ABSTRACT

WADE, ANDREW RYAN. Dynamics and Vorticity Evolution in Simulated Low-CAPE Supercells.
(Under the direction of Matthew Parker).

Three idealized high-shear low-CAPE supercells and one higher-CAPE supercell are
simulated in a cloud-resolving model to investigate distinctions among tornado-producing
storms with varying CAPE. The first part of this work illuminates differences in the relative
roles of buoyant and dynamic vertical accelerations. These lead to different distributions
of upward velocities in the high- and low-CAPE storms. Unlike in high-CAPE storms,
low-CAPE tornado-like vortex parcels often stop ascending near the tops of their vortices
and spread out horizontally. This results from strong downward dynamic accelerations
unopposed by buoyant accelerations. Such behavior may explain at least some of the
difficulty of detecting these features with operational radars. The second part tests the
hypothesis that weaker HSLC cold pools reduce the contribution of baroclinic vorticity
generation to tornadogenesis. For groups of vortex-bound parcels, the barotropic vorticity
is isolated from within-storm vorticity sources by two methods. Both methods suggest
that the baroclinic contribution is indeed diminished in the low-CAPE storms, and that in
some cases with large environmental streamwise vorticity, stretching and reorientation
of that environmental vorticity alone is sufficient to produce tornadic vertical vorticity in
the lowest 200 m. Additionally, unlike some observed storms, these simulated storms do
not exhibit marked changes in cold pool characteristics when moving from nontornadic to

tornadic phases.
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CHAPTER

1

INTRODUCTION

1.1 The low-CAPE problem

Severe convective storms in environments with little CAPE and large vertical wind shear
pose a combination of hazards to life and property. High-shear low-CAPE (HSLC) environ-
ments can produce signi cant severe weather. 49 percent of tornadoes in the United States
occur with mixed-layer CAPE (MLCAPE) less than 1000 J kg, and 16 percent of signi cant
(F/ EF2+) tornadoes occur with MLCAPE less than 500 J kg * (Schneider and Dean 2008).
This parameter space accounts for a disproportionate fraction of tornado watch false alarm
hours (Dean and Schneider 2008) While the CAPE-dependent signi cant tornado parame-
ter (STP; Thompson et al. 2003) is much lower in the Southeast in winter than in spring,
about the same proportion of tornadoes are signi cant (Anderson-Frey et al. 2018), compli-
cating STP's use. Furthermore, the sensitivity of small CAPE and large low-level shear to
planetary boundary layer (PBL) parameterizations (Cohen et al. 2015, 2017) in operational
weather models adds to the dif culty of anticipating and diagnosing HSLC severe risks.
Tornado warning performance also deteriorates with decreasing CAPE (Anderson-Frey et al.



2016). Limitations of operational weather radar detection are a primary cause of HSLC
tornado warning dif culties. In HSLC events, tornadic and nontornadic radial velocity
signatures are indistinguishable beyond about 60 km from a WSR-88D (Davis and Parker
2014) because of their width and height relative to the radar beam. Finally, while prevalent
in much of Europe (e.g., Gatzen 2011; Apsley et al. 2016; CeliA Dski-MysA Cawa et al. 2020),
signi cant HSLC events are most common in the southeastern U.S. (e.g., Guyer et al. 2006;
Schneider et al. 2006; Sherburn and Parker 2014), which has unique vulnerabilities (Ashley
2007). The Southeast is more densely populated and has more mobile homes than the
colloquial “Tornado Alley" of the Great Plains. It also has a higher proportion of nocturnal
tornadoes and cool-season tornadoes that may nd residents unprepared. Hills, vege-
tation, and a tendency toward high-precipitation supercell structure all make tornadoes
less visible. This cocktail of meteorological and nonmeteorological factors concentrates
tornado deaths in the Southeast. The convective mode climatology of Smith et al. (2012)
showed that although quasi-linear convective systems (QLCSs) produce a larger share of
tornadoes in the Southeast than in the Great Plains, supercells (Browning 1964) are still
the most dangerous mode in everyregion and produce 88 percent of signi cant tornadoes
nationwide. For that reason, this work focuses on supercells.

1.2 High-shear low-CAPE background

1.2.1 Synoptic and mesoscale HSLC environments

Much of the existing research on HSLC events has focused on characteristics of the larger-
scale environment that favor or oppose severe weather production. The climatology of
Guyer et al. (2006) suggested that relatively large CAPE in the 0-3-km layer is important
for cool-season tornadoes in the Southeast. A comprehensive exploration of U.S. HSLC
severe weather environments by Sherburn and Parker (2014) and Sherburn et al. (2016)
revealed two pitfalls of including CAPE in combined environmental indices like STP for
HSLC events. First, suchindices are forced toward zero when CAPE is low, even if signi cant
tornadoes are still possible. Second, synoptic composites showed that HSLC signi cant
severe reports tend to occur near the northern nose of the instability axis, not farther south
where CAPE is maximized. So Sherburn and Parker (2014) created an alternative combined
parameter incorporating lapse rates and low-level shear. Recognizing the likely importance



of synoptic in uences, Sherburn et al. (2016) added a proxy for potential instability release

to the lapse rate—shear combination and improved its skill. Strong synoptic forcing also
appears important in some individual case studies (e.g., Clark 2009; Apsley et al. 2016).
Finally, King et al. (2017) used case study simulations of HSLC severe events to examine
pre-storm environmental evolution. In severe events, rapid destabilization tends to occur

in the nal 3 h before storm arrival and in a narrow axis, likely escaping the resolution
and/ or output interval of some operational models. The destabilization results primarily
from low-level warm and moist advection.

1.2.2 HSLC supercells

Studies of supercells with limited buoyancy (e.g., McCaul 1991; Kennedy et al. 1993; Markowski
and Straka 2000; Davies 2006) often involve “miniature supercells” in the context of cold-
core lows or landfalling tropical cyclones. Storm-scale dynamics of HSLC supercells are
not studied nearly as extensively as those of higher-CAPE supercells. McCaul and Weisman
(1996) demonstrated that the dynamic vertical perturbation pressure gradient acceleration
(VPPGA) dominates buoyancy in a tropical cyclone mini-supercell. Subsequent simula-
tions (McCaul and Weisman 2001) also showed that the vertical distribution of buoyancy
modulates storm intensity more strongly in low-CAPE environments. CAPE concentrated
in the lowest levels yields more intense storms than the same amount of CAPE spread over a
deeper layer, and the effect is greater when CAPE is low. More recently, Sherburn and Parker
(2019) simulated idealized mixed-mode HSLC convection with supercell structures often
embedded in linear segments. This design reinforced the favorability of strong low-level
shear and steep low-level lapse rates, and the importance of the nonlinear dynamic VPPGA
in stretching near-ground vertical vorticity into strong vortices.

Observationally, Clark (2009) described the radar-based evolution of a tornadic su-
percell within a larger line of low-CAPE convection in England, noting a bowing segment
associated with the cell of interest and hypothesizing enhancement of weak out ow by
dry air intrusion in midlevels. Murphy and Knupp (2013) used a single operational radar
to retrieve vertical velocity elds of two cool-season Southeastern supercells, nding an
updraft maximum ata low altitude (3 km) forced by dynamic VPPGA rather than buoyancy.
Observations of surface cold pools in HSLC convection are more easily obtained. McDonald
(2019) and McDonald et al. (2020) found somewhat weaker cold pools in Southeastern
supercells than high-CAPE Plains counterparts. Weak cold pools raise questions about the



role of baroclinic vorticity generation, to be discussed below.

1.2.3 Prevailing theory of tornado vorticity origins

What is known about tornado vorticity origins comes from studies based on higher-CAPE
supercells. Davies-Jones et al. (2001) described the supercell tornadogenesis process in
three stages:

1) Formation of a rotating updraft
2) Acquisition of vertical vorticity near the ground

3) Stretching of near-ground vorticity to tornado strength

The second of these stages is the least clear (Davies-Jones 2006; Parker 2012) and has
been the subject of continued research. Many idealized modeling studies (e.g., Davies-
Jones and Brooks 1993; Dahl et al. 2014; Markowski and Richardson 2014; Coffer and Parker
2017; Rotunno et al. 2017) have approached a loose consensus on the latter stages:

2a) Forward- ank /left- ank baroclinity within the supercell generates horizontal vorticity

as tornado-bound parcels descend, causing “slippage"” (Davies-Jones and Brooks 1993)
between the three-dimensional velocity and vorticity vectors; i.e., the velocity vector be-
comes oriented slightly downward from the vorticity vector. (See section 2.2 for details of
baroclinic vorticity generation.)

2b) As parcels approach the ground, the vertical velocity gradient tilts the baroclinically
generated horizontal vorticity into the vertical very near the surface.

3) The vertical vorticity becomes favorably located beneath a suf ciently steady, dynami-
cally forced low-level updraft, which stretches it to tornado strength.

This broad pathway is consistent across many realizations in various model con gura-
tions and is at least circumstantially supported by radar analyses of tornadic supercells (e.g.,
Markowski et al. 2012; Kosiba et al. 2013). The dominance of in-storm baroclinic generation
[the “baroclinic mechanism" of Davies-Jones and Brooks (1993) ] over the importation of
preexisting environmental vorticity is perhaps the centerpiece of this conceptual model.



According to Markowski and Richardson (2014, hereafter MR14), “In summary, large envi-
ronmental vorticity at low levels favors tornadic supercells, but studies of the dynamical
origins of low-level rotation in supercells implicate baroclinically generated vorticity rather
than environmental vorticity." Insuf cient cold out ow has heretofore prevented intense
tornado-like vortex formation in highly idealized simulations (MR14). Itis also widely ac-
cepted that excessive cold out ow inhibits tornado production, both in those simulations
and in observations (Markowski et al. 2002).

1.2.4 HSLC questions and hypotheses

According to Sherburn and Parker (2019), “There is no shortage of additional work on HSLC
environments to be undertaken. ...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.” Davis
and Parker (2014) also called for modeling studies to clarify the differences between high-
and low-CAPE vortices, particularly the shallowness often found in their radar climatology.
The simulations and analyses presented here address two overarching questions regarding
HSLC supercells.

1. How do HSLC supercells and their tornado-like vortices differ from those in higher-
CAPE environments—particularly in their vertical structure—and why?

2. How do weak cold pools in low-CAPE supercells affect the role of baroclinic genera-
tion in supercell and tornado vorticity origins?

Those two questions divide this dissertation into two main chapters (3 and 4), each of
which is designed to be a stand-alone journal article. Before those are presented, chapter 2
brie y covers meteorological concepts that are central to the two articles but may not be
as familiar to readers outside the severe storms community. The rst article (included as
chapter 3) explores the storm-scale dynamics of high- versus low-CAPE supercells, offering
dynamical explanations for differences in storm structure and the tendency for low-CAPE
vortices to remain shallow. Chapter 4 (the second article) examines the relationship of
cold pools and accompanying baroclinic generation to HSLC tornado production. Finally,
Chapter 5 summarizes major ndings and suggests future paths for HSLC research.



CHAPTER

2

BACKGROUND

This chapter provides additional background for the two central chapters, in which the
meteorological foundations of the analysis methods are described much more concisely
for submission as journal articles.

2.1 Idealized modeling of convective storms

Idealized cloud-resolving modeling in the 1970s-80s (e.g., Klemp and Wilhelmson 1978;
Rotunno and Klemp 1982, 1985; Weisman and Klemp 1982, 1984) was integral to estab-
lishing supercells' basic internal dynamics and their relationships to parameters of the
near-storm environment. Such studies simulate a generic storm typical of the given envi-
ronment rather than a speci c observed storm. They omit as many nonessential processes
as possible and usually neglect spatial and temporal heterogeneity in the near-storm en-
vironment. The decades-long precedent for this modeling philosophy includes insights
across many convective modes and parameter spaces: fundamental supercell dynamics,
“RKW theory" (Rotunno et al. 1988), mesovortices in linear convection (Weisman and Trapp



2003), low-level parameters controlling tornadogenesis (Coffer and Parker 2017), and more.
The resolution of research cloud models has increased over time in step with computing
resources. Horizontal grid lengths in modern supercell modeling range from 250 m (Dahl
etal. 2014) to 125 m (Coffer and Parker 2017) to 30 m (Orf et al. 2017), and at least one highly
idealized experiment (Rotunno et al. 2017) used a lowest scalar level 1 m AGL. This has
enabled resolution of tornado-like vortexgenesis (though the internal vortex structure is
not reliably resolved) and investigation of vorticity origins. Among recent discrete supercell
simulations with very ne grids, low-CAPE environments are conspicuously absent. The
simulations presented here should begin to Il that gap.

To address both overarching questions at the end of the preceding chapter—the storm-
scale dynamics causing HSLC vortex shallowness, and the origins of vorticity in low-CAPE
supercells—simulated idealized supercells are compared across the CAPE spectrum. Several
pro les taken from High-Resolution Rapid Refresh (HRRR) operational model analyses of
the 31 March 2016 HSLC event in the Southeast serve as horizontally homogeneous base
states for low-CAPE simulations. Because there are multiple high-resolution simulations of
high-CAPE supercells already in the literature, only one high-CAPE simulation is presented
here, as a control for comparison to the low-CAPE storms and as evidence of a reasonable
model con guration. This case uses an observed sounding from Nashville, Tennessee, at
18 UTC 3 April 1974 (during the Super Outbreak) as its base state. These base states are
shown in chapter 3.

These simulations use George Bryan's Cloud Model 1 (CM1; Bryan and Fritsch 2002), a
nonhydrostatic model designed for idealized simulations of thunderstorms. The details of
model settings will be presented in the rst main section.

2.2 Convective kinematics and dynamics

This section brie y outlines the physical underpinnings of the analysis methods applied to
the model output and de nes key technical terms.

2.2.1 \Vorticity

The vorticity vector !~ is the curl of the three-dimensional vector wind eld:



=r V. (2.1)

, ,and are zonal, meridional, and vertical components of vorticity:

~= i+ |+ K. (2.2)

In this work and in other storm dynamics contexts, the streamwise vorticity (the com-
ponent directed along the wind) is often shown. Streamwise vorticity in the near-storm
environment is associated with supercell updraft rotation (Davies-Jones 1984). Large en-
vironmental streamwise vorticity near the ground favors supercell tornado production
(Coffer and Parker 2017). The three-dimensional sense of streamwise vorticity (not strictly
horizontal) appears in this text:

I~
g = —. 2.3
= v (2.3)

Taking the curl of the vector momentum equation, applying vector identities, and assuming
incompressibility [e.g., Markowski and Richardson (2010) egs. 2.83-2.88] yields a prognostic
equationfor !~. Neglecting Coriolis (as is standard for supercell analyses) and viscous effects
(as is also common for mesoscale work, and as we have mostly done by making the model's
lower boundary free-slip), the vorticity equation becomes

d!~ 1
— = (I~ + —r . 2.4
ac - 2¢ X ' TP (2.4)
tilting + stretching I {Z }
baroclinic generation

The rst term on the right describes tilting and stretching of preexisting vorticity. The
second term is the baroclinic tendency—the source term describing generation of vorticity

by density gradients. By the right-hand rule, the baroclinic term produces vector vorticity
directed normal to the gradients of both density ( ) and pressure (p), with less dense air to
its left and denser air to its right. A common example of baroclinic vorticity generation is

the sea breeze circulation resulting from the temperature gradient between hot land and
cooler water. The same principle operates at the interface between warm thunderstorm

in ow and cooler, often hydrometeor-laden out ow.



2.2.2 Vertical accelerations

Making the Boussinesq approximation and neglecting the Coriolis acceleration, the vertical
momentum equation is

Dw 0
— = 0@ + B (2.5)
Dt @x
where w is vertical velocity,  is the speci c volume for the background balanced state,
pis the perturbation pressure (deviation from the balanced base state pressure), and B

denotes buoyancy,

B = g—, (26)

where g is the gravitational acceleration. Incorporating the ideal gas law, accounting for
hydrometeors, and assuming that perturbations (the primed quantities) are small relative
to the mean background state,

B g=+—1%. 2.7)

Here Ry is the gas constant for dry air, c, is the speci ¢ heat of dry air at constant pressure,
overbars denote base state quantities, and is the density potential temperature as de ned
in Markowski and Richardson (2010) eq. 2.22:

L+ ® 1+ 0.61 2.8
= _— + . .
1 g, + ( Qv Ohn) (2.8)
where is potential temperature, g, and q;,, are mixing ratios of water vapor and hydrome-
teors, and " is the ratio of the dry air and water vapor gas constants ( 0.622).

Revisiting (2.5) and considering the diagnostic pressure equation [e.g., derived in Markowski
and Richardson (2010) section 2.5], the perturbation pressure may be decomposed into
buoyant, linear dynamic, and nonlinear dynamic terms:

0_ L0

p - pB + pIglinea\r * pgnonlinear ' (29)



The individual terms are de ned as follows, withthe  ; subscript denoting base state vari-
ables, u the zonal velocity, v the meridional velocity, and &, the base state vertical shear:

(2.10)

“duo@v  dvo@w
rpp = 2, dzo@< + dzo@/ = 2 ,% raw (2.11)

- . 0(2 ° 0(2 . (2 ,
S, = o .—@@“ L
07,0 0 0 <
, @ra° arer aca 212

Vertical gradients of pg are responsible for key supercell dynamics, including splitting,
propagation away from the mean ow, and strong upward accelerations beneath low-level

mesocyclones. The numerical calculation and interpretation of the  p°terms are addressed
in more detail in the next chapter.
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CHAPTER

3

DYNAMICS OF SIMULATED
HIGH-SHEAR LOW-CAPE SUPERCELLS

3.1 Introduction

3.1.1 High-shear low-CAPE convection

Severe convective storms in environments with little convective available potential energy
(CAPE) and large vertical wind shear pose a combination of hazards to life and property.
High-shear low-CAPE (HSLC) environments can produce signi cant severe weather. Nearly
half of all tornadoes in the United States occur with mixed-layer CAPE (MLCAPE) less than
1000 J kg*, and 16 percent of signi cant (F / EF2+) tornadoes occur with MLCAPE less than
500 J kg! (Schneider and Dean 2008). Forecast, watch, and warning skill is diminished in
HSLC episodes. This parameter space accounts for a disproportionate fraction of tornado
watch false alarm hours (Dean and Schneider 2008), and tornado warning veri cation
statistics deteriorate as CAPE decreases (Anderson-Frey et al. 2016). Even though the violent
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(F/ EF4+) tornadoes responsible for most tornado deaths (Ashley 2007) tend to occur with
CAPE greater than 1000 J kg! (Cohen 2010), improving HSLC watches and warnings remains
crucial because of their frequency and the possible in uence of their performance on
public response across all environments (Simmons and Sutter 2009; Ripberger et al. 2014).
Furthermore, HSLC events are most common in the Southeast (Guyer et al. 2006; Schneider
et al. 2006; Sherburn and Parker 2014), where both meteorological and nonmeteorological
vulnerabilities make tornadoes more likely to take lives (e.g., Ashley 2007). For our purposes,
we will use the higher threshold of “low CAPE" in the literature, 1000 Jkg ! MLCAPE, and
the 18 m s 0—6-km shear magnitude used by Sherburn and Parker (2014) for “high shear."

There are several meteorological causes of reduced skill at all lead times in HSLC events.
The CAPE-dependent signi cant tornado parameter (STP; Thompson et al. 2003) is typically
below its established threshold of 1 in Southeastern HSLC severe events (Sherburn and
Parker 2014). Similarly, Anderson-Frey et al. (2018) showed that even though STP is much
lower in the Southeast in winter than in spring, about the same proportion of tornadoes
reach EF2+ intensity. HSLC environments that produce severe weather often destabilize on
time and space scales poorly represented by the observing network and some forecast mod-
els (King etal. 2017). Furthermore, the sensitivity of small CAPE and large low-level shear to
planetary boundary layer (PBL) parameterizations (Cohen et al. 2015, 2017) in operational
weather models adds to the dif culty of anticipating and diagnosing HSLC severe risks.
Limitations of operational weather radar detection are a primary cause of the HSLC tornado
warning problem. In HSLC events, tornadic and nontornadic radial velocity signatures are
indistinguishable beyond about 60 km from a WSR-88D (Davis and Parker 2014) because
of their width and height relative to the radar beam. The convective mode climatology of
Smith et al. (2012) showed that although quasi-linear convective systems (QLCSs) produce
a larger share of tornadoes in the Southeast than in the Great Plains, supercells (Browning
1964) are still the storm mode of most concern in every region, responsible for 88 percent
of signi cant tornadoes nationwide. This work focuses exclusively on supercells.

Studies of buoyancy-limited supercells (e.g., Markowski and Straka 2000; Davies 2006)
have usually found lower storm tops than those occurring with large CAPE. Some note
narrower horizontal dimensions as well (Kennedy et al. 1993). These smaller storms are
often termed “miniature supercells,” particularly but not exclusively in the context of
landfalling tropical cyclone tornadoes (McCaul 1991). Storm-scale dynamics of HSLC
supercells are sparsely studied compared to higher-CAPE supercells. McCaul and Weisman
(1996) simulated an idealized mini-supercell associated with a landfalling tropical cyclone,
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an environment that technically quali es as HSLC despite shear and humidity pro les
that may be quite different from a cool-season warm sector. This study demonstrated
that the dynamic vertical perturbation pressure gradient acceleration (VPPGA) dominates
buoyancy in such a mini-supercell. Subsequent simulations (McCaul and Weisman 2001)
also showed that the vertical distribution of buoyancy modulates storm intensity more
strongly in low-CAPE environments. More recently, Sherburn and Parker (2019) simulated
mixed-mode HSLC convection ahead of an arti cial cold front, with supercell structures
often embedded in linear segments. This design highlighted both the environmental
dependencies described above and the dominance of the nonlinear dynamic VPPGA in
enhancing low-level updrafts and stretching near-ground vertical vorticity into strong
vortices.

To the authors' knowledge, high-quality observations of HSLC supercells' three- or
four-dimensional structure (i.e., multi-Doppler analyses using mobile radars) do not exist.
Murphy and Knupp (2013) used a single operational WSR-88D for a synthetic dual-Doppler
analysis of two cool-season Southeastern supercells that happened to pass very near the
radar in a quasi-steady state. Their analysis found an updraft maximum at a low altitude
( 3 km) forced primarily by dynamic VPPGA, and little to no rear- ank downdraft (RFD).
They speci cally noted the dif culty of targeting Southeastern supercells with multiple
radars.

3.1.2 Open questions

Some recent high-resolution simulations of tornadic supercells (e.g., Orf et al. 2017) have
mentioned extension of these techniques to environments beyond their typical Great Plains
high-CAPE base states. Sherburn and Parker (2019) called for higher-resolution modeling
to explain “how HSLC vortices differ from those in higher-CAPE convection.” The radar
climatology of Davis and Parker (2014) also recommended modeling studies to clarify the
differences between high- and low-CAPE vortices, particularly the shallowness of HSLC
radar signatures. In some of the observational works cited above, low-CAPE storms' overall
shallowness results from a low equilibrium level (EL). There is not such a clear physical
reason for low-CAPE vortices to be shallower. It seems plausible that vortex depth is simply
a matter of scaling with a lower-topped storm beneath a lower cool-season tropopause
and EL—the same essential kinematics and dynamics compressed into a shallower layer. It
is not obvious why a parent supercell with updraft depth > 5 km would produce a vortex
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that remains shallow enough to inhibit radar detection (i.e., 1-2 km). Does vortex behavior
have an unexplored relationship to the buoyancy pro le (being only incidentally correlated

to storm depth)? What are the roles of buoyancy and dynamic VPPGA in driving supercell
updrafts and vortices under varying CAPE? To what extent can dynamic effects compensate
for limited buoyancy? To explore the possible dynamical differences between low- and
high-CAPE storms, we use Southeastern environments to simulate one tornadic supercell
with moderate to high CAPE and three others with low CAPE.

3.1.3 31 March 2016 severe event

While the idealized simulations are not meant to replicate a speci c observed storm, the
low-CAPE runs use base states drawn from the 31 March 2016 severe event during the
Veri cation of the Origins of Rotation in Tornadoes Experiment—Southeast (VORTEX-SE).
A positively tilted trough with its axis from the upper Midwest through New Mexico and
Arizona dominated the upper-level synoptic pattern across the contiguous U.S (Fig. 3.1a).
Broad west-southwesterly ow aloft overlay the VORTEX-SE domain throughout the day.
500-hPa winds exceeded 20 m s over most of the Southeast. Ahead of the trough axis, a
992-hPa surface low moved northeastward across Michigan and Lake Huron. Its attendant
cold front trailed from the Great Lakes into the lower Mississippi Valley. A moist warm
sector overspread the VORTEX-SE domain ahead of the front (Fig. 3.1c). In the morning
an expansive complex of stratiform rain and nonsevere thunderstorms covered much of
the warm sector, but this precipitation weakened and exited the domain to the east from
1600-1800 UTC. The Collaborative Lower Atmospheric Mobile Pro ling System [CLAMPS;
Wagner et al. (2019)] located in Belle Mina in north-central Alabama observed sharply
decreasing Brunt-Vaisala frequency as the PBL rapidly destabilized in the wake of the early
precipitation (Fig. 3.2). Though 0-1-km shear magnitude (not shown) was maximized
before destabilization, 0—-1-km storm-relative helicity (SRH, calculated using observed
motion of storms later in the evening) increased through the afternoon and evening. This
trend suggests strong synoptic in uences on the wind pro le, since diurnal mixing typically
actstoreduce SRHinthe PBL. Thunderstorms that began just ahead of the cold front entered
the domain from the west and additional discrete supercells formed in the open warm
sector (Fig. 3.1b). VORTEX-SE soundings captured a range of convective environments,
ranging from over 1000 J kg ! MLCAPE during the afternoon in western parts of the domain
to much lower CAPE in northern Alabama late in the evening; Fig. 3.3 shows the evolution
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Figure 3.1: 00 UTC 1 April 2016 (a) observed 500-hPa height (contoured every 60 m) and
wind speed (m s 1); (b) lowest-tilt radar re ectivity (dBZ) for the three WSR-88Ds in the
VORTEX-SE domain, HRRR analysis MLCAPE (J kg'), and event tornado reports (triangles);
and (c) selected surface observations.

of northern Alabama pro les from 2200 to 0100 UTC. Over this same period, storm mode
gradually evolved from quasi-discrete supercells to clusters embedded in stratiform rain.
Several tornadoes (triangles in Fig. 3.1b) occurred near the Alabama—Mississippi border
during that period. By 0030 UTC, CLAMPS was sampling over 300 m 2 s2 0—1-km SRH
in northern Alabama. One pro le exceeded 400 m 2 s2 at 0100 UTC (Fig. 3.2). Supercells
embedded in stratiform rain and weaker convection produced two more tornadoes between

01 and 03 UTC in north-central Alabama, including an EF2 near Hartselle.

One curiosity among the dense VORTEX-SE observations is the lack of strong surface
out ow (cold pools). Fig. 3.4 depicts temperature time series associated with the passage
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Figure 3.2: SRH and Brunt-Vaisala frequency in the 0-1-km AGL layer observed by CLAMPS
at Belle Mina, AL, on 31 March and 1 April 2016.

of radar-observed precipitation features during the 31 March 2016 severe event in the
Southeast. Temperature perturbations are modest (only afew  C) and not clearly linked
to the organization or intensity of attendant precipitation structures. The closest surface
station to the center of an intense discrete cell, Texas Tech “stesonet” site 0215A, experienced

a drop of 2-3 K with a sudden temporary rebound. The most pronounced drop ( 4 K at site
0104A) was associated with a far less organized area of stratiform and weakly convective
rain. For the purposes of this article, these cold pool observations will help validate our
choice of model con gurations, described below.
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Figure 3.3: VORTEX-SE observed soundings at (a) Belle Mina, AL, 2200 UTC 31 March
2016; (b) Russellville, AL, 2259 UTC 31 March 2016; (c) Belle Mina, AL, 0000 UTC 1 April
2016; and (d) Belle Mina, AL, 0100 UTC 1 April 2016.

3.2 Methods

3.2.1 Model design and con guration

Like other historical observations of HSLC events, the 31 March 2016 VORTEX-SE dataset
stops short of detailed kinematic information about individual storms. Idealized cloud-
resolving modeling is the best available tool for lling in this gap, having been widely used
since the 1970s-80s to establish supercells' basic internal dynamics and their relationships
to parameters of the near-storm environment (e.g., Klemp and Wilhelmson 1978; Rotunno
and Klemp 1982, 1985; Weisman and Klemp 1982, 1984). The simulations in this article
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Figure 3.4: (a)-(d) Radar-derived rain rate (mmh 1) at lowest tilt from the nearest WSR-88D
as surface stations (magenta dots at center) experience sudden temperature drops; (e)-(h)
temperature time series corresponding to the above radar images, with the time of interest
circled.

use Cloud Model 1 (CM1; Bryan and Fritsch 2002) release 19.4, a nonhydrostatic model
designed for idealized simulations of thunderstorms. Arti cial updraft forcing initiates
deep convection in an otherwise horizontally homogeneous environment. Table 3.1 lists
relevant model settings. The effects of microphysics parameterizations and lower boundary
conditions are discussed further in the appendix. In short, separate classes for graupel
and hail are the safest choice for HSLC environments, and attempting to represent fric-
tion systematically inhibits development of large vertical vorticity at the surface in these
environments. Surface uxes, radiative transfer, and Coriolis acceleration are neglected.
A horizontal grid length of 100 m is chosen to resolve many aspects of the convection
while remaining affordable enough to facilitate multiple simulations. However, it cannot
resolve the details of ow within actual tornadoes. Surveyed damage paths in the 31 March
2016 event were as narrow as 200 m at the widest point (NWS Birmingham 2016). So in
the convention of similar modeling studies, we refer to “tornado-like vortices" or simply
“vortices" rather than tornadoes in these simulations. Furthermore, because of both limited
resolution and the free-slip lower boundary condition, near-ground wind speeds do not
reliably represent vortex intensity.

Each simulation also contains a large array of parcel trajectories initialized at low levels
in the in ow and immediate out ow regions. Trajectories were integrated during the model
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Table 3.1: Key model settings for idealized supercell simulations.

Model option Setting Notes
Horizontal grid length 100 m
Lowest scalar level 10 m AGL Stretched vertical grid
Vertical levels 84 94 for high-CAPE
Domain size 144 144 18.2km 21.2 km for high-CAPE
Timestep Adaptive
Lower boundary Free-slip See discussion
Lateral boundaries Open-radiative
Upper boundary Rigid lid
Rayleigh damping = 0.0033 Near model lid and sides
Microphysics Mansell et al. (2010) See discussion
Subgrid turbulence TKE/ Deardorff
PBL Not parameterized Large eddy simulation
Radiation Not included
Surface uxes Not included
Coriolis Not included
Storm initiation Updraft nudging Naylor and Gilmore (2012)

runs on the native timesteps. In nal runs of each simulation, selected updraft and vortex
parcels were reinitialized with “stencils" of six neighbor parcels 0.5 m away on all sides,
after the method of Dahl et al. (2014). The vorticity evolution obtained by that method is
beyond the scope of this paper, but many of the added neighbor parcels also qualify as
updraft or vortex parcels. They are included in these results with the caveat that they may
add less information than parcels in the sparser original network, since they are initialized
so close together. Additionally, all parcels passing below the 10-m lowest model level are
excluded from these analyses. In some instances this greatly reduces the number of parcels
in the features of interest, but avoids unrealistic parcel behavior below the lowest interior
level [e.g., Dahl et al. (2014) section 3b].

3.2.2 Idealized model base states

Only a fraction of VORTEX-SE soundings from the 31 March 2016 event sampled supportive
convective environments. Preliminary idealized simulations (not shown) used some of
these as base states. Few sustained intense storms, and those that did were extraordinarily
sensitive to small changes in the model setup. Trial and error revealed that some High-
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Resolution Rapid Refresh [HRRR; Smith et al. (2008)] model analysis pro les had similar
convective parameters but served as more reliable base states. Balloon-borne sondes'
inability to capture an instantaneous or purely vertical pro le is likely problematic in
high-shear environments where the corridor of instability is quite narrow and transient
(e.qg., King et al. 2017). Still, the observed soundings offer qualitative reassurance that the
HRRR contains realistic CAPE and shear. They also corroborate the HRRR's steep near-
surface lapse rates and large SRH across much of the Alabama warm sector. 10 HRRR
analysis pro les were tested as base states. Of the 10, three that produced supercells
persisting > 90 minutes after the end of arti cial forcing were chosen for production runs
and detailed analysis. These base states are plotted in Fig. 3.5b—d. The main difference
between these base states and the observed soundings in Fig. 3.3 is slightly higher CAPE
owing to the HRRR pro les' southwestward displacement from the sounding locations
(and the balloons' horizontal drift, as noted above). In fact, two of the three HSLC base
states have MLCAPE just over 1000 J kg*. Yet simulating storms with much lower CAPE
proved nearly impossible within a horizontally homogeneous base state. Sherburn et al.
(2016) and King et al. (2017) highlighted processes like synoptic ascent, potential instability
release, and rapid warm / moist advection in HSLC events. All of these processes require
horizontal heterogeneity. Their absence in the idealized framework probably explains
simulated storms' failure to mature with lower CAPE. Regardless, even at the upper limit of
“low CAPE," clear distinctions from higher-CAPE storms will be shown.

Although simulations of higher-CAPE supercells abound in the literature, a higher-CAPE
control run in this particular model con guration with the same set of parameterizations
is necessary for direct comparison to the HSLC simulations. A historic case was chosen
as the base state: the 18 UTC 3 April 1974 Nashville, Tennessee sounding (Fig. 3.5a) in
the midst of the Super Outbreak (e.g., Hoxit and Chappell 1975). This very unstable (2519
J kg! MLCAPE), highly sheared, uncapped pro le amid a strongly synoptically forced
event is meant to represent the upper end of Southeastern tornado environments. Both
the 1974 and 2016 pro les contain large vertical shear; this suits the overall aim of these
simulations to highlight the effects of varying CAPE, not shear, within realistic Southeastern
environments.
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Figure 3.5: Skew-T log-p diagrams showing base state pro les and relevant parameters for
the four simulations: (a) high-CAPE, (b) low-CAPE 1, (c) low-CAPE 2, and (d) low-CAPE 3.

3.3 Results

3.3.1 Overview of simulations

All four simulations produce storms easily recognized as supercells by comparison to the
archetype of Lemon and Doswell 111 (1979). These discrete cells persist well over an hour
beyond the end of updraft nudging and all produce tornado-like vortices of varying intensity
and longevity. Figs. 3.6—3.9 show the horizontal low-level structure of these storms around
the time of vortex production. All have classical re ectivity structures (Fig. 3.6), e.g., hook
echoes and sharp forward- ank re ectivity gradients. Intense rotating updrafts are adjacent
to rear- and forward- ank downdrafts (Fig. 3.7). The storms' similar horizontal extent (each
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panel in Figs. 3.6-3.7is 20 20 km) suggests that these are not “mini-supercells" in the
traditional sense. Three-dimensional structure, however, varies more noticeably with CAPE
(Fig. 3.8). The high-CAPE supercell's visualized cloud and precipitation elds have a classic
appearance (Fig. 3.8a). Its main updraft is a deep quasi-steady column extending almost
to its well-de ned anvil near the EL. In contrast, the persistently strong updraft regions of
the low-CAPE storms are con ned to the lowest few km (Fig. 3.8b—d), with only transient
convective plumes extending above midlevels. Their cloud tops are also lower, consistent
with lower ELs. HSLC storms' structure tends toward the high-precipitation end of the
supercell spectrum (e.g., Fig. 3.6d, 3.8d) without the pronounced precipitation-free updraft
base of the higher-CAPE storm (Fig. 3.8a). Also, though heavy precipitation is present in all
four storms, time-averaged cold pools are consistently weaker in the low-CAPE cases (Fig.
3.9).

Time-height plots of these storms' maximum vertical velocity ( w) capture the evolution
of vertical structure over periods of interest (Fig. 3.10). Horizontal maximum values at each
model level are calculated within a 20-km square centered on the 0.5-3-km AGL integrated
updraft maximum. The high-CAPE storm has a deep intense updraft with many of its
largest local maxima in the upper half of the troposphere. In contrast, the three low-CAPE
storms' updrafts are weaker overall and have quasi-steady maxima between 2 and 4 km
AGL, despite some deeper transient maxima that represent individual convective plumes.
This resembles the HSLC updraft structure found by Murphy and Knupp (2013). Though
the EL for all three low-CAPE base states is above 9 km, substantial w reaches that altitude
only intermittently. The level of maximum detrainment [LMD; Mullendore et al. (2009) ]
offers a measure of storms' upper extent that may be more meaningful than cloud top
height alone. Mullendore (2019) demonstrated that supercells' LMDs commonly exceed
the EL, while non-supercell thunderstorms' LMDs are almost always below the EL. Fig.
3.11 shows horizontally averaged horizontal mass divergence with vertical velocity < 0
masked out, calculated similarly to the time-height pro les above but over a 30-km square.
The high-CAPE case has a pronounced LMD near but just below the EL. In contrast, the
low-CAPE cases have LMDs ranging from one to several km below the EL, and tend to have
more vertically diffuse layers of mass divergence. Two likely reasons for the detrainment of
most HSLC updrafts' mass disproportionately far below the EL—dynamic accelerations
and dilution by entrainment—are explored in the next section.

Time-height plots of maximum vertical vorticity ( ), created by the same method as the
w time-heights, highlight tornado-like vortices as large, vertically coherent maxima (Fig.
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Figure 3.6: Simulated re ectivity (dBZ; Il) at 10 m AGL and 0-3-km updraft helicity (m
s2; black contours) for all four simulations during tornado-like vortex production.
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