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ABSTRACT: High-shear, low-CAPE environments prevalent in the southeastern United States account for a large fraction
of tornadoes and pose challenges for operational meteorologists. Yet, existing knowledge of supercell dynamics, particularly in
the context of cloud-resolving modeling, is dominated by moderate- to high-CAPE environments typical of the Great Plains.
This study applies high-resolution modeling to clarify the behavior of supercells in the more poorly understood low-CAPE
environments, and compares them to a benchmark simulation in a higher-CAPE environment. Simulated low-CAPE
supercells’ main updrafts do not approach the theoretical equilibrium level; their largest vertical velocities result not from
buoyancy, but from dynamic accelerations associated with low-level mesocyclones and vortices. Surprisingly, low-CAPE
tornado-like vortex parcels also sometimes stop ascending near the vortex top instead of carrying large vorticity upward into the
midlevel updraft, contributing to vortex shallowness. Each of these low-CAPE behaviors is attributed to dynamic perturbation
pressure gradient accelerations that are maximized in low levels, which predominate when the buoyancy is small.
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1. Introduction
a. High-shear, low-CAPE convection

Severe convective storms in environments with little con-
vective 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
significant severe weather. Nearly half of all tornadoes in the
United States occur with mixed-layer CAPE (MLCAPE) less
than 1000 kg !, and 16% of significant (F/EF2+) tornadoes
occur with MLCAPE less than 500 J kg ! (Schneider and Dean
2008). [Definitions of HSLC environments vary. For this study,
we use the looser upper limit of 1000J kg~ ! MLCAPE, and the
Sherburn et al. (2016) shear criterion of at least 18 ms ™! 0-6-km
bulk wind difference]. 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-
fication statistics deteriorate as CAPE decreases (Anderson-
Frey et al. 2016). Even though the violent (F/EF4+) tornadoes
responsible for most tornado deaths (Ashley 2007) tend to
occur with CAPE greater than 1000 Jkg ™' (Cohen 2010), im-
proving HSLC watches and warnings remains crucial because
of their frequency and the possible influence of their perfor-
mance on public response across all environments (Simmons
and Sutter 2009; Ripberger et al. 2014). Furthermore, HSLC
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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).

There are several meteorological causes of reduced skill at
all lead times in HSLC events. The CAPE-dependent signifi-
cant tornado parameter (STP; Thompson et al. 2003) is typi-
cally 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
models (King et al. 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 difficulty of anticipating and diag-
nosing 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 ve-
locity 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 clima-
tology 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% of significant tornadoes nationwide. The
present study 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,” par-
ticularly but not exclusively in the context of landfalling trop-
ical cyclone tornadoes (McCaul 1991). Storm-scale dynamics
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FIG. 1. The 0000 UTC 1 Apr 2016 (a) observed 500-hPa height (contoured every 60 m) and wind speed (ms™');
(b) selected surface observations, with the Alabama locations of Belle Mina, Russellville, and Hartselle denoted by
their initials in blue; and (c) lowest-tilt radar reflectivity (dBZ) for the three WSR-88Ds in the VORTEX-SE
domain, HRRR analysis MLCAPE (J kg ~ 1), and event tornado reports (triangles).

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, an environment that technically qualifies as HSLC
despite shear and humidity profiles that may be quite different
from a cool-season warm sector. This study demonstrated that
the dynamic vertical perturbation pressure gradient accelera-
tion (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 artificial cold front, with
supercell structures often embedded in linear segments. This
design highlighted both the environmental dependencies de-
scribed 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
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radar in a quasi-steady state. Their analysis found an updraft
maximum at a low altitude (~3 km) forced primarily by dy-
namic VPPGA, and little to no rear-flank downdraft (RFD).
They specifically noted the difficulty of targeting southeastern
supercells with multiple radars.

b. Open questions

Some recent high-resolution simulations of tornadic super-
cells (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 cli-
matology of Davis and Parker (2014) also recommended
modeling studies to clarify the differences between high- and
low-CAPE vortices, particularly the shallowness of HSLC ra-
dar 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 rea-
son 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
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FIG. 2. Storm Prediction Center convective outlook issued at 1300 UTC 31 Mar 2016, with storm reports from the
forecast period overlaid.

with updraft depth >5 km would produce a vortex that remains
shallow enough to inhibit radar detection (i.e., 1-2 km). Does
vortex behavior have an unexplored relationship to the buoy-
ancy profile (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 differ-
ences between low- and high-CAPE storms, we use south-
eastern environments to simulate one tornadic supercell with
moderate to high CAPE and three others with low CAPE.

2. 31 March 2016 severe event

While the idealized simulations are not meant to replicate a
specific observed storm, the low-CAPE runs use base states
drawn from the 31 March 2016 severe event during the
Verification 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 contig-
uous United States (Fig. 1a). Broad west-southwesterly flow
aloft overlay the VORTEX-SE domain throughout the day.
500-hPa winds exceeded 20ms ™! 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. 1b). In the
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morning of 31 March an expansive complex of stratiform rain
and nonsevere thunderstorms covered much of the warm sec-
tor, but this precipitation weakened and exited the domain to
the east from 1600 to 1800 UTC. 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. 1c). Several supercell tornadoes (triangles in
Fig. 1c) occurred near the Alabama-Mississippi border during
this early evening phase. During the evening, storm mode
gradually evolved from quasi-discrete supercells to supercell
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FIG. 3. SRH and lapse rate in the 0-1 km AGL layer observed by
CLAMPS at Belle Mina, AL, on 31 Mar and 1 Apr 2016.
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FIG. 4. VORTEX-SE observed soundings at (a) Belle Mina, AL, at 2200 UTC 31 Mar 2016; (b) Russellville, AL, at 2259 UTC 31 Mar
2016; (c) Belle Mina, AL, at 0000 UTC 1 Apr 2016; and (d) Belle Mina, AL, at 0100 UTC 1 Apr 2016. Hodograph changes color at 0.5, 1, 3,

and 6 km, and X denotes left and right Bunkers storm motion.

clusters embedded in stratiform rain. Such cells later produced
two more tornadoes between 0100 and 0300 UTC in north-
central Alabama, including an EF2 near Hartselle. Despite the
difficulties of HSLC forecasting detailed above, the Storm
Prediction Center day 1 convective outlook (Fig. 2) anticipated
this event well.

The Collaborative Lower Atmospheric Mobile Profiling
System [CLAMPS; Wagner et al. (2019)] captured the evolu-
tion of the planetary boundary layer near Belle Mina in north-
central Alabama during most of this event. CLAMPS
observed a sharply increasing 0-1-km lapse rate as the PBL
rapidly destabilized in the wake of the morning precipitation
(Fig. 3). Though 0-1-km shear magnitude (not shown) was
maximized before destabilization, 0-1-km storm-relative hel-
icity (SRH, calculated using observed motion of storms later in
the evening) increased in the late morning and early afternoon,
and again in the early evening. This trend suggests strong
synoptic influences on the wind profile, since diurnal mixing
typically acts to reduce SRH in the PBL; the two opposing
effects appear to have roughly canceled during the 1900-
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2200 UTC window when SRH was steady. VORTEX-SE
soundings also 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. 4 shows the evo-
lution of northern Alabama profiles from 2200 to 0100 UTC.
By 0030 UTC, CLAMPS was sampling over 300 m? s~ 2 0—1-km
SRH in northern Alabama. One profile exceeded 400 m?s ™2 at
0100 UTC (Fig. 3).

One curiosity among the dense VORTEX-SE observations
is the lack of strong surface outflow (cold pools). Figure 5
depicts changes in near-surface temperature and moisture
associated with the passage of radar-observed precipitation
features during the 31 March 2016 severe event in the
Southeast. Temperature perturbations are modest (only a few
degrees Celsius) 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 (~4K
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FIG. 5. (a)-(d) Radar-derived rain rate (mmh™!) 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;
and (i)—(k) saturation points on zoomed skew 7-logp diagrams spanning 2 h of evolution from inflow to outflow in the above time series.

at site 0104A) was associated with a far less organized area of
stratiform and weakly convective rain. In general, saturation
points (Betts 1984) at the selected stesonet sites (Figs. 5i-k)
over 2-h periods from the prestorm inflow to the coldest

TABLE 1. Key model settings for idealized supercell simulations.

outflow initially descended along a moist adiabat comparably to
Betts (1984) before abruptly jumping to a distinct, colder outflow
airmass, suggesting horizontal heterogeneity of outflow with dif-
ferent source regions. This pattern is present to some extent at all

Model option Setting Notes
Horizontal grid length 100 m
Lowest scalar level 10m AGL Stretched vertical grid
Vertical levels 84 94 for high-CAPE

Domain size
Time step

Lower boundary
Lateral boundaries
Upper boundary
Rayleigh damping

Microphysics

CCN concentration

Graupel, hail collection efficiency
Subgrid turbulence

PBL

Radiation

Surface fluxes

Coriolis
Storm initiation

144km X 144km X 18.2km
Adaptive

Free-slip
Open-radiative
Rigid lid

a = 0.0033
Mansell et al. (2010)
2.0 x 10°cm™
0.75
TKE/Deardorff
Not parameterized
Not included

Not included

Not included
Updraft nudging

21.2km for high-CAPE

See discussion

Near model lid and sides

See discussion

Large-eddy simulation

Naylor and Gilmore (2012)
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FIG. 6. Skew T-logp diagrams as in Fig. 4 showing base-state profiles and relevant parameters for the four simulations: (a) high-CAPE,
(b) low-CAPE 1, (c) low-CAPE 2, and (d) low-CAPE 3.

three stesonet sites but is seen most easily at 0104A (Fig. 5j). For
the purposes of this article, these cold pool observations help
validate our choice of model configurations, described below.

3. Methods
a. Model design and configuration

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 can fill part of this gap, having been widely
used since the 1970s and 1980s to establish supercells’ basic in-
ternal 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 use Cloud Model 1 (CM1;
Bryan and Fritsch 2002) release 19.4, a nonhydrostatic model
designed for idealized simulations of thunderstorms. Artificial
updraft forcing initiates deep convection in an otherwise hori-
zontally homogeneous environment. Table 1 lists relevant
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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 rep-
resent friction systematically inhibits development of large ver-
tical vorticity at the surface in these environments. Surface
fluxes, radiative transfer, and Coriolis acceleration are ne-
glected. 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 flow 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 tra-
jectories initialized at low levels in the inflow and immediate
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FIG. 7. Simulated reflectivity (dBZ; color fill) at 10 m AGL and 0-3-km updraft helicity (ms~2; black contours)
for all four simulations during tornado-like vortex production. (a) The high-CAPE storm is shown at 89 min of
simulation time and (b)-(d) the low-CAPE storms are all shown between 100 and 110 min.

outflow regions, integrated forward during the model runs on
the native timesteps. These trajectories are intended to rep-
resent the vertical accelerations of updraft parcels near storms’
peak intensity and organization, and of vortex parcels near or
shortly after the time of vortex formation. In final runs of each
simulation, parcels passing through low-level vorticity maxima
were reinitialized with “stencils” of six neighbor parcels 0.5m
away on all sides. This was done to enable future work isolating
vorticity origins by the method of Dahl et al. (2014). While that
analysis is beyond the scope of this paper, 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 par-
cels passing below the 10-m lowest model level are excluded. 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].

b. Idealized model base states

Only a fraction of VORTEX-SE soundings from the 31 March
2016 event sampled supportive convective environments.
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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-
Resolution Rapid Refresh [HRRR; Smith et al. (2008)]
model analysis profiles had similar convective parameters but
served as more reliable base states. Balloon-borne sondes’ in-
ability to capture an instantaneous or purely vertical profile is
likely problematic in high-shear environments where the corri-
dor of instability is quite narrow and transient (e.g., 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. Ten
HRRR analysis profiles were tested as base states. Of the 10, 3
profiles that produced supercells persisting longer than 90 min
after the end of artificial forcing were chosen for production runs
and detailed analysis. These base states are plotted in Figs. 6b—d.

These three most successful profiles were drawn from a
small region of the undisturbed warm sector in the HRRR
analysis near the Alabama-Mississippi border (see supple-
mental figure). While it is not the intent of the idealized study
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simulations at the same times as in Fig. 7.

to reproduce a specific storm, both these base states and the
idealized design producing discrete tornadic supercells most
closely align with the 2300-0000 UTC evolution near the
Alabama-Mississippi border. The base states are not repre-
sentative of some other parts of this event, such as the earlier
tornadic supercell in southern Tennessee in modified remnant
outflow or the later tornadic supercell in northern Alabama
embedded in stratiform rain. The small variations in CAPE
and deep shear among these profiles are not expected to re-
sult in systematic differences in storm behavior; rather, these
are meant to represent a realistic range of discrete supercell
behaviors within the evening environment of the 31 March
2016 event. Much more complicated mixed modes [such as
some simulated by Sherburn and Parker (2019)] are impor-
tant in many southeastern events, including later periods of
this event, but given the dearth of recent low-CAPE supercell
modeling at this resolution, these simulations examine the
simplest scenario.

The main difference between these base states and the ob-
served soundings in Fig. 4 is slightly higher CAPE owing to the
HRRR profiles’ southwestward displacement from the
sounding locations (and the balloons’ horizontal drift, as noted
above). Yet simulating storms with much lower CAPE proved
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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 configuration 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 1800 UTC 3 April
1974 Nashville, Tennessee, sounding (Fig. 6a) in the midst of
the Super Outbreak (e.g., Hoxit and Chappell 1975). This very
unstable (2722Jkg~! MLCAPE), highly sheared, uncapped
profile amid a strongly synoptically forced event is meant to
represent the upper end of southeastern tornado environ-
ments. Both the 1974 and 2016 profiles contain large vertical
shear; this suits the overall aim of these simulations to highlight
the effects of varying CAPE, not shear, within realistic south-
eastern environments.
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4. Results in a structure similar to the “‘moderate evolution” of Foote and

a. Overview of simulations

All four simulations produce storms easily recognized as
supercells by comparison to the archetype of Lemon and
Doswell (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. Figures 7-10
show the horizontal low-level structure of these storms around
the time of vortex production. All have classical reflectivity
structures (Fig. 7), e.g., hook echoes and sharp forward-flank
reflectivity gradients. Intense rotating updrafts are adjacent to
rear- and forward-flank downdrafts (Fig. 8). The storms’ sim-
ilar horizontal extent (each panel in Figs. 7 and 8 is 20km X
20km) suggests that these are not “mini-supercells” in the
traditional sense. Three-dimensional structure, however, var-
ies more noticeably with CAPE (Fig. 9). The high-CAPE su-
percell’s visualized cloud and precipitation fields have a classic
appearance (Fig. 9a). Its main updraft is a deep continuous
column extending almost to its well-defined anvil near the EL.
In contrast, the broadest regions of intense updraft in the low-
CAPE storms are confined to the lowest few kilometers (Figs. 9b—
d). Above this, individual midlevel to upper-level convective
plumes or pulses appear detached from the mesocyclone below
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Frank (1983). The low-CAPE cloud tops are also lower, con-
sistent with lower ELs. HSLC storms’ structure tends toward
the high-precipitation end of the supercell spectrum (e.g.,
Figs. 7d and 9d) without the pronounced precipitation-free
updraft base of the higher-CAPE storm (Fig. 9a). Also, though
heavy precipitation is present in all four storms, time-averaged
cold pools are consistently weaker in the low-CAPE ca-
ses (Fig. 10).

Time-height plots of these storms’ maximum vertical ve-
locity (w) capture the evolution of vertical structure over pe-
riods of interest (Fig. 11). Horizontal maximum values at each
model level are calculated within a 20-km square centered on
the 0.5-3km 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 con-
vective 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 rea-
ches that altitude only intermittently. The level of maximum
detrainment [LMD; Mullendore et al. (2009)], typically
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FIG. 10. Storm-centered time-averaged potential temperature perturbations (K) and wind at 10 m AGL for all four
simulations, averaged over 20 min before and during vortex formation.

identified as a maximum in horizontal mass divergence in up-
per levels, 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 nonsupercell thunderstorms’ LMDs are almost
always below the EL. Figure 12 shows horizontally averaged
horizontal mass divergence with downdrafts masked out, cal-
culated similarly to the time-height profiles above but over a
30-km square region centered on the low-level updraft. 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 kilometers 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-height plots, highlight
tornado-like vortices as vertically coherent maxima lasting at
least a few minutes (Fig. 13). The vortices to be discussed in
later sections occur from ~80 min onward in the high-CAPE
storm and between 100 and 110 min in the three low-CAPE
storms. Not surprisingly, the high-CAPE vortex is deeper and
longer lived than the low-CAPE vortices. The decrease in the
high-CAPE storm’s maximum ¢ late in the period is not
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dissipation of the tornado-like vortex, but a poorly resolved
representation of vortex breakdown that persists for some time
after the largest { is recorded. Figure 13 shows that these are
not the only near-ground { maxima apparent in the low-CAPE
storms. However, we focus on these particular vortices because
of their subjective likeness to real mesocyclonic tornadoes (i.e.,
embedded within the mesocyclone instead of farther south along
the gust front like a gustnado), their similar timing in each
simulation, and their later occurrence than other features (i.e.,
farther removed from effects of artificial updraft nudging).

In this article we focus on the unique vertical accelerations
that distinguish between the properties of the high- and low-
CAPE supercells. Results below are divided into two
sections in which parcel groups are analyzed with emphasis on
their vertical accelerations: parcels that exceed certain w
thresholds at a single time in each storm, and parcels that enter
each tornado-like vortex near the ground. In a subsequent
article, we will address the origins of vorticity and processes
linked to tornadogenesis in these storms.

b. Parcels with large vertical velocities

Time series for groups of parcels that, at a single subjectively
chosen ‘“‘peak time”’ targeting a strong updraft in each run, all
exceed 30m s~ ! upward velocity (50 ms ™! for the high-CAPE
case) are shown in Fig. 14. In environments with reduced
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FIG. 11. Time-height maximum upward velocity (ms ™) in each simulated storm.

CAPE, parcel buoyancy can be expected to contribute less to
updraft speeds, as in McCaul and Weisman (1996) and Murphy
and Knupp (2013). This section quantifies that reduction and
its relationship to updraft depth and speed. Making the
Boussinesq approximation and neglecting Coriolis and fric-
tion, only two terms remain in the vertical momentum
equation:

D /
L 3

Dr - Yz

)

where the first term on the right-hand side is the VPPGA and

the second is buoyancy, including hydrometeor loading.

VPPGA may be separated into buoyant, linear dynamic, and

nonlinear dynamic parts:

aIJ/Dmmlinear
0z

ap), app,

T =B—q LB _ liner _

Dt 0 9z 0 9z 0
ACCD

ACCB

©)

Forms of these terms are discussed in detail in, e.g., Rotunno
and Klemp (1982, 1985) and Markowski and Richardson
(2010). For the purposes of this paper, we often combine the
buoyancy and buoyant VPPGA into a total buoyant acceler-
ation (ACCB), and the two dynamic VPPGA terms into a total
dynamic acceleration (ACCD). While the linear dynamic
VPPGA is associated with an updraft in vertical shear and
affects supercell motion, the nonlinear dynamic VPPGA
(ACCDNL) is associated with updraft rotation (Weisman and
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Rotunno 2000) and dominates ACCD in the regions of most
interest in this study. This echoes the primary role of
ACCDNL in HSLC vortex production in the simulations of
Sherburn and Parker (2019).

The p’ terms are isolated using the iterative solver described
by Coffer and Parker (2015). We decompose the entire storm’s
pressure field in this way every 10s during key time periods.
The near-perfect match between the CM1-computed VPPGA
and the retrieved ACCD when buoyant effects are small
(Fig. 14, third row) supports the retrievals’ credibility. Mean
parcel ACCD and ACCB are then integrated over the periods
of interest to estimate the contribution of each, wp and wp,
respectively, where the total w = wp + wg. Because the ACCD
field is much noisier than ACCB in the relevant parts of the
storms, these budgets make the most sense when ACCB is
integrated (producing wg) and the residual is treated as the
dynamic contribution.

1) HIGH-CAPE UPDRAFT PARCELS

High-CAPE large-w parcels (Fig. 14) originate a few hun-
dred meters AGL in the inflow region. They acquire meso-
cyclonic ¢ (~0.01s!) below 1 km AGL and keep it throughout
the depth of the storm. They steadily accelerate upward
through midlevels and reach maximum velocity 10-11km
AGL (Figs. 14a,b). These parcels are clustered extremely
tightly as they traverse the updraft; they were selected only by
their instantaneous w, but all originate at the same level 6—
7 min prior and ascend through the updraft at almost exactly
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FIG. 12. Time-height total horizontal mass divergence (kgs ') in a 30-km square region centered on each simulated
storm with downdrafts masked out. Black lines represent each environment’s nominal equilibrium level.

the same rate. Conventional wisdom holds that ACCD sub-
stantially contributes to supercells’ greatest updraft speeds
[e.g., Weisman and Klemp (1984), Weisman and Rotunno
(2000), and the “dynamic hypothesis” that Peters et al. (2019)
found to be secondary to thermodynamics]. In the lower half of
the troposphere, ACCD does dominate the high-CAPE up-
draft (Figs. 14a,c) and wp is a small fraction of total w (Fig. 15).
However, as parcels ascend above the midlevel mesocyclone,
ACCD becomes negative and ACCB becomes large and pos-
itive (Figs. 14a,c). By the time these parcels reach w = 50ms ™,
about 70% of their w is attributable to ACCB (Fig. 15).

2) Low-CAPE UPDRAFT PARCELS

Low-CAPE parcels with the largest upward velocities
(>30ms™'), though also originating in the lowest few
hundred meters, behave much differently from their high-
CAPE counterparts. The three low-CAPE simulations
yield varying spatial distributions of large w at the times chosen
for analysis. At times when simulated low-CAPE supercells are
producing tornado-like vortices, those vortices and their im-
mediate surroundings often contain the largest w in the entire
storm. The group of large-w parcels in low-CAPE storm 1
(Figs. 14e-h) exemplifies this pattern. At this stage in the
storm’s life, the only parcels with w > 30ms™' are found
around 1 km AGL and have fairly large £, 0.05-0.15 s~!, nearor
within the tornado-like vortex. Their brief spike in w comes
purely from upward ACCD associated with the vortex and
low-level mesocyclone. Integrating ACCB (Fig. 15) confirms
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that buoyancy is responsible for none of the maximum w.
Immediately afterward, these parcels experience downward
ACCDNL above the vortex and low-level mesocyclone. With
negligible ACCB, the mean w quickly returns to Oms™ ! and is
even briefly negative just above 2km AGL (Figs. 14e-g). This
occurs only ~2 min after all parcels’ w exceeds 30ms ™" upward.
Low-CAPE storm 2 (Figs. 14i-1) presents a different sce-
nario. These large-w parcels are not part of a near-surface
vortex but accelerate upward into a deeper updraft, acquiring
w of 30ms ™! around 3 km AGL. Many parcels in this group
maintain mesocyclonic ¢ through midlevels, but at least some
actually have negative ¢ throughout their time in the updraft.
The mean parcel becomes positively buoyant ~3 min before
reaching maximum w. However, B > 0 is offset by the buoyant
VPPGA in this region and ACCB remains negligible; ACCD
dominates through the time of maximum w. Again, integration
(Fig. 15) shows that ACCB contributes nothing to these parcels’
maximum w—even though that maximum occurs more than
2 km above the theoretical LFC. Only around 5 km AGL, when
downward ACCD has forced parcels to stop rising on average,
does ACCB become appreciably positive (Figs. 14i—k).
Finally, the group of parcels with large w at the selected time
in low-CAPE storm 3 (Figs. 14m-p) has some characteristics of
both preceding groups. Most have ¢ of 0.05-0.1s ! and reach
their maximum w at an altitude of ~1km from strong ACCD
forcing, but on average they maintain w of 20ms ™" up to 4km
AGL. Like the updraft parcels in low-CAPE storm 2, they
level off and lose all of their upward velocity due to downward
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FIG. 13. Time-height maximum vertical vorticity (s ') in each simulated storm. Black arrows indicate the tornado-
like vortices further investigated in each simulation.

ACCD as the total ACCB remains negligible (despite B > 0).
As in the other two low-CAPE storms, mean parcel ascent
vanishes far below the EL, corroborating the HSLC supercells’
unexpectedly low LMDs in section 4a.

In summary, all four storms’ large-w parcels at these times
experience a spike in w to ~30ms ™! in low levels shortly after
being ingested. In all four storms, this initial large w is entirely
due to upward ACCD. The consistent dominance of dynamic
lifting makes sense at a level where buoyancy is small, and
where large mesocyclonic ¢ and associated p), <0 reside
above. Subsequently, parcels encounter downward ACCD
above the local p}, minimum. High-CAPE parcels have suffi-
cient ACCB to overcome this downward ACCD, continue
upward toward their EL, and ultimately attain much larger w in
the upper troposphere. Low-CAPE parcels do not; interest-
ingly, all three groups of low-CAPE updraft parcels (with their
varying degrees of influence from tornado-like vortices)
encounter larger downward ACCD than the high-CAPE
group. Parcel theory’s prediction that thunderstorm up-
drafts monotonically increase in speed to some altitude near
the EL is nowhere near valid in these HSLC cases. The
three-dimensional differences in the ACCB and ACCD
fields causing this behavior are shown in section 4d.

3) UPDRAFT ENTRAINMENT

Beyond their low-CAPE environments, another factor in
HSLC storms’ lack of ACCB is entrainment of dry midlevel
air into updrafts, since less buoyant parcels require less
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evaporative cooling to completely remove their buoyancy.
Figure 16 shows vertical profiles of the large-w parcels’ buoy-
ancy compared to a theoretical undiluted mixed-layer parcel.
In all four storms, median updraft parcels match the theoretical
parcels fairly well below 1.5-2km AGL. Above that level,
updrafts gradually lose buoyancy relative to the theoretical
parcels, consistent with entrainment effects. The difference
between the high- and low-CAPE storms is prominent above
4 km, where the high-CAPE updraft, due to its large theoret-
ical parcel B, can withstand dilution from entrainment and still
have enough B to continue accelerating upward. For the low-
CAPE large-w parcels, the smaller theoretical parcel B means
this dilution almost totally eliminates ACCB in the strongest
updraft regions above the LFC.

Interestingly, there are some layers in all three low-CAPE
updrafts where many parcels (in low-CAPE 2, even the median
parcel) become more buoyant than the theoretical mixed-layer
parcel. This mostly results from temporary downward excur-
sions of positively buoyant updraft parcels. In Fig. 16, the gray
lines representing individual parcels end where parcels attain
their maximum altitude. So the numerous individual loops
protruding to the right of the clustered traces indicate parcels
that, despite being involved in the main updraft, briefly de-
scend before ascending again to a higher altitude. There are
large clusters of these loops 1-2km AGL in low-CAPE 1, 3—
6km AGL in low-CAPE 2, and 3-6 km AGL in low-CAPE 3,
with a few outliers also visible in other locations. The orien-
tation of these loops relative to the buoyancy-height axes is
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consistent: B increases as parcels descend, and decreases as
they ascend again. Presumably, these parcels encounter
downward ACCD that overwhelms their modest ACCB, re-
sulting in descent that is unsaturated over at least some of its
depth. Given an ambient lapse rate less than dry neutral, as is
the case at these levels in these environments, forced dry
descent causes their B to increase. This could favor the
downshear-tilted structure with multiple updraft plumes that is
seen in Fig. 9, as many positively buoyant parcels struggle to
ascend any farther as long as they are located above the lowest
dynamic p’ associated with the mesocyclone.

c. Vortex parcels

We now apply similar techniques to parcel groups that enter
tornado-like vortices near the ground. These parcels’ fates
should help explain the vertical extent of those vortices. Are
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low-CAPE vortex trajectories just like high-CAPE vortex
trajectories scaled somewhat shallower with their parent
storms, or do parcels behave in a different pattern altogether?
This section examines one tornado-like vortex in each storm
occurring at least an hour after convective initiation to mini-
mize effects of artificial forcing. Figures 17 and 18 display
parcels that acquire £ > 0.05s™ ! in the lowest 200m AGL at a
single output time as early as possible in each vortex’s life.

1) HIGH-CAPE VORTEX PARCELS

While vortex parcels in all four storms arrive at their vortices
from the low levels of the outflow sector north of the vortex
location (Fig. 18) with negative or neutral buoyancy, those in
the high-CAPE storm (Figs. 17a-d) are most negatively
buoyant, consistent with its stronger near-surface cold pool
(Fig. 10). Parcels entering the high-CAPE vortex experience
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sudden large upward ACCD (Fig. 17c) from the nonlinear
term, much like updraft parcels entering the low-level meso-
cyclone. They reach a mean w of ~28ms ™' near 1km AGL
(Figs. 17a,b) before encountering downward ACCD above the
vortex and near-ground mesocyclone (Fig. 17¢). Around the
same time, ACCB becomes positive and offsets some of the
downward ACCD (Fig. 17c). Integration shows that less than
5min after ingestion, ACCB has imparted 10ms ™! ascent to
the high-CAPE vortex parcels (Fig. 19). Most continue upward
in a deep, buoyant column, and many approach the EL
(Fig. 18a). They retain their large ¢ to altitudes of several km
(Figs. 17a,d). These trajectories behave as might be expected
from any number of existing higher-CAPE studies [e.g., the
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rapid monotonic ascent of tornadic parcels in Coffer and Parker
(2017), or the coherent columnar vortex extending through most
of the storm’s depth simulated by Orf et al. (2017)].

2) Low-CAPE VORTEX PARCELS

A wider range of vortex parcel behavior exists among the
three low-CAPE storms analyzed here. A vortex of interest
occurs at roughly the same time in each low-CAPE simulation,
so we refer to these three vortices by the same numbers as their
parent storms. Parcels in low-CAPE vortex 1 (Figs. 17e-h)
exhibit the same initial ACCD-driven spike in w. They ascend
rapidly to 1.5-2km AGL, encounter downward ACCD above
the vortex and low-level mesocyclone, and abruptly stop as-
cending. The mean w becomes negative only 2-3 min after
vortex ingestion. Both of these sudden swings in w are driven
entirely by ACCD; the integrated ACCB is negligible
throughout this period. The onset of mean subsidence below
2km AGL is a new and unexpected finding that contrasts
sharply with high-CAPE behavior. It is also a plausible ex-
planation for at least some HSLC vortices’ shallowness,
opposing vertical advection of large { into a deeper column.
At the level of stagnation, many of the parcels also disperse
horizontally away from the vortex top (Fig. 18b).

In low-CAPE vortex 2, this behavior is less extreme. These
parcels (Figs. 17i-1)experience the same upward and downward
ACCD associated with the vortex and low-level mesocyclone,
resulting in a rapid spike and decline in w as in low-CAPE 1.
However, the mean w does not become negative and most
parcels slowly ascend above the vortex top into midlevels. Still,
ACCB and its integrated contribution to w are negligible for at
least Smin following ingestion, including the time period
where downward ACCD greatly slows parcel ascent.

Finally, parcel behavior in low-CAPE vortex 3 (Figs. 17m—p)
falls somewhere between low-CAPE 1 and 2. As in all four
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FIG. 16. Vertical profiles of buoyancy of large-w parcels in each storm (gray), their median (red), and a theoretical 100-hPa mixed-layer
parcel in the simulation base state (blue dashed).
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FIG. 17. As in Fig. 14, but for parcels entering each storm’s tornado-like vortex near the ground at a single time.

storms, parcels are subject to sudden large upward ACCD
while entering the vortex, followed within a minute by
similarly large downward ACCD above it. Their mean w
becomes negative above the vortex, repeating the unex-
pected sinking found in low-CAPE vortex 1, but they do
not remain trapped at the vortex top as long. Integrated
ACCB is again negligible in the key minutes after ingestion
(Fig. 19d).

In general, none of the low-CAPE vortex parcels are able to
transport large ¢ as high, or as quickly, as their high-CAPE
counterparts. The upward ACCB that allows high-CAPE
parcels to maintain mean w around 8-10ms~! amid down-
ward ACCD is absent at the same location near the top of low-
CAPE vortices. This causes low-CAPE vortex parcels to
stagnate, or at least rise much more slowly, near the vortex
top. HSLC vortex parcels also disperse horizontally away
from the vortex top while high-CAPE vortex parcels remain
in a coherent column to higher altitudes. In this sense higher-
CAPE vortices, at least early in life, are directly coupled to
their parent updrafts in a way that HSLC vortices may not be.
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This broadening of HSLC vortices’ associated circulation
probably further complicates discrimination of radar signa-
tures at long distances.

d. Vertical acceleration fields around vortices

To complement the updraft and vortex parcel trajectories,
three-dimensional isosurfaces of the dominant vertical
accelerations—ACCDNL and ACCB—are shown for all four
cases (Figs. 20 and 21). These depict vortex-centered 5-min
averages beginning 1 min before the parcel groups in the above
subsection enter their respective vortices. [Total ACCD iso-
surfaces (not shown) are almost identical to these ACCDNL
isosurfaces.] The structure of the ACCDNL and ACCB fields
clarifies how buoyancy’s role varies from high to low CAPE. In
the lowest 2km of all four storms, there is a clear dipole in
ACCDNL associated with the vortex (black surface of { near
the ground) and near-ground mesocyclone, with upward accel-
erations (yellow surface) below and downward accelerations
(blue surface) above. In the high-CAPE storm and low-CAPE
storms 1 and 3, a similar dipole is associated with the midlevel
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FIG. 18. Trajectories of the selected vortex parcel groups in each storm, ending 15 min after ingestion.

mesocyclone (3-6km AGL in the high-CAPE storm, 2-5km
in the low-CAPE storms). The high-CAPE storm also dis-
plays a footlike extension of paired upward and downward
ACCDNL associated with a corridor of large, initially hori-
zontal streamwise vorticity emanating from the forward flank
just above the ground and being tilted into the low-level
mesocyclone. But the location and spatial extent of appre-
ciable ACCB (magenta surface) is the key difference be-
tween high- and low-CAPE storms. The high-CAPE storm
features a large column of ACCB > 0.05ms ™2 This column
intersects the top of the vortex and low-level mesocyclone
and encloses the midlevel mesocyclone. In contrast, the
same magnitude of ACCB is completely disconnected from
the low-level features in the HSLC storms. The top-down
views in Fig. 21 show that ACCB (magenta) is displaced
downshear from the low-level mesocyclone (blue-yellow
dipole), and often even downshear from the midlevel me-
socyclone. This structure is consistent with HSLC vortex
parcels’ failure to become positively buoyant in the min-
utes after vortex entry when they encounter downward
ACCDNL. It can also be applied to the HSLC updraft
parcels that acquire large w in the mesocyclone, explaining
why they only experience positive ACCB after leaving the
region of stronger dynamic lifting.

5. Conclusions

Idealized simulations demonstrate differing kinematics and
dynamics of supercells in realistic high- and low-CAPE envi-
ronments. These simulations offer dynamical explanations for
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some observable characteristics of HSLC storms. The main
findings are:

1) Simulated HSLC supercells’ updraft maxima are primarily
dynamically driven and occur at much lower altitudes than
higher-CAPE storms’ updraft maxima, which occur near
the EL and are mostly buoyancy-driven. This agrees with
previous simulations in tropical cyclone environments and
HSLC pseudo-dual-Doppler analyses. Horizontal diver-
gence profiles suggest little of the mass in HSLC storms’
main updrafts approaches the nominal EL.

40 - 1

«« High-CAPE wg «+ Low-CAPE 1 wg ++ Low-CAPE 2 wg ++ Low-CAPE 3 wg
—— High-CAPE w —— Low-CAPE 2w —— Low-CAPE 3 w
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301
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w(ms™1)
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-100 0 100 200

time (s)

=10 T
—-300 -200 300

FIG. 19. As in Fig. 15, but for vortex parcel groups, and with times
relative to vortex ingestion.
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each vortex’s life cycle.

2) A major cause of HSLC vortices’ shallowness is the inabil-
ity of reduced buoyancy to overcome downward ACCD
near the top of the low-level mesocyclone and carry high-
{ parcels into a deeper column. Stagnation of vortex parcels
near the vortex top—even mean parcel subsidence in two of
three cases—opposes vertical growth of vortices and ap-
pears to be a novel behavior among supercell simulations.

This second point in particular is operationally important in
HSLC events. Vortex parcels’ failure to rise through the
downward ACCD near vortex top is probably related to the
radar detection difficulties described by Davis and Parker
(2014). This behavior appears more directly dependent on
parcel buoyancy than on the parent storm’s depth. This has two
implications. First, radar operators should be aware that low-
CAPE supercells may have elusively shallow vortex signatures
even if neither the tropopause nor cloud tops are unusually
low. Second, the importance of ACCB around vortex top may
offer further physical justification for HSLC observational
studies that emphasize CAPE or lapse rates in the 0-3-km layer
(e.g., Guyer et al. 2006; Sherburn et al. 2016) for prediction of
significant severe weather. Thermodynamic profiles permitting
more ACCB in the lowest levels might be associated with
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vortex trajectories more like those in the deeper, longer-
lasting, more intense high-CAPE vortex.

The importance of small-scale ACCD in governing the
depth of these storms’ key features, as well as the narrowness of
real tornadoes in these marginally supportive environments,
underscores the need to continue modeling HSLC storms at
increasing resolution. Future work should include extension to
different HSLC events’ environments. While the 31 March
2016 case was selected because of the VORTEX-SE observa-
tions, its relatively well-mixed PBL and dry air aloft are not
present in all HSLC events. A wide range of the higher-CAPE
parameter space has been modeled at comparable resolution;
this should be a goal for low CAPE as well. In particular, vortex
parcel behavior in these cases suggests that future experiments
should vary CAPE within shallow layers, like 0-3km AGL.
Regarding the modeling techniques themselves, work is
needed to represent surface friction more effectively than the
attempts documented in the appendix, and it might be worth
investigating why model analyses serve as better base states
than observed soundings in this horizontally homogeneous
framework. On the observational side, true multi-Doppler
analyses of HSLC supercells are highly desirable for validat-
ing these simulations. Finally, it is worth asking whether the
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widely accepted dominance of baroclinically generated vor-
ticity in supercell tornadogenesis generalizes to HSLC storms
with weaker cold pools and often larger environmental vor-
ticity. This question will be addressed in a subsequent article
using these simulations.
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APPENDIX

Sensitivities to Parameterizations

Though not the primary goal of this study, it is worthwhile to
document large sensitivities to a couple of widely used model
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parameterizations. These sensitivities seem greater in HSLC
parameter spaces than in higher-CAPE environments and are
described here for the benefit of future HSLC modeling.

a. Microphysics

The weak cold pools in some of the HSLC cases are sensitive
to the choice of microphysics. In particular, the Morrison et al.
(2005) two-moment scheme produces abundant cold outflow
not easily reconciled with surface observations from the
31 March 2016 event; Fig. Al shows an example of this. As
implemented in CM1, this scheme allows only one “large ice”
category, which is set to hail or graupel. This creates a dilemma
unique to HSLC simulations. Forcing all large ice to be hail
instead of graupel—the default in CM1—produces large
amounts of hail in low-CAPE updrafts with modest vertical
velocities. This hail falls out before it can be carried down-
shear, concentrating latent cooling in the immediate forward-
flank and rear-flank downdraft area. Choosing graupel and
prohibiting hail yields a milder cold pool but results in abun-
dant ice being advected far downstream in high-shear envi-
ronments, creating an unrealistic streamer of light to moderate
precipitation extending many km out of the forward flank. In
short, there should probably be some hail in low-CAPE su-
percells, but not copious hail at the surface. A scheme with
separate classes for graupel and hail is best equipped to handle
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_
2 3 4 5

F1G. Al. Time-averaged potential temperature perturbations (K) and wind at 10 m AGL for
low-CAPE 3, with (a) NSSL microphysics as in Fig. 10d and (b) Morrison microphysics and
large ice set to hail.

this, which is one reason for choosing the NSSL two-moment  (at least very early in simulated storms) to frictional generation.
scheme (Mansell et al. 2010). However, in our set of HSLC simulations, parameterization of
friction with the semislip lower boundary condition strongly and
systematically inhibits tornado-like vortex production (Fig. A2).
A series of modeling studies (Schenkman et al. 2014; Roberts Specifically, the large horizontal accelerations and accom-
et al. 2016; Roberts and Xue 2017) has attributed tornado vorticity ~ panying vorticity stretching immediately behind the gust front

b. Lower boundary condition

a) Wmax (free-slip) b) {max (free-slip)

3.0

0.8
0.7
0.6
0.5
40 60 80 100 40 60 80
0.4
C) Wmax (semi-slip) d) max (semi-slip)
' 0.3
' 0.2
’ 0.1
5 0.0
0.0

N
w

g
o

=
wn

50

height (km)
height (km)

I
(=]

O B N W B U O N W
o &
nw o

w

o
o
[=}

N

o
W
o

N
w

=
o

N

(=]

o
height (km)
o = N w B w (=)} ~ co o
height (km)
= i
o wv

o
w

40 60 80 100 120
time (min) tlme (mln)

FIG. A2. (a) Maximum vertical velocity (ms~!) and (b) maximum vertical vorticity (s~ ') from Figs. 11a and 13a.
(c),(d) As in (a) and (b), respectively, but rerun with the semislip lower boundary condition.
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are severely damped by the semislip condition. Wind profiles
outside the storm are minimally affected. The amount of drag
does not seem to matter; the effect is comparable even using
the roughness of a water surface (not shown). Sherburn (2018)
documented a similar effect with low CAPE. Yet this does not
prove that the free-slip simulations are seriously flawed in their
representation of vortexgenesis; Markowski et al. (2019) noted
that outflow wind profiles from VORTEX-SE deviate widely
from the predictions of Monin—-Obukhov theory (Monin and
Obukhov 1954), and concluded that the related semislip pa-
rameterization does not necessarily add realism to storm sim-
ulations. Furthermore, Markowski and Bryan (2016) described
unrealistically large vertical wind shear near the ground pro-
duced by insufficiently turbulent large-eddy simulations com-
bined with a lower boundary condition other than free-slip.
More work is still needed to clarify the real impacts of friction
in both high- and low-CAPE storms.
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