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ABSTRACT
A large fraction of eastern U.S. cool season and overnight tornadoes and significant straight-line wind events occur within
high-shear, low-CAPE (HSLC) environments; however, this portion of the parameter space is also associated with low
probability of detection and high false alarm rates of NWS watch and warning products. The compact spatial dimensions
of HSLC mesovortices and mesocyclones (~2-4 km in diameter and depth) make their interrogation by radar challenging.
Additionally, these sizes are comparable to the grid spacing of operational convection-allowing models, meaning that they
are poorly (if at all) represented in high-resolution numerical weather prediction.
The purpose of this work is to evaluate high-resolution, idealized simulations of HSLC QLCSs in an attempt to elucidate
the origins of rotation within these embedded mesovortices and mesocyclones. Data collected near HSLC convection
during recent field projects, along with observed and modeled soundings from case studies and climatologies of severe
HSLC convection, are used as a basis for the homogeneous, idealized environment in these simulations. In addition to
process studies focused on the origins of rotation, sensitivity studies varying the vertical distributions of CAPE and shear
are undertaken to determine what environmental characteristics promote versus curb the development of embedded
supercells and mesovortices.

1. Introduction

National Weather Service (Dean and Schneider
2012; Anderson-Frey et al. 2016).
The aforementioned recent work has
improved understanding of HSLC convection and
discrimination between severe and non-severe
HSLC convective events. However, as a result of
very few targeted observations and numerical
simulations of HSLC events, there remain many
gaps in our knowledge regarding the dynamics
that govern the differences between severe and
non-severe convection. Additionally, prior HSLC
simulations have largely focused on tropical minisupercell environments (e.g., McCaul and
Weisman 1996, 2001), which share a portion of
the parameter space with the mid-latitude
phenomenon
discussed
here.
Studies
investigating HSLC QLCS simulations have been
limited in scope by presenting only one case
(Wheatley and Trapp 2008) or performing largely
qualitative comparisons (Sherburn and Parker
2015). As such, a general sensitivity study aimed
to determine portions of the HSLC parameter
space where strong low-level vortices can be
expected had not been performed until now.
Recent research has elucidated the
mechanisms by which low-level rotation originates
in supercells within high-CAPE environments
typical of the U.S. Great Plains (e.g., Markowski
and Richardson 2014; Dahl et al. 2014), although
there remains some debate regarding the relative
contribution of various terms to low-level vertical
vorticity, including baroclinic (e.g., Dahl 2015) and
frictional (e.g., Schenkman et al. 2014; Markowski
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Convection within high-shear, low-CAPE (HSLC)
environments has been subject to rigorous
investigation in the last decade. Much of this
research has focused on producing a general
climatology of severe HSLC convection and its
associated synoptic-scale and mesoscale patterns
(e.g., Schneider et al. 2006; Schneider and Dean
2008; Sherburn and Parker 2014; Sherburn et al.
2016). Further research has investigated the many
operational considerations associated with HSLC
convection, including: its tendency to occur during
the cool season or overnight hours (e.g., Guyer at
al. 2006; Smith et al. 2008); its relatively small
spatial and temporal dimensions, leading to
challenges in radar operations (e.g., Davis and
Parker 2014); its relatively large fraction of quasilinear convective system (QLCS) tornadoes (e.g.,
Thompson et al. 2012; Davis and Parker 2014);
and
the
environments’
apparent
rapid
destabilization preceding the arrival of convection,
which may be unresolvable in conventional
guidance (e.g., King and Parker 2015). Combined,
these challenges contribute to low probability of
detection and high false alarm rate of associated
tornado watch and warning products issued by the
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2016) generation. Via trajectory analysis, these
studies have also identified the general pathways
by which parcels approach and contribute to
intense low-level vortices. Studies focused on the
development of QLCS mesovortices have also
been performed (Trapp and Weisman 2003;
Weisman and Trapp 2003; Wheatley and Trapp
2008; Atkins and St. Laurent 2009a, b;
Schenkman et al. 2012), though there is not a
leading theory for their formation. Few similar
studies have been performed for HSLC
environments, be it with mini-supercell or QLCS
convective modes. In addition to sensitivity tests of
the parameter space, secondary aims of this work
are to determine how strong low-level vortices
form in HSLC environments and how these
formation mechanisms differ, if at all, from higherCAPE environments.

typical parameter space of HSLC convection fairly
well, but future work will explore additional
combinations of variables.
b. Model setup
Simulations were performed using the Bryan
Cloud Model (CM1; e.g., Bryan and Fritsch 2002;
Bryan and Rotunno 2009), release 18. Horizontal
grid spacing in y was 250 m throughout the
domain, and the north and south boundaries were
periodic. The x grid was stretched from 250 m in
the inner 100 km to 2 km at the model’s east and
west open boundaries. Note that the horizontal
grid spacing here is fairly coarse given the scale of
HSLC vortices (e.g., Davis and Parker 2014), and
simulation results here are presented with the
caveat that near-surface vortices are likely not
entirely resolved.
The vertical grid spacing was stretched
from 20 m in the lowest 1 km to 500 m from 7.5
km to the model top of 15 km. This included 50
levels in the lowest 1 km and a lowest model level
of 10 m. A cold pool initialization was used, which
was characterized by a minimum potential
temperature perturbation of -10 K, decreasing as a
cosine function eastward and upward from the
western and bottom edge of the domain. The
domain moved with a constant speed that varied
slightly based upon the base-state environment to
ensure that convection remained near the center
of the domain within the unstretched x grid.
Coriolis forcing was included on the perturbation
winds only, which is equivalent to assuming
geostrophic balance in the base-state wind field
(Roberts et al. 2016; Coffer and Parker 2016). The
simulations were initialized with modest, random
potential temperature perturbations throughout the
domain to encourage more rapid development of
three-dimensional convective structures. The
NSSL double-moment microphysics scheme is
used, with both graupel and hail densities
predicted. The bottom boundary is free-slip, and
surface fluxes and radiation are excluded for
simplicity.

2. Data and Methods
a. Model sensitivity matrix
A seven-member model sensitivity matrix was
developed to examine how variations in low- and
mid-level shear vector magnitude and low-level (03 km) CAPE affect convective structure, evolution,
and intensity. The control base-state environment
is shown in Figure 1 and exhibits 493 J kg-1 of
surface-based (SB) CAPE, 21 J kg-1 of 0-3 km
CAPE, and 30 kt (1 kt = 0.51 m s-1), 45 kt, and 83
kt of 0-1 km, 0-3 km, and 0-6 km shear vector
magnitude,
respectively.
The
control
thermodynamic and kinematic profiles are based
upon prior HSLC composites (e.g., Sherburn et al.
2016) and preliminary radiosonde data from the
VORTEX-SE field experiment and HSLC-focused
radiosonde launches from NC State University.
Table 1 shows the variability in chosen
convective ingredients from the control base-state
environment to the other six simulations. Note that
changes in low-level CAPE do not alter the
SBCAPE but do lead to minor differences in
mixed-layer (ML) CAPE. Although not shown, the
0-1 km, 0-3 km, and 0-6 km shear vector
orientations
remain
constant
across
all
simulations. Storm-relative helicity (SRH) values
change considerably with variations in shear
vector
magnitudes
but
also—perhaps
unintuitively—change slightly with low-level CAPE
due to the chosen storm motion estimate, which
depends on the effective inflow base (Bunkers et
al. 2014). Overall, this matrix represents the

c. Parcels and trajectories
For each simulation that produced a relatively
strong vortex, a restart run was performed in
which tracer parcels were seeded within the
model. Parcels were initiated at each grid point
within a 50 km (in x) by 100 km (in y) by 1.4 km (in
z) box ahead, and in the vicinity, of the location
2

where the strongest 10-m vortex developed.
Candidate parcels were then filtered by maximum
low-level vertical vorticity to determine the origins
and forward trajectories of parcels that eventually
contributed to strong low-level vortices. Although
near-surface vortices were the primary point of
investigation for this work, future research will
investigate the origins of rotating updrafts, or
embedded mesocyclones, within HSLC QLCS
simulations. Parcel trajectories were calculated at
every large model time step, with output written
every ten seconds.

another; in particular, it is speculated that the
stronger dynamic forcing for ascent via the vertical
perturbation pressure gradient acceleration into
mid-level vortices subsequently enhanced tilting of
low-level horizontal vorticity and stretching of lowlevel vertical vorticity, as has been documented in
many prior studies. This would imply a relationship
between the low-level shear vector magnitude and
low-to-mid-level updraft rotation, which is
consistent with existing theory.
At any rate, the simulation with decreased
low-level shear vector magnitude (-LLshear)
generally produced the weakest simulated
convection within the matrix, with no strong lowlevel vortices observed. Convection within the
increased low-level shear vector magnitude
simulation (+LLshear) was among the strongest in
the matrix, particularly in the first 180 min. The
strongest near-surface vortices in the matrix were
also observed in +LLshear. These findings are
generally consistent with the mesovortex studies
of Weisman and Trapp (2003) and Atkins and St.
Laurent (2009a). Additionally, these findings
corroborate the parameter-based work of
Sherburn et al. (2016), who showed that shear
vector magnitudes over shallow layers (in
particular, 0-1.5 km) were useful in discriminating
between
severe
and
nonsevere
HSLC
environments.

3. Preliminary Results
a. Overview
Convection was rather slow to develop in all
simulations, with initial convective updrafts
generally emerging in the 100-150 min time
period. Following initiation, convection in each
simulation evolved from primarily scattered cells to
a QLCS mode, with many simulations exhibiting at
least transient embedded supercellular features.
These embedded supercells, which exhibited
realistic simulated reflectivity structures (Fig. 4)
and considerable updraft helicity (Fig. 5), had life
cycles ranging from approximately 30 to 90 min.
Most simulations also eventually produced strong
low-level vortices with maximum surface vertical
vorticity surpassing 0.1 s-1. Curiously, these lowlevel vortices—particularly when weakening—
tended to move to the right of the embedded
mesocyclones (sometimes by as much as 90
degrees, see Fig. 6). Maximum values for 1-km
vertical velocity, 1-km vertical vorticity, 10-m
vertical vorticity, and 10-m wind speed2 are
provided in Table 2 for comparison between the
seven runs.

c. Mid-level shear vector magnitude sensitivity
Modifying the mid-level shear vector magnitude
appeared to primarily influence the location of
convective development and evolution. With
increased mid-level shear vector magnitude
(+MLshear), convection developed well ahead of
the initiating cold pool and subsequently evolved
along its own, system-generated cold pool. On the
contrary, convection in the decreased mid-level
shear vector magnitude simulation (-MLshear)
developed close to the initiating cold pool and
subsequently evolved along this boundary.
The simulated convection’s proximity to
this initial cold pool led to noteworthy changes in
its structure and associated low-level vortices. In
particular, convection in +MLshear began as
scattered mini-supercells before growing upscale
into a convective system as it weakened, whereas
convection in -MLshear rapidly evolved into a
QLCS. The quasi-isolated mini-supercells in
+MLshear ultimately supported the strongest lowlevel vortices in this particular run, which
superficially appeared to develop in a manner and
location similar to higher-CAPE supercells. Within

b. Low-level shear vector magnitude sensitivity
Compared to the other variables, low-level shear
vector magnitude appeared to have the most
substantial impact on the potential for simulated
convection to produce strong low-level vortices.
Additionally, decreasing the low-level shear vector
magnitude essentially eradicated the presence of
embedded supercellular features. These two
sensitivities are likely not independent of one
2

Note that 10-m wind speeds are likely overestimated due to
the free-slip lower boundary condition.
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-MLshear, several vortices developed along the
leading edge of the cold pool, appearing to
strengthen as they encountered overlying
updrafts. There are some indications that these
vortices arise from the development of a vortex
sheet along the cold pool’s leading edge,
particularly given their fairly regular spacing. This
will be explored further in future work.

during ascent and/or coincident with a horizontal
left turn towards the location of vortex
development, rather than descent. Further, much
of the development of vertical vorticity occurs
below the bottom model level.
In contrast, parcels acquiring appreciable
vorticity at the bottom model level in +LLshr
arrived from four different source regions (labeled
“1”, “2a”, “2b”, and “3” in Fig. 8). Initial parcels
acquiring appreciable vertical vorticity arrived from
storm-relative north (Fig. 8, annotated source
region “1”). Subsequent parcels originated in the
other three regions, though some pathways to the
vortex (“2a” and “2b”) were ultimately similar. As in
+LLCAPE, parcels either attained vertical vorticity
while taking a “left turn” towards the location of
vortex development or during ascent; parcels
entering the vortex did not acquire appreciable
positive vertical vorticity during descent. These
trajectories suggest that the source region of
parcels acquiring large low-level vertical vorticity
and contributing to strong near-surface vortices
could—and likely do—change based upon the
time they enter the vortex.
One final interesting note is that all parcels
entering the vortex in +LLshr did so with positive
buoyancy (Fig. 8, bottom right). This is
counterintuitive based on conventional reasoning
that near-surface vertical vorticity arises in
association with a convective downdraft, which
would tend to be cool relative to its surroundings.
Additionally, all parcels entering the strongest
vortex in +LLCAPE arrived with negative buoyancy
(Fig. 8, bottom right), consistent with existing
theory. This suggests the potential that the
thermodynamics of parcels entering strong lowlevel vortices could vary based upon base state or
convective mode. Future work will examine the
differences in parcel characteristics and pathways
between these two simulations (and others) in
further detail.

d. Low-level CAPE sensitivity
The magnitude of low-level CAPE appears to
primarily influence the convective time scale. In
other words, the base-state with increased lowlevel CAPE (+LLCAPE) produced convection
earlier in the simulation that subsequently reached
its peak strength earlier in the simulation.
Meanwhile, the decreased low-level CAPE
simulation (-LLCAPE) produced slower convective
development and evolution. Eventually, the two
simulations are comparable, with each producing
QLCS structures and embedded supercellular
elements. Quantitative metrics, such as maximum
updraft speeds and near-surface vertical vorticity,
are also generally comparable between the two.
e. Trajectory analysis
Thus far, trajectory analysis has primarily focused
on +LLshr and +LLCAPE. Both simulations
produced strong near-surface vortices, with 10-m
vertical vorticity greater than 0.1 s-1 and OkuboWeiss parameter (Okubo 1970; Weiss 1991)3
values over 0.05 s-2. However, the convective
mode during the time of these vortices varied
between the runs, with embedded supercells
apparent in +LLCAPE and a dominant QLCS
mode observed in +LLshr.
The pathways by which parcels acquired
appreciable (0.025 s-1) near-surface (z = 10 m)
vertical vorticity in +LLCAPE were rather
straightforward and generally “traditional” when
compared to prior research on higher-CAPE
supercells (Fig. 7). Namely, all parcels
approached from the storm’s northwest quadrant
with little to no vertical motion, though some
appear to take an “up-down” trajectory over an
outflow boundary beforehand. Parcels appear to
acquire appreciable vertical vorticity at 10-m

4. Discussion and Conclusions
Preliminary results suggest that HSLC convection
has the following sensitivities to environmental
conditions:
●
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The Okubo-Weiss parameter is sometimes preferred over
vertical vorticity because it effectively removes deformation
from vertical vorticity, thus providing a focus on the location
where rotation is dominant.
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The low-level shear vector magnitude can
help determine if strong, low-level vortices
should be expected within HSLC
convection. Larger values are conducive
to the development of strong, low-level

●

●

●

vortices, while simulations with weak lowlevel shear do not produce vortices of
similar intensity. These findings are
consistent with prior QLCS mesovortex
studies (Weisman and Trapp 2003; Atkins
and St. Laurent 2009a).
Low-level shear vector magnitude also
influences convective mode. Simulations
with weak low-level shear do not support
embedded supercells.
Mid-level
shear
vector
magnitude
influences the location of convective
development and evolution. Increased
mid-level shear supports convective
development ahead of an initial cold pool,
with subsequent evolution along a systemgenerated cold pool. Decreased mid-level
shear leads to convective development
and evolution along the initiating
boundary.
Low-level CAPE plays a role in the
convective time scale of simulated HSLC
convection. Increased low-level CAPE
leads to more rapid development and
evolution of convection, though ultimate
convective structure appears similar
regardless of low-level CAPE.

However, it is rather intuitive that increased CAPE
would lead to more rapid development and
evolution of convection. With that said, there are
likely some nuances associated with this
sensitivity that will be uncovered with more
rigorous investigation. Additionally, it is worth
exploring how an environment with little to no lowlevel CAPE can support embedded supercells.
Future
work
will
examine
these
simulations in more quantitative detail, including a
decomposition of the diagnostic perturbation
pressure gradient acceleration and an assessment
of the origins of vorticity within embedded
mesocyclones. Furthermore, we plan to expand
our matrix of simulations to encompass a broader
portion of the parameter space in an effort to test
the applicability and validity of our preliminary
findings.
Preliminary trajectory analyses suggest
that the pathways by which parcels acquire large
near-surface vertical vorticity may be sensitive to
the environmental base state and the time at
which they enter low-level vortices. Additional
trajectory analysis will be undertaken for the
remaining simulations of the matrix to determine
the representativeness of the trajectories shown
here. Ongoing work seeks to calculate vorticity
budgets along trajectories entering low-level
vortices to determine the sources of rotation and
how these differ from higher-CAPE vortices. It
should be reiterated that given the horizontal grid
spacing of these simulations, low-level vortices
are, at best, marginally resolved. Thus, future work
will also examine the potential of conducting these
simulations at finer horizontal grid spacings to
more adequately resolve the vortices of interest.

While rigorous quantitative investigation into these
sensitivities has yet to be conducted, we can
speculate on their associated dynamics.
Increased low-level shear would lead to
enhanced streamwise horizontal vorticity that
could be tilted and stretched into the vertical. This,
in turn, would be supportive of stronger
mesocyclones, thus enhancing low-level vertical
ascent. Subsequently, this ascent would be
supportive of increased tilting of near-surface
horizontal vorticity and stretching of near-surface
vertical vorticity, contributing to stronger low-level
vortices. These speculations are generally
consistent with the suggestions of Markowski et al.
(2012), among others. It is noted that within our
prior climatological investigations, the most skillful
value of 0-1 km shear vector magnitude in
discriminating between severe and non-severe
convective environments is approximately 31-33
kt, which is comparable to our control value of 30
kt. This implies that our -LLshr simulation is within
the “less favorable” regime and +LLshr is “more
favorable” based upon HSLC climatology.
In terms of the remaining variables, the
impact of mid-level shear vector magnitude on
location of convective development is a bit more
obscure and will require further investigation.
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Table 1. Selected base-state environment variables for matrix of simulations

Variable

Control

+LLshear

-LLshear

+MLshear

-MLshear

+LLCAPE

-LLCAPE

SBCAPE (J kg-1)

493

493

493

493

493

493

493

MLCAPE (J kg-1)

274

274

274

274

274

276

288

0-3 km CAPE (J kg-1)

21

21

21

21

21

40

6

0-1 km shear (kt)

30

40

20

30

30

30

30

0-1 km SRH (m2s-2)

253

352

160

271

233

236

264

0-3 km shear (kt)

45

45

45

54

35

45

45

0-3 km SRH (m2s-2)

369

451

304

448

300

366

370

0-6 km shear (kt)

83

83

83

93

73

83

83
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Table 2. Selected quantitative characteristics for matrix of simulations. Maximum value within the matrix
of seven simulations is bolded and italicized.

Variable

Control

+LLshear

-LLshear

+MLshear

-MLshear

+LLCAPE

-LLCAPE

Maximum w (m s-1)

36.18

33.59

35.09

33.33

33.19

31.32

36.92

Maximum 10-m ζ (s-1)

0.144

0.245

0.078

0.189

0.214

0.187

0.170

Maximum 1-km ζ (s-1)

0.087

0.101

0.071

0.120

0.153

0.109

0.100

Maximum 10-m wind
speed (m s-1)

55.23

60.30

35.50

52.83

58.39

52.93

48.10
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Figure 1. Control base-state environment in HSLC matrix of simulations.
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Figure 2. Base-state thermodynamic profiles for the (left) increased low-level CAPE and (right) decreased
low-level CAPE simulations.
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Figure 3. Base-state kinematic profiles for the (left) increased (top) low-level shear vector magnitude and
(bottom) mid-level shear vector magnitude and (right) decreased low-level and mid-level shear vector
magnitudes (top and bottom, respectively).
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Figure 4. Snapshots of simulated reflectivity (dBZ, shaded), 1-km vertical velocity (m s-1, black contours),
10-m Okubo-Weiss parameter (s-2, white contours), and the 50 dBZ contour (green) from the increased
low-level shear vector magnitude simulation (left) and the increased low-level CAPE simulation (right) at
time of strongest near-surface vortex. Note the QLCS reflectivity structure on the left and classic
supercell-esque reflectivity structure on the right, along with a corresponding typical kidney bean shaped
updraft.

13

Figure 5. Longitudinal maximum updraft helicity (m 2 s-2) Hovmoller diagram for the increased low-level
CAPE simulation, with time on the abscissa and y on the ordinate. Continuous tracks of enhanced updraft
helicity indicate embedded supercellular features within the broader QLCS.
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Figure 6. As in Fig. 5, but including 10-m vertical vorticity (s-1, black contours) tracks. Note that vertical
vorticity maxima appear to have a motion vector approximately 45 to 90 degrees to the right of the
dominant mesocyclone tracks.
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Figure 7. Trajectories of parcels acquiring at least 0.025 s-1 of 10-m vertical vorticity during the time of
strongest near-surface vortex development in the increased low-level CAPE simulation. Large panel
shows a three-dimensional rendering of these trajectories, shaded by 10-m vertical vorticity (s-1). Top right
panel shows the same but in a plan-view, x-y domain. The bottom right panel shows a time versus vertical
velocity plot, with parcels shaded by their buoyancy (m 2 s-1) and sized based upon their vertical vorticity.
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Figure 8. As in Fig. 7, but for the increased low-level shear vector magnitude simulation. Source regions
referred to in the text are annotated in the top right panel.
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