell on 27 April 2011. We leave an investigation

of the origins of this streamwise vorticity current in our simu-

lations for future work.

We used the forward trajectories to investigate the buoy-

ancy of the outflow surge air that passes beneath the 1 km

updrafts (defined by w . 15m s21; i.e., we only considered

trajectories that pass beneath grid points exhibiting 1-km

w. 15m s21 somewhere along the trajectory). The values of

u0r along these forward trajectories are only calculated

while a trajectory remains below 1 km. For these trajectories,

the mean u0r of TLV-preceding surges is22.4 K and the mean

u0r of SDSs is 21.7 K (Fig. 13 and Table 2), again suggesting

that the buoyancy of outflow surge air is not a determining

factor between TLV formation or storm dissipation in a

given thermodynamic environment, provided that the out-

flow surge air is not too cold to be ingested by an updraft

(e.g., Markowski et al. 2002). There is not a significant dif-

ference in the mean u0r of the air that passes beneath the

updrafts between the veering (21.6 K) and backing simula-

tions (22.3 K; Fig. 13 and Table 2) either, which is not sur-

prising since all simulations are initialized with the same

thermodynamic profile.

FIG. 10. As in Fig. 8, but the shading of all symbols represents the mean u0r (K) at the center of the corre-

sponding outflow surge. Themean values of u0r for all backing, CNTL, veering, storm-dissipating, and TLV-preceding

surges in the subset of simulations are provided at the lower left.

TABLE 1. Mean duration (min) of outflow surges, mean number of grid points exhibiting UH . 750m2 s22 during outflow surges, and

mean u0r (K) at the center of outflow surges in the veering, CNTL, and backing simulations as well as for SDSs and TLV-preceding surges.

Mean duration (min)

Mean number of grid points with

UH . 750m2 s22 Mean u0r (K)

Veering simulations 7.3 147 25.7

CNTL simulation 7.3 210 26.3

Backing simulations 8.1 194 25.9

SDSs 9.6 122 26.9

TLV-preceding surges 11.6 236 26.2
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Backward trajectories were used to investigate the mean net

downward excursion (defined as the difference between the

maximum and initialization heights of a backward trajectory)

of the outflow air that passes beneath a 1 km updraft. There is

no significant difference in mean net downward excursion be-

tween the veering (1034m) and backing (1233m) simulations

or between SDSs (1093m) and TLV-preceding surges (1245m;

Fig. 14 and Table 2). Generally, the net downward excursion of

outflow surge trajectories is between 0.5 and 2.0 km (consistent

with Beck andWeiss 2013 and Schenkman et al. 2016), but may

be as high as about 5 km.

d. Impacts of the storm-relative outflow surge location

The variation in outflow surge location likely explains why

the veering simulation supercells dissipate earlier while the

backing simulation supercells persist longer. When outflow

surges occur northwest of an updraft, outflow air is wrapped

into the rear flank of a storm in the hook-echo region

(Figs. 11a,c), permitting unmodified inflow east and southeast

of and strong convergence to develop beneath an updraft.

When outflow surges occur north or especially northeast of an

updraft, however, negatively buoyant air becomes more

widespread in the inflow region east of a storm (Figs. 11b,d)

and less convergence results beneath an updraft (discussed

later in this section). Time–height plots of the maximum

updraft strength in the subset of simulations indicate that

SDSs precede or coincide with a weakening of updrafts from

the bottom upward (Figs. 15a–d,f). Some simulations exhibit

multiple SDSs, each of which further tilt and weaken the

updraft, leading to storm dissipation (Figs. 15a–d,f). In the

FIG. 11. Surface u0r (K; shaded), 1–3-km vertical velocity (28, 24, 10, 15, 20m s21; red contours; negative values dashed and positive

values solid), 1–3-km precipitation loading (0.05, 0.10, and 0.15 kg kg21; yellow contours; see text for definition), 40-dBZ reflectivity

contour at 1 km (black), and surface storm-relative winds (arrows) in the (a) b20, (b) v20, (c) b30p2, and (d) v30p2 simulations at 82min.
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b30p2 and b20 simulations, there were no analyzed SDSs and

the updrafts remain strong (generally.25m s21 in the lowest

3 km; Figs. 15e,g).

SDSs also precede or coincide with an increase in the

separation distance (e.g., Guarriello et al. 2018) between the

1 and the 3–6-km updraft maxima (a proxy for updraft tilt;

Figs. 16a–d,f), suggesting that as an SDS approaches an up-

draft from the north, the low-level updraft is displaced

southward from the midlevel updraft, leading to a tilted updraft

and potential storm dissipation, as explained below. In simula-

tions without SDSs, the updrafts do not tilt much with height

(Figs. 16e,g). The lag time between an outflow surge reaching

the surface and maximum updraft tilt is at least 15min. For ex-

ample, the first SDS in the CNTL simulation (Fig. 16a) occurs at

137min and the updraft tilt reaches a relative maximum around

152min.

Another example of an SDS leading to significant updraft tilt

exists in the v30p2 simulation. An SDS occurs north of the up-

draft at 98min (Fig. 17a, consistent with Figs. 8–10), while the

updraft is upright, z values exceed 0.025 s21 in the 2–5-km layer,

and the upward-directed perturbation pressure gradient (›p0/›z)
exceeds 21.5 hPa km21 at 1 km and 21.0 hPa km21 at 500m

(Fig. 17b). At 106min, the outflow surge passes beneath the

updraft and much of the air in the surge continues southward

and is not ingested by the updraft (Figs. 17c,d). The updraft is

still rotating (z $ 0.015 s21 at 3 km), but has weakened (from

22 to 15m s21 at 3 km) and become tilted (2-km distance be-

tween the 1- and 3-km updraft maxima). The low-level upward-

directed ›p0/›z has also shifted southward with the leading edge

of the surge and weakened (Figs. 17c,d). By 118min, the updraft

tilt has become large (roughly 4kmbetween the 1-kmupdraft and

3-km updraft maxima; Figs. 17e,f) and there is no concentrated

FIG. 12. (a) Three-dimensional depiction of trajectories (gray lines; both back and forward trajectories joined

together) within the outflow surge that precedes the first TLV in the CNTL simulation as viewed from the

southeast. Starting points of the back trajectories are blue, ending points of the forward trajectories are red, and

horizontal streamwise vorticity (s21) is shaded along each trajectory. (b) The back trajectories in (a) projected onto

the x–y plane with trajectory height (m) shaded, 40-dBZ reflectivity contour at 1 km (black),21-K u0r contour at the
surface (dashed purple), 10m s21 w contour at 3 km (red), and 28m s21 w contour at 250m (dashed blue) at the

beginning of the TLV-preceding surge (57min) in the CNTL simulation.

FIG. 13. Box-and-whisker plots of u0r along all forward trajectories that pass beneath the 1-km updraft (defined by

the 15m s21 updraft contour) for selected TLV-preceding surges (thin boxes) and SDSs (bold boxes) in the subset

of backing (red), CNTL (black), and veering (blue) simulations. The horizontal lines within each box represent the

median, the boxes extend to the lower and upper quartiles, and the whiskers extend to the 5th and 95th percentiles.

Circles are outliers.
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area of upward-directed ›p0/›z beneath the midlevel updraft to

force air to its level of free convection (Fig. 17f). Convergence

decreases beneath the 2–5-km updraft throughout this period

as the surface winds beneath the updraft become northeasterly

(Figs. 17a,c,e). After this time, the updraft and supercell con-

tinue to dissipate.

Most outflow surges do not result in storm demise, and

some may lead to TLV formation (e.g., Fig. 18). An outflow

surge occurs northwest of the updraft in the b20p2 simula-

tion at 106 min (Fig. 18a; consistent with Figs. 8–10). At

this time, the updraft is upright, z exceeds 0.020 s21 in the

2–5-km layer, and there is a concentrated area of upward-

directed ›p0/›z beneath the updraft (22.0 hPa km21 at 1 km

and 500 m; Fig. 18b). As the outflow surge passes beneath

the updraft at 112 min, the updraft weakens slightly (from 18

to 16 m s21 at 3 km) and acquires a slight northwestward tilt

with height over the outflow. Rotation is maintained in the

updraft and upward-directed ›p0/›z is maintained near the

surface within the area of convergence along the outflow

surge boundary, which does not surge away from the up-

draft, particularly on the eastern side of the updraft

(Figs. 18c,d). By 120min, the updraft has reintensified to

20m s21 at 3 km and again become upright with z. 0.015 s21

at 1 km and a concentrated area of upward-directed ›p0/›z
beneath it (Figs. 18e,f). Convergence beneath the 2–5-km

updraft remains greater than that in the v30p2 example as

northeasterly inflow convergeswithwesterly outflow throughout

this period (cf. Figs. 17a,c,e and 18a,c,e; mean convergence

values are discussed further below). A TLV occurs in this

simulation shortly after this time at 123min (Fig. 2).

Outflow surges that result in severe low-level updraft tilt

are likely detrimental to a storm because any low-level up-

ward-directed ›p0/›z becomes separated from the midlevel

mesocyclone and associated NDPA. Without low-level up-

ward-directed ›p0/›z, it is unlikely that even slightly nega-

tively buoyant outflow air will be able to rise to its level of free

convection. If the updraft tilt does not become too large,

however, then a storm may recover from a surge owing to

increased convergence beneath the updraft (e.g., Brown and

Nowotarski 2019), as discussed below.

Assuming that almost all surface-based supercells produce

z near the ground (e.g., Rotunno and Klemp 1985; Davies-

Jones and Brooks 1993; Dahl 2015), then an important factor in

storm longevity and TLV production is whether conver-

gence can be maintained beneath an updraft. Near-surface

convergence aids in both maintaining low-level updrafts

by forcing near-surface ascent and concentrating surface

z to be stretched by the low-level updraft, possibly into a

TLV (e.g., near-surface vortices merging into a pre-tornadic

vortex owing to surface convergence and eventually forming a

tornado as documented by Schenkman et al. 2014). The backing

simulations produce more convergence near the surface be-

neath the 2–5-km updraft maxima over a longer duration than

do the veering simulations (Fig. 19) owing to outflow surges

northwest of the updrafts providing more westerly outflow

winds. The mean veering simulation convergence drops be-

low 0.005 s21 within the first hour and approaches zero after

160min, while the mean backing simulation surface conver-

gence is at least 0.005 s21 through about 160min and remains

convergent until the last fewminutes of the model integration

(convergence is negative divergence; Fig. 19). These averages

only include simulations that exhibit a supercell with 2–5-km

UH . 750m2 s22 at a given time.

The tendency for outflow surges to occur more north or

northeast of updrafts in the veering simulations at least par-

tially explains why there is less surface convergence beneath

TABLE 2. Mean u0r (K) and net downward excursion (m) of tra-

jectories initialized in select outflow surges. Values of u0r are only

calculated along forward trajectories that pass beneath a 1-km

updraft of at least 15m s21 and while a trajectory is below 1 km.

Mean u0r (K)

Mean net downward

excursion (m)

All selected surges 22.2 1211

Veering simulations 21.6 1034

CNTL simulation 22.6 1372

Backing simulations 22.3 1233

SDSs 21.7 1093

TLV-preceding surges 22.4 1245

FIG. 14. As in Fig. 13, but for the net downward excursion in the 20min prior to trajectory initialization of

trajectories that pass beneath the 1-km updraft.
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the updrafts in those simulations. Figure 17a depicts north-

easterly storm-relative winds emanating from an outflow surge

in the v30p2 simulation. The ambient storm-relative winds are

also northeasterly or easterly and the storm-relative winds

behind the rear-flank gust front are northerly, producing

relatively weak surface convergence beneath the 2–5-km

updraft maximum. In the b20p2 simulation (Fig. 18a), the

storm-relative winds in the outflow surge approach the up-

draft from the northwest while the ambient storm-relative

winds are northeasterly and the storm-relative winds behind

the rear-flank gust front are westerly, producing greater con-

vergence beneath the updraft and along the outflow bound-

aries. The storm-relative inflow in the veering simulations is

also weaker, owing to slower storm motions (Fig. 3), providing

less opposing flow to any outflow (e.g., 20–30m s21 storm-

relative inflow speeds in v20, v20p2, and v30p2 and 25–35m s21

storm-relative inflow speeds in b20, b20p2, and b30p2 at

80min; not shown). For both of these reasons, outflow surges in

FIG. 15. Time–height plots of maximum updraft (m s21; shaded, black line is the 25m s21 contour) in the (a) CNTL, (b) v30p2, (c) v20p2,

(d) v20, (e) b30p2, (f) b20p2, and (g) b20 simulations. Vertical red lines indicate times of SDSs.

FIG. 16. The 10-min rolling average (centered on analysis time) of the separation distance (km) between the 1- and 3–6-km updraft

maxima in the (a) CNTL, (b) v30p2, (c) v20p2, (d) v20, (e) b30p2, (f) b20p2, and (g) b20 simulations. Only times when the 2–5-km

UH . 750 m2 s22 are considered in the rolling average and the time series end when no times in the rolling average meet the UH

threshold. Vertical lines indicate TLV-preceding surges (blue) and SDSs (red). Horizontal black lines indicate the duration of

TLVs. There was no outflow surge identified prior to the TLV in (c). There are only two TLV-preceding surges in (d) because the

third TLV develops as the second TLV is occluded by the rear-flank gust front and a separate instigating outflow surge could not be

identified.
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FIG. 17. (a) Updraft slinky depicting the updraft at 0.25 km (5m s21), 0.5 km (5m s21), 0.75 km (5m s21), 1.0 km (10m s21), 2.0 km

(10m s21), 3.0 km (15m s21), and 5.0 km (15m s21; contour color legend provided at the lower left), surface divergence (s21; shaded), and

storm-relative winds (m s21; arrows) in the v30p2 simulation at 98min. (b) South–north vertical cross section averaged over a 7.5 km 3
7.5 km3 5 km box centered on the maximum 2–5-km updraft of vertical velocity (m s21; shaded), z (contour interval: 0.005 s21; positive

values solid and negative values dashed black, zero contour omitted for clarity), ›p0/›z [contour interval: 0.5 hPa km21; positive values

(downward) solid and negative values (upward) dashed blue, zero contour omitted for clarity], u0r (contoured every 1K between25 and

21K; dashed cyan), and in-plane winds (m s21; arrows) in the v30p2 simulation at 98min. (c),(d) As in (a) and (b), but at 106min. (e),(f)

As in (a) and (b), but at 118min.

NOVEMBER 2021 GRAY AND FRAME 3753

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 07/10/24 09:43 PM UTC



the veering simulations are more likely to undercut the up-

drafts rather than aid in their maintenance.

As mentioned in section 3a, our results are more pronounced

in the simulations using Morrison microphysics. The v20MOR

and v30MOR simulations produce far fewer outflow surges

than the other simulations (not shown), likely owing to early

updraft dissipation in those simulations. By 100min in v20MOR

(Fig. 20a) and v30MOR (not shown) simulations, the forward-

flank gust front is already 6–7 km south of the updraft be-

cause the Morrison microphysics yields earlier development

FIG. 18. As in Fig. 17, but for the b20p2 simulation at (a),(b) 106; (c),(d) 112; and (e),(f) 120min.
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of a larger and colder cold pool with more widespread outflow

instead of localized surges (outflowwithin the forward flank is

generally about 2 K colder in the Morrison simulations than

in the other simulations; Fig. 20). Similar behavior was

documented by Wade and Parker (2021) in their high-shear,

low-CAPE supercell simulations using Morrison microphys-

ics. This pattern exacerbates the reduction of convergence

beneath an updraft in the veering simulations (Fig. 19). In the

b20MOR (Fig. 20c) and b30MOR (not shown) simulations, a

more widespread and colder cold pool also exists, but the

forward-flank gust front does not travel as far southward

because the outflow surges occur more in the rear flank of

those storms, thus convergence persists beneath the updrafts,

and the storms last longer.

4. Conclusions

By running a suite of idealized simulations in which the 3–

6-km shear vector is systematically varied, we found that

when the 3–6-km shear vector is backed, the simulated super-

cells persist longer and produce more and longer-lasting TLVs

than when the 3–6-km shear vector is veered. Supercells in all of

the simulations move slower than predicted by Bunkers et al.

(2000), and backing simulation supercells maintain greater de-

viant rightward motion longer owing to stronger, more

persistent updrafts which maintain upward LDPA on their

right flanks, yielding more SRH available to these storms.

Veering simulation supercells exhibit updrafts that weaken

earlier, resulting in weaker upward LDPA on their right

flanks, less deviant rightward motion, and thus less SRH

with time.

Outflow surges in the backing simulations primarily occur

northwest of the updrafts and generally do not disrupt inflow

into or convergence beneath the updrafts, while outflow surges

in the veering simulations occur more north or northeast of the

updrafts and often result in negatively buoyant air disrupting the

flow of warm moist air into the updrafts and the convergence

beneath them. These preferred outflow surge locations may

change slightly for other 0–3-km wind profiles, though we

would not expect large changes provided similar 0–3-km

shear. The presence of negatively buoyant air, which in

these simulations is not all that cold (u0r around22 K), in the

inflow region of a storm may be less important, however,

than the storm-relative location of outflow surges, which can

strongly modulate the convergence beneath the updrafts.

Outflow surges that result in storm dissipation persist slightly

longer than those that do not, but not as long as TLV-preceding

surges. SDSs are more common when mesocyclones are

smaller and TLV-preceding surges are more common when

mesocyclones are larger.

The storm-relative location of outflow surges is spatially

related to the storm-relative location of the greatest 1–3-km

precipitation loading across the entire suite of simulations.

SDSs generally occur north or northeast of the updrafts, where

surges are more common in the veering simulations. The mean

u0r values at the center of outflow surges do not vary signifi-

cantly between simulations (Table 1). Forward trajectories

were calculated to investigate the u0r of outflow surge air as it

flows toward the updrafts (since u0r values change as air moves

away from an outflow surge center). There is not a significant

difference in the mean u0r of the trajectories that pass beneath

the updrafts between the veering (mean u0r of 21.6K) and

FIG. 19. The 10-min rolling average (centered on analysis time) of mean surface divergence

(s21) within a 5 km3 5 km box centered on the 2–5-kmmaximum updraft in each simulation.

Simulations using the Morrison microphysics are dashed. Thick lines are averages of all

veering (blue) and backing (red) simulations. The thick black line is the 10-min rolling av-

erage of the CNTL simulation. Only times when the maximum 2–5-km UH. 750m2 s22 are

considered for all averages.
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backing simulations (mean u0r of 22.3K; Fig. 13 and Table 2),

or between that of TLV-preceding surges (mean u0r of22.4K)

and SDSs (mean u0r of 21.7K; Fig. 13 and Table 2). Thus, the

veering simulation supercells do not dissipate earlier owing to

colder outflow. Backward trajectories were used to determine

the mean net downward excursion of outflow surge air. The

mean net downward excursion of trajectories that enter

backing and veering simulation outflow surges and SDSs

and TLV-preceding surges does not differ significantly. The

net downward excursions of trajectories usually range between

0.5 and 2.0 km, consistent with previous studies.

SDSs precede or coincide with a weakening and tilting of

low-level updrafts. As an SDS passes beneath an updraft, the

low-level upward-directed ›p0/›z shifts south of the midlevel

updraft, which becomes undercut by outflow. Veering simu-

lation supercells are more likely to produce SDSs owing to

outflow surges more readily occurring north or northeast of the

updrafts in these storms, which generally yield less conver-

gence beneath the updrafts and more negatively buoyant air in

the inflow region of the storms. In the backing simulations,

outflow surges northwest of the updrafts generally yield

stronger convergence beneath the updrafts, and these surges

are less likely to tilt the updrafts and disrupt the inflow. Such

surges may briefly weaken the low-level updrafts, but because

convergence and upward-directed ›p0/›z is maintained be-

neath the midlevel updrafts, these surges are less likely to re-

sult in storm dissipation than those that occur more in the

forward flanks of the simulated storms. Simulations using the

Morrison microphysics parameterization generally produce

more widespread and colder outflow, leading to early under-

cutting and dissipation of the storms in the Morrison veering

simulations.

FIG. 20. Surface u0r (K; shaded), 1–3-km vertical velocity (28,24, 10, 15, and 20m s21; red contours; negative values dashed and positive

values solid), 40-dBZ reflectivity contour at 1 km (black), and surface storm-relative winds (arrows) in the (a) v20MOR, (b) v20,

(c) b20MOR, and (d) b20 simulations at 100min.
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This study explores one physical pathway by which backing

of the midlevel shear vector may be beneficial for supercell

longevity. Results could differ, however, with other 0–3-km

wind profiles and/or thermodynamic profiles. Our simulated

supercells are isolated in a homogeneous environment, and

in reality, environmental heterogeneities and storm inter-

actions may assert a more dominant role on supercell lon-

gevity. The results of this study suggest that the orientation

of the midlevel shear vector may be a parameter to consider

for supercell longevity when isolated supercells are present

or expected.

Although we emphasize the differences between the veering

and backing simulations, a similarity between them is that,

regardless of the updraft-relative outflow surge location, the air

within the outflow surges is characterized by large values of

streamwise vorticity (approaching 0.1 s21) near the surface.

Recent work by Rotunno et al. (2017) and Boyer and Dahl

(2020) suggests that the horizontal stretching and subsequent

tilting of this streamwise vorticity in the lowest 10m may lead

to appreciable near-surface z (0.01 s21) and strengthening of

the low-level mesocyclone. These processes require that the

streamwise vorticity-rich air from the outflow be ingested by

an updraft, rather than pass beneath it, which appears to be

more likely in our backing simulations. Our simulations

suggest that outflow air is more likely to be ingested by an

updraft when outflow surges occur more toward the rear

flank of a storm because near-surface convergence is stron-

ger, the mesocyclone remains larger and stronger, and

upward-directed ›p0/›z is maintained beneath an updraft, all

of which is more likely in the backing simulations. In the

veering simulations, the outflow surge air is more likely to

pass beneath an updraft, reduce the convergence beneath it,

shift the upward-directed ›p0/›z away from the midlevel

updraft, and cause the supercells to dissipate earlier. Future

analysis will be conducted on the simulations presented

herein to investigate the above claims about the origin and

ingestion of streamwise vorticity-rich outflow air. We will

also investigate how ingestion of such air may strengthen a

low-level mesocyclone or contribute to TLV production by

calculating streamwise and vertical vorticity budgets along

trajectories. These vorticity budgets can also be used to de-

termine if there are storm-relative outflow surge locations

that maximize the production of baroclinic vorticity as near-

surface air flows toward an updraft. The impact of friction on

our results will also be investigated by performing simula-

tions including surface drag.
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