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ABSTRACT

Convective environments are known to be heterogeneous in both time and space, yet idealized models use
fixed base-state environments to simulate storm evolution. Recently, the base-state substitution (BSS)
technique was devised to account for environmental variability in a controlled manner while maintaining
horizontal homogeneity; BSS involves updating the background environment to reflect a new storm-relative
proximity sounding at a prescribed time interval. The study herein sought to assess the ability of BSS to more
realistically represent the structure and evolution of an observed supercell thunderstorm in comparison to
simulations with fixed base-state environments. An extended dual-Doppler dataset of an intensifying
supercell thunderstorm in a varying inflow environment was compared to idealized simulations of the same
storm; simulations included those with fixed background environments, as well as a BSS simulation that
incorporated environmental variability continuously via tendencies to the base-state variables based on changes
in a series of observed soundings. While the simulated supercells were generally more intense than what was
measured in the observations, broad trends in reflectivity, vertical velocity, and vertical vorticity were more
similar between the observed and BSS-simulated supercell; with a fixed environment, the supercell either shrunk
in size and weakened over time, or grew upscale into a larger convective system. Quantitative comparisons
examining distributions, areas, and volumes of vertical velocity and vorticity further confirm these differences.
Overall, BSS provides a more realistic result, supporting the idea that a series of proximity soundings can
sufficiently represent the effects of environmental variability, enhancing accuracy over fixed environments.

1. Introduction and motivation heterogeneous, varying (sometimes significantly) in
both time and space (e.g., Brooks et al. 1996; Bunkers
et al. 2006; Markowski and Richardson 2007; Letkewicz
and Parker 2010; Ziegler et al. 2010; Parker 2014;
Davenport and Parker 2015a; Wade et al. 2018). As a
result, less is known about how these fundamental pro-
cesses are modified or respond to changes in the local
storm environment; such variations are known to influ-
ence storm structure, organization, maintenance, and
severity (e.g., Bunkers et al. 2006; Richardson et al. 2007;
French and Parker 2008; Ziegler et al. 2010; Davenport
and Parker 2015b; Gropp and Davenport 2018).

In recent years, there have been a few different methods
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Much of our current understanding of the funda-
mental dynamical processes governing severe convec-
tion is largely due to a number of idealized modeling
studies using horizontally homogeneous, temporally
fixed environments (e.g., Klemp et al. 1981; Rotunno and
Klemp 1982; Rotunno and Klemp 1985; Droegemeier et al.
1993; Weisman and Rotunno 2000). The ability to cleanly
diagnose cause and effect in this idealized setting is
clearly beneficial, though is not without drawbacks.
Notably, observed convective environments are largely
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simulations (e.g., Richardson et al. 2007; Parker 2008;
Ziegler et al. 2010; see Letkewicz et al. 2013 for a re-
view). Most recently, the base-state substitution tech-
nique (BSS; Letkewicz et al. 2013) was developed as a
way to maintain horizontal homogeneity in the model
while modifying the base-state environment in a con-
trolled manner. Briefly, BSS entails the wholesale re-
placement of the horizontally homogeneous base state
at a prescribed temporal interval while maintaining any
storm-induced perturbations. If desired, the model user
can independently modify the temperature, moisture, or
wind profiles at a chosen interval without altering the
structure of the perturbation fields (see Letkewicz et al.
2013 for complete details). In essence, BSS utilizes a
storm-relative framework, wherein a storm is consid-
ered to experience a new environment at some rate as it
moves through observed environmental variations; in
other words, the background environment is updated
via a series of proximity soundings that encapsulate the
observed or imposed spatial and temporal environmental
changes experienced by a storm. Notably, it is assumed
that one base-state sounding can reasonably represent
each new environment with sufficient accuracy; indeed,
this is an assumption that underlies all idealized models
with horizontally homogeneous environments.

BSS provides a significant amount of control over the
environmental changes while also allowing for a clean
determination of cause and effect. Indeed, it was
designed to permit more realistic investigations of se-
vere convection in an idealized setting, as explored by
several recent studies (French and Parker 2014; Wipf
and French 2014; Coffer and Parker 2015; Davenport
and Parker 2015b; Crossett 2017). However, the extent
of added realism afforded by implementing a series of
proximity soundings, while suggested in recent studies
using BSS, has yet to be assessed more deeply. For ex-
ample, does this approach result in simulated storm
structure and evolution fully consistent with observations?
Is observed storm behavior reproduced in the model
on a similar timeline? Or, can a single representative
proximity sounding sufficiently reflect observed struc-
ture or behavior, even in a heterogeneous environment?
Given the prevalence and continued utility of idealized
modeling for controlled hypothesis testing, as well as the
frequency of convection in environments containing
storm-relative heterogeneities, it is of interest to conduct a
detailed assessment comparing idealized simulations (with
or without BSS) with observations of a storm in a hetero-
geneous environment.

The goal of the current study is to evaluate the ability
of BSS to more realistically represent the structure and
evolution of observed storms in comparison to idealized
simulations with a fixed environment; this assessment
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will be completed using a combination of subjective and
objective measures. The next section describes the data
and methods of the study, including details of the ob-
served case and associated simulations. Section 3 then
reports the results of the simulations and provides analysis
of BSS’s performance. Finally, section 4 summarizes the
key findings and identifies the primary conclusions of
the study.

2. Data and methods

A thorough assessment of the faithfulness of model
simulations to reflect reality requires an observational
dataset of sufficient length and complexity to provide
ample points of comparison. Ideally, dual-Doppler wind
analyses would be available to examine similarities and
differences in the three-dimensional flow field and other
derived quantities to model output. Additionally, having
these wind analyses available over an extended time
period would be highly preferable to assess whether the
model is able to capture any variability in storm behavior
such as intensification or weakening. Correspondingly,
given BSS’s origins as a means to incorporate environ-
mental variability in an idealized, horizontally homo-
geneous model, it is desirable to use a case where the
storm-relative environment is evolving, and this vari-
ability is captured with a series of soundings. Here, a
case of a supercell observed during the Deep Convective
Clouds and Chemistry (DC3; Barth et al. 2015) field
experiment on 29 May 2012 near Kingfisher, Oklahoma,
provides an excellent dataset with these qualities, and
has been successfully simulated in other studies using
models where the background environment varies over
both time and space (Yang et al. 2015; Bela et al. 2018).
Dual-Doppler radar data was collected for over an hour,
which importantly includes a period of rapid storm inten-
sification. Additionally, three mobile soundings gathered
that day demonstrate notable shifts in the temperature,
moisture, and wind profiles of the inflow environment
over a period of approximately four hours.

a. Storm overview and observational data

A detailed description of the evolution of the 29 May
2012 supercell is provided in DiGangi et al. (2016); thus,
only a brief overview of the storm, environmental obser-
vations, and relevant data sources will be discussed. Key
events in the initial development of the observed
supercell, along with data collection periods, are sum-
marized in Table 1. In the afternoon on 29 May, an initial
cumulus field matured into two convective cells oriented
north-south near a dryline in western Oklahoma. The
northern cell exhibited sustained deep convection and
began producing lightning around 2120 UTC (all times
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are coordinated universal time), while lightning was first
detected in the southern cell near 2134. The southern
storm split shortly after 2200, with the right mover
identified as the Kingfisher supercell. During field
operations, the Kingfisher storm intensified, as evidenced
by rapidly increasing total flash rates and strengthening
vertical velocity and vertical vorticity; the storm con-
tinued to intensify following the end of operations in
response to merging with another supercell, resulting in
hail up to 12 cm diameter and an EF-1 tornado. While
the storm later dissipated, its remnants and other storms
in the area continued to merge and eventually formed
a mesoscale convective system (DiGangi et al. 2016).

Three storm-following mobile soundings (Ziegler
2013, cf. Table 1) captured the evolution of the envi-
ronment from 2029 (preconvective, Fig. 1a), through
2255 (far-storm inflow, Fig. 1b), to 0020 (far-storm in-
flow, Fig. 1c). Over time, the environment became in-
creasingly supportive of strong, rotating deep moist
convection, particularly between 2255 and 0020 (Fig. 1).
While average boundary layer conditions were rela-
tively unchanged between 2029 and 2255, resulting in
small changes in mixed-layer convective available po-
tential energy (MLCAPE) and convective inhibition
(MLCIN), notable moistening occurred both within the
boundary layer and the lowest 3km between the 2255
and 0020 soundings, prompting a significant increase in
MLCAPE and slight decrease in MLCIN (Fig. 1;
Table 2). The base of the elevated mixed layer near
800 hPa also cooled over time, reducing the lid strength
index (Graziano and Carlson 1987). Additionally, the
low-level hodograph curved and lengthened, consider-
ably increasing storm-relative helicity (SRH), though
the magnitude of deep-layer shear remained essentially
unchanged (Fig. 1). These environmental changes, par-
ticularly after 2255, are consistent with the observed
intensification trend of the Kingfisher storm after 2300
(DiGangi et al. 2016); such a connection is physically
consistent with how a storm would be expected to evolve
in the face of such conditions, and importantly implies
that inclusion of environmental changes would be nec-
essary to accurately portray storm evolution.

The environmental evolution captured by the three
soundings described above encapsulates both spatial
and temporal variability experienced by the Kingfisher
supercell. To demonstrate the extent of spatial versus
temporal heterogeneity present, low-level transects of
potential temperature (), mixing ratio (g,), and winds
sampled by the DC-8 aircraft (Chen and Olson 2018) are
shown in Figs. 1e and 1f. The transects shown represent
observations gathered between the first two soundings;
the east—west leg was collected near 0.8 km above ground
level (AGL) between 2110 and 2135, while the west—east
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TABLE 1. Timings of observed cumuliform cloud formation, con-
vection initiation (CI), and storm/environment observations relative
to the simulated 29-30 May 2012 Kingfisher, OK, supercell. The
chosen time origin 7, = 2014 UTC, which corresponds to initializa-
tion of the BSS simulation at 0 h, qualitatively matches all observed
and modeled events effectively in a least squares sense. The indicated
soundings at 2029, 2255, and 0020 UTC and the radar analyses from
2251 UTC29 May to 0000 UTC 30 May 2012 are described in the text.

Time  Model time
(UTC) (h, min) Event
2014 Oh Towering cumulus/cumulus congestus
east of dryline, initialize model
2029 Oh15min 2029 sounding launch
2120 1h 6 min Observed CI of northern supercell
2134 1h20min  Observed CI of southern supercell,
modeled CI
2205 1h51min  Split of observed southern supercell to
form right-moving Kingfisher supercell
2251 2h37min  First multiradar analysis
2255 2h41min 2255 sounding launch
0000 3h46min  Last multiradar analysis
0020 4h 6 min 0020 sounding launch
0114 5h End model simulation

leg, initially near 2.1km AGL and later descending
to 0.9km AGL, was collected between 2145 and 2200. Thus,
due to the distance covered within a relatively short amount
of time by the DC-8, these in situ aircraft observations re-
veal horizontal heterogeneities with minimal evolution.
Although the DC-8 data indicate a broad west—east
decrease of 6 extending from the primary dryline to a
longitude between the 2029 and 2255 soundings, the
DC-8 0 profile is roughly constant between the 2255 and
0020 sounding locations. There is also minimal hori-
zontal variability of g, around the longitude interval of
the sounding locations. Thus, the changes in the envi-
ronment identified in the observed soundings were col-
lectively influenced by both (limited) spatial gradients
and evolution of the boundary layer. Indeed, ~3-m
AGL observations obtained over a longer period of
time by the NSSL mobile mesonet instrument rack
(Ziegler 2015) attached to the rooftop of the mobile
sounding vehicle suggests a stronger temporal com-
ponent to the environmental surface layer evolution.
Radiative surface layer stabilization likely dominated
prior to sunset, particularly between the 2255 and 0020
sounding sites, as may be demonstrated by examin-
ing mobile mesonet-observed saturation point values
trending downward approximately along a constant
isohume on a skew T-logp diagram (not shown; e.g.,
Betts 1984, see Fig. 8 therein and related discussion).
Note that the warm bias of 6 from the mobile mesonet
versus DC-8, combined with vapor mixing ratio values
generally in good agreement between the platforms, is
likely a result of a warmer surface layer whose Bowen
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FI1G. 1. Mobile storm-following environmental soundings launched at (a) 2029, (b) 2255, and (c) 0020 UTC 29-30 May 2012, along with
associated thermodynamic and kinematic parameters, including mixed-layer convective available potential energy and convective in-
hibition (MLCAPE and MLCIN), lid strength index (LSI), 0-3 km storm-relative helicity (SRH0-3), and 0-6 km bulk vertical wind shear
(SHRO0-6). The orange and cyan curves (representing the lifted-parcel and environmental virtual temperature profiles) are shown to aid
visualization of MLCAPE and MLCIN values. (d) The hodograph for each sounding with markers as labeled to indicate the location of 1
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TABLE 2. Selected sounding quantities that illustrate the observed heterogeneity of thermodynamic variables and lifting condensation
level (LCL) in the boundary layer in north-central Oklahoma on 29-30 May 2012.

Average boundary layer parcel quantities

Sounding time (UTC) g (gkg™) 6 (K) 0., (°C) LCL pressure (hPa) LCL altitude (km AGL)
2029 143 307.1 235 810.4 1.4
2255 14.2 307.8 23.6 800.9 1.6
0020 15.4 307.5 243 819.8 1.4

Ratio is dominated by sensible heat flux. A jump in
vapor mixing ratio, potentially due to a shallow mi-
crofront, is evident between the 2255 and 0020
sounding locations, suggesting a spatial discontinuity
not captured by the DC-8. Overall, these data suggest
that temporal variations in the environment were
rather more prominent than spatial heterogeneities
relative to the moving storm, a scenario that BSS is
likely able to better approximate (Letkewicz et al. 2013).

Mobile radar data were gathered by the Shared Mo-
bile Atmospheric Research and Teaching Radars
(SMART-Radars, SR1 and SR2; Biggerstaff et al. 2005;
Biggerstaff 2014a; Biggerstaff 2014b) and the National
Oceanic and Atmospheric Administration National
Severe Storms Laboratory X-band polarimetric radar
(NOXP; Burgess et al. 2010; Mansell 2014). Two to three
radars collected time-synchronized volume scans every
3min between 2251 and 0000, a period in which rapid
storm intensification was observed; the optimal radar
pair (determined by the best viewing geometry at any
gridpoint location) was used for dual-Doppler radar wind
syntheses. The variational method described by Potvin
et al. (2012) was applied, utilizing the 0020 inflow envi-
ronmental sounding (Fig. 1c) as the background field for
each synthesis and later smoothly blended toward the in-
storm winds using a low-pass spatial filter. The radar
data were interpolated onto a 90km X 60km X 17.5km
Cartesian grid using natural neighbor interpolation
(Ledoux and Gold 2005) and a horizontal and vertical
grid spacing of 500 m. The observed and derived quanti-
ties from these data will thus serve as the “ground truth”
to which the idealized modeling results will be compared.

b. Numerical model tests

The idealized numerical model CM1 (Bryan and
Fritsch 2002), release 19, was utilized for the modeling

component of this study. The domain was 400km X
400km X 21 km, with a horizontal grid spacing of 250 m
and a stretched vertical grid (100m near the model
surface to 500 m aloft; in total, 50 vertical levels). Con-
vection was initiated using moist convergence (relative
humidity initially set at 95% within the zone of con-
vergence; Loftus et al. 2008) over the first 30 min of the
simulation. A maximum divergence of —5.5 X 10 s~ !
was applied over a 10km X 50km X 2.5km box. This
initiation technique was employed as a surrogate for the
observed dryline forcing on 29 May 2012 (DiGangi et al.
2016). Model variables were integrated forward using a
1s time step. A subgrid turbulence scheme based on the
turbulent kinetic energy scheme of Deardorff (1980)
was also used. Each simulation was run out for five
hours, and the Coriolis term was not included. Simple
open radiative lateral boundary conditions and a free-slip
lower boundary condition were utilized, and no surface
physics were included. Precipitation microphysics were
governed by the National Severe Storms Laboratory
(NSSL) double-moment variable graupel and hail den-
sity scheme (Mansell et al. 2010), with an initial cloud
condensation nuclei (CCN) concentration of 1.0 X
10°m~* (Mansell and Ziegler 2013).

The observed soundings from the Kingfisher storm
(Fig. 1) served as the base-state environment in the
model simulations. Before incorporation into the model,
quality control procedures were applied to the raw data.
The sounding data time series (sampled every 1 Hz, or
approximately every Sm vertically) were hole-filled
via piecewise linear interpolation, and the horizontal
winds in the surface layer (~10 m depth) were replaced
by NSSL mobile mesonet surface wind observations
to eliminate effects of launch from rest (e.g., Yurchak
2013). The hole-filled sounding data profiles were
then low-pass filtered with a 15-pass application of a

«—

and 3 km altitudes, the flight level of the DC-8 observations, as well as the estimated storm motion used to compute SRH is shown. A low-
pass filter with a period of 100 s was applied to lightly smooth the hodographs. (e),(f) Observations of potential temperature (0; shown in
red, orange, and yellow), mixing ratio (q,; shown in dark green, green, or light green), and u and v winds (shown in light or dark blue) from
DC-8 and mobile mesonet (MM) transects. The direction and altitude of the DC-8 flight legs are labeled, while the time periods of the
east-west and west—east legs are 2110-2135 and 2145-2200, respectively. Note that the DC-8 leg times are between the 2029 and 2255
soundings. For reference, the longitude of the primary dryline, secondary dryline, and storm-following soundings are also labeled.
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two-sided triangular function with a half-width of
150m and a reflection condition at the lower and
upper boundaries of each sounding (e.g., Wade et al.
2018). This filter amplitude is sufficient to remove the
roughly 15-20 s pendulum oscillation period from the
GPS horizontal winds, and also remove noise due to
instrumentation sampling error, while otherwise pre-
serving localized vertical shears that Wade et al. (2018)
argued could potentially influence a storm’s dynamical
evolution.

As detailed in Table 1, convection initiation (CI) on
29 May 2012, indicated by sustained precipitating deep
convection, strong reflectivity and high precipitation
content, and vigorous lightning production, occurred in
stages as different storms initiated and split from parent
cells (additional details found in DiGangi et al. 2016).
Although the definition of CI could generally depend on
whether an emphasis is placed on formation processes in
an individual supercell or alternatively in a line of super-
cells (Kain et al. 2013), the timings of CI in the individual
storms in the present case were adequately close to one
another to simply adopt the CI time of the (southernmost)
Kingfisher storm. The Kingfisher supercell developed
out of a split of the southern supercell that experienced
CI at 2134, 80min after towering cumulus developed
east of the dryline (Table 1). Thus, to replicate the en-
vironment that supported storm development, the initial
model base state was approximated by linearly interpo-
lating between the 2029 and 2255 soundings at 2134.
However, trial and error demonstrated that a slight
moistening of the low-level environment (i.e., a 5% in-
crease in relative humidity in the lowest 4km) was
needed to support long-lived convection. The remaining
soundings were incorporated via BSS as described be-
low, with the BSS profiles also being slightly moistened
to retain the observed rate of change in moisture. Ad-
ditional simulations not described herein demonstrated
that the results were not sensitive to this choice.

The base-state environment was modified using an
updated version of the base-state substitution method
[as described in Davenport et al. (2017) and Fierro and
Mansell (2017)]. The original BSS method involved
stopping and restarting the model at a desired interval to
separate the storm-induced perturbations from the base
state and recombine them with a new base state [see
Fig. 1 of Letkewicz et al. (2013)]. The current for-
mulation (“‘continuous’ BSS) applies tendencies to
the base-state variables at every time step, which are
computed according to the calculated environmental
differences and the observed (or assigned) time be-
tween environments. Thus, the base state is updated
every time step, before model variables are integrated
forward.
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To assess the extent of realism afforded by BSS in
representing the structure, evolution, and behavior of
observed storms in comparison to simulations with a
fixed environment, a series of experiments were
conducted. Two control simulations utilizing fixed
base-state environments will be shown; one simulation
containing the interpolated 2134 environment as the
base state (hereafter CNTRL 2134), and another simu-
lation with the 0020 observed environment as the base
state (hereafter CNTRL 0020). A third simulation uti-
lizing the 2255 sounding as the fixed base state was also
conducted; however, storm evolution was quite similar
to CNTRL 2134, and thus will not be shown. The BSS
experiment (hereafter BSS) maintains the 2134 envi-
ronment for the first 80 min, a sufficient length of time to
allow for CI and isolated supercell formation (e.g.,
Table 1). Following the 80 min mark, the base state is
continually updated at every time step, gradually shift-
ing the base state to the 2255 environment, then the 0020
environment. This modification occurs in “‘real model
time”’, meaning that it takes 1 h and 21 min of simulated
time to change the base state between the first two en-
vironments (2134 and 2255) and 1h and 25min to
change the base state between the second two observed
soundings (2255 and 0020). A distinction of the present
study is thus that the simulated storms may be consid-
ered to be evolving in real time, which in turn enables a
direct comparison of the radar-observed and simulated
supercells. It should be noted, however, that only the
CNTRL 2134 and BSS experiments shown herein
provide a direct comparison of the same storm in a varying
versus fixed base-state environment due to initiation in the
same environment; the CNTRL 0020 simulation repre-
sents the formation and evolution of a storm that initiated
in a different environment.

c. Filtering of model data

The model simulations contain finer horizontal and
vertical grid spacings compared to the observed radar
data.! As a result, more details are resolved by the
model than are apparent in the observations. Thus, to
provide a more representative comparison between
various model and observed fields, a two-dimensional
nine-point elliptic filter (Haltiner and Williams 1980,
p- 397) was applied horizontally to the model data. It

! Note that initial simulations of the Kingfisher supercell were
run with 500 m horizontal grid spacing, producing results similar to
those described herein in terms of simulated storm intensity and
overall outcome (see Davenport et al. 2017). However, finer model
resolution was chosen to better capture internal storm processes
that are sensitive to environmental variability, thus influencing
storm structure and evolution (e.g., Davenport and Parker 2015b).
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should be noted that the radar analysis (with Ax =
0.5km) has a minimum resolvable (Nyquist) wavelength
of 1 km, whereas the model has a Nyquist wavelength of
0.5km. The modeled u, v, and w components and ver-
tical vorticity were each smoothed with 10 filter appli-
cations to pass more than 70% of wave amplitude at
wavelengths longer than 6km (i.e., 24Ax in the model
and 12Ax in the radar analyses), more heavily damp
increasingly shorter wavelengths, and eliminate the 1 km
radar-Nyquist wavelength. Since the overall amplitude
response of the radar analysis is also estimated to be
very similar to the response of the latter elliptic nine-
point filter, the resulting low-pass filtering qualitatively
better matched the passed model scales to the radar-
observed storm-scale structures. As will become evident
in the results, finescale modeled structures that could
not satisfactorily be resolved by the radar analysis
were a more significant issue in the CNTRL 0020 and
BSS simulations. Consequently, both unfiltered and
filtered model values will be shown as appropriate to
demonstrate both the simulated storm dynamics and the
influence of filtering on the comparisons.

3. Results

To address the study’s goal, simulated storm structure
and evolution will be compared to observations of the
Kingfisher supercell using both subjective and objective
measures. The focus will be on the period in which dual-
Doppler observations are available, between 2251 and
0000. Given that BSS is applied starting at 80 min into
the simulation, and that both BSS and CNTRL 2134
were initiated with the same interpolated 2134 envi-
ronment (aligned with the CI environment of the ob-
served storm), the corresponding analysis period is
between 157 and 226 min. However, as will be described
below, in the CNTRL 0020 simulation, more rapid su-
percell formation occurs (45min into the simulation),
resulting in a comparative analysis period between 45
and 114 min. To reflect these similarities and differences
in timing with the observations, comparisons will be
shown relative to the corresponding simulated UTC
time for CNTRL 2134 and BSS, while analysis times for
CNTRL 0020 will be shown relative to simulated
model time.

a. Qualitative assessment

To begin, we will examine the broad trends in the
evolution of the observed Kingfisher storm as compared
to the simulated evolution in CNTRL 2134, CNTRL
0020, and BSS. As shown in Fig. 2, the observed
supercell traveled southeastward and clearly intensified
over time during the analysis period, as indicated by a
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larger updraft area and overall increase in storm size.
Notably, the midlevel updraft evolves from being elon-
gated along the southwestern edge of the storm to be-
coming broader and more circular. At the same time, the
storm expanded in size, particularly in the downshear
and forward flank region. This intensification trend is in
line with the observed shifts in the near-storm environment
between 2255 and 0020, particularly the increases in in-
stability and SRH that are more supportive of strong, ro-
tating convection (e.g., Coffer and Parker 2015).

In the experiments, a variety of simulated storm
evolutions occurred. At 2251, the CNTRL 2134 simu-
lation produced a supercell of fairly similar structure
(although weaker simulated reflectivity) to the observed
storm, with a broad area of downshear precipitation
(Fig. 2). Additionally, a transient inflow notch and hook
echo before 2310 associated with the western edge of the
main updraft was present. Over time, however, the
CNTRL 2134 supercell progressively weakened, with a
shrinking updraft and significant decrease in storm size;
the storm was nearly gone by 0000.

The CNTRL 0020 simulation evolved in a markedly
different manner. Soon after moist convergence was
turned off, a supercell formed that was embedded at the
southern end of an upscale-developing mesoscale con-
vective system (MCS). This embedded supercell, while
initially exhibiting features of a classic (CL) supercell,
quickly evolved into a high precipitation (HP) supercell
with a broadening, bow-shaped updraft on its southern
flank (Fig. 2). However, this HP supercell phase did not
last long, as the intensifying MCS and its attendant
mesoscale cold pool predominated through the remainder
of the simulation.

In contrast to both CNTRL 2134 and CNTRL 0020,
BSS exhibited a simulated storm evolution more con-
sistent with the observations than the other experiments.
For example, stronger simulated reflectivities were
exhibited further downshear. While the midlevel updraft
did not evolve as markedly as the observations, as the
supercell moved away from the initial zone of conver-
gence, the increasingly supportive environment (i.e., larger
instability and SRH) incorporated into the model con-
tributed to maintenance and some apparent intensification
of the storm on a similar time scale as the observations
(Fig. 2). It should be noted that, while not shown here,
additional simulations testing various model settings, in-
cluding initiation techniques and changes in microphysics,
largely confirm these various trends in all CNTRL and
BSS experiments. Details of quantities like cold pool intensity
or simulated reflectivity were impacted, but overall trends in
storm evolution in each experiment remained the same.

Recall that the base-state environment in both CNTRL
simulations remained fixed at either 2134 (representing
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FIG. 2. Observed and simulated reflectivity (shaded) and vertical velocity at 5 km (contoured at 10ms ™) of the Kingfisher supercell.
The observations, CNTRL 2134, and BSS experiments are shown during the dual-Doppler deployment period, with observed/simulated
times labeled in UTC. The CNTRL 0020 experiment is shown at select simulated times to demonstrate its rapid morphological evolution.
The x- and y-axis labels represent the distance (in km) from the objective analysis or model domain origin.

an environment in between the preconvective near-
dryline sounding and the first near-storm sounding)
or 0020 (representing the second near-storm sound-
ing farther downstream of the dryline; Fig. 1). In the
CNTRL 2134 simulation, the progressively weakening
storm evolution indicates that the fixed environment
was not in and of itself supportive of long-lived, rotat-
ing deep moist convection without the assistance of
sustained mesoscale lift via the dryline (e.g., Ziegler
and Rasmussen 1998). While not shown here, this
outcome was also observed using the 2255 sounding
as the fixed base state. The markedly different storm
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evolution present in the CNTRL 0020 simulation (CL
to HP to MCS), though not unusual in the downstream
dryline environment (Rasmussen and Straka 1998),
was notably not observed in the Kingfisher supercell
(i.e., refer to discussion in section 2a and details in DiGangi
et al. 2016). A homogeneous-environment sensitiv-
ity test storm simulation by Ziegler et al. (2010) also
resulted in a similar unobserved CL to HP to MCS
evolution. It is well recognized by forecasters and
modelers that upscale development via merging cold
pools of widespread, persistent storms is fundamental
to the MCS formation process (e.g., Ziegler 1999).
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The very moist midlevels of the 0020 sounding rela-
tive to the comparatively quite dry midlevels of both the
2134 and 2255 soundings are consistent with a greater
likelihood of sustained deep, moist convection in the 0020
sounding (and possibly also greater likelihood of upscale
development) due to a less diabatically cooled, negatively
buoyant downdraft (Gilmore and Wicker 1998). The BSS
simulation, leveraging a varying base-state environment, is
the only experiment to produce a storm morphology that
more realistically reproduces what was observed (Fig. 2).

The differing storm evolutions in the experiments are
likely the result of other aspects of their background
environments in addition to midlevel moisture as al-
luded to above. The 2134 environment, while possessing
significant deep-layer shear supportive of supercells, was
very warm and dry above the moist boundary layer with
strong capping. Accordingly, dynamic entrainment of
this warm and dry midlevel air would dilute the overall
buoyancy of the main updraft (a process that is partic-
ularly harmful to sustained deep convection in low- and
moderate-CAPE environments; James and Markowski
2010). While the near-inflow environment at 2255
developed a cooler, more moist midlevel layer, a sig-
nificant cap was still present. Indeed, Graziano and
Carlson (1987) noted that lid strength values above 2.0
(such as those present at 2029 and 2255) are associated
with significantly decreased potential for deep convection,
even with sufficient positive updraft inflow buoyancy.
In contrast, the 0020 sounding possessed a very deep,
rather cool and moist layer through approximately
3.5km, combined with weaker capping and larger
CAPE. Accordingly, new secondary cells that were
initiated by the preceding supercell outflow continued to
develop in a minimally inhibited environment with large
potential updraft buoyancies, further facilitating wide-
spread convection that promoted rapid upscale growth to
an MCS. As alluded to above, such an evolution is con-
sistent with the tendency for storms in dryline environ-
ments to progress in this manner (Rasmussen and Straka
1998), as well as prior modeling work (e.g., the homoge-
neous simulation in Ziegler et al. 2010). It appears that the
increasingly cooler, less stratified low- and midlevel tem-
perature and moisture in the BSS experiment contributed
to less dilution of the main updraft, thus further supporting
convective intensity both thermodynamically via in-
creasing CAPE and dynamically via increasing SRH due
to enhanced low-level rotation and stretching of vertical
vorticity (e.g., Coffer and Parker 2015).

To further illustrate the differing storm behaviors and
trends, we will first discuss the progression of maximum
vertical velocity profiles over time. In line with storm
evolution shown in Fig. 2, the observed storm displayed
generally increasingly intense updrafts, particularly in
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the mid- and upper levels (~5-10km above ground
level; all altitudes hereafter are with respect to the
ground or model surface) after ~2320 (Fig. 3a), aligned
with the increasing instability and weakening cap in the
near-storm environment between 2255 and 0020 (Fig. 1),
promoting stronger buoyancy accelerations. Accord-
ingly, the storm steadily deepened within that time pe-
riod, most evident between 2300 and 2345 (Fig. 3a). In
CNTRL 2134, however, the strongest updrafts became
significantly weaker throughout the depth of the storm,
particularly after 2320 (Fig. 3b); the overall result is a
shrinking and increasingly shallow storm. The CNTRL
0020 storm, on the other hand, rapidly intensified from
the start of the analysis period through about 75 min,
indicated by a deepening of the updraft and unfiltered
maximum updraft speeds nearly doubling (Fig. 3c), co-
inciding with the storm transition from a classic to high
precipitation supercell (Fig. 2). The subsequent transi-
tion to the MCS phase resulted in a more quasi-steady
updraft structure, with intermittent strengthening in the
low levels (Fig. 3c). In BSS, unfiltered maximum vertical
velocity magnitudes were broadly steady, though ve-
locities in excess of 70ms ! (i.e., locally approaching up
to at least ~90% of parcel theory updraft magnitudes
from the 2255 and 0020 soundings) appeared more fre-
quently and over a greater depth in the storm after ~2320.
Additionally, subtle strengthening in the midlevels
(near 5-7km) was evident as gradually descending ve-
locity contours of 40 and 50ms ™' (Fig. 3e).

While subtle, trends in maximum vertical velocity in
BSS are broadly more consistent with the observations
than the CNTRL simulations. Even so, it is worth noting
that the vertical structure varied somewhat. In particu-
lar, the updrafts in all simulations tended to be stronger
and deeper with a maximum located farther aloft com-
pared to the observations; this is likely as a result of the
simulations resolving features and processes not fully
captured in the observations. Indeed, other studies have
demonstrated a similar upward bias of the location of
maximum vertical velocity in simulations compared to
observations as a result of insufficient grid spacing and
biases in microphysics parameterizations (e.g., Varble
et al. 2014; Fan et al. 2017). Thus, application of the two-
dimensional filter helps to bring a greater degree of
alignment between the simulations and the observations
in terms of velocity structure and magnitude (Figs. 3d.f).
Even so, the filtered velocities in CNTRL 0020 still
exhibited a deeper and more intense updraft structure
compared to the observations, likely a result of the
larger environmental instability and enhanced low-level
lifting from the MCS’s cold pool (Fig. 3d). Filtered BSS
velocities were more steady state than the unfiltered
velocities, though the midlevels still exhibit gradually
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intensifying maximum vertical velocities, evident as
descending contours of 40 and 50ms™ % the 10ms™'
contour also descended slightly after 2350 (Fig. 3f).

The evolution of maximum vertical vorticity is similar
to that of maximum vertical velocity. The radar obser-
vations indicate stronger rotation throughout the storm
over time, most significantly after 2335 between 6 and
12 km, though vorticity in the lowest 2 km also strengthens,
indicating the development of a low-level mesocyclone
after 2325 (Fig. 4a). The overall increasing trend of low-
level rotation is consistent with stronger low-level winds
and SRH producing enhanced vertical vorticity and
stretching of vertical vorticity (e.g., Coffer and Parker
2015). In the simulations, the magnitude of vertical
vorticity is again much greater than the observations,
with varying trends and features of note. For example, a
transient simulated low-level mesocyclone is evident in
CNTRL 2134 and BSS before 2310 (Figs. 4b,e), associ-
ated with the previously noted inflow notch and hook
echo feature (Fig. 2). During the supercell phase of
CNTRL 0020, a descending mesocyclone is also present
(Figs. 4c,d). However, in CNTRL 2134, as updrafts
weakened and provide less support for stretching,
maximum vertical vorticity rapidly decreased in mag-
nitude over time (Fig. 4b). In contrast, as updrafts in-
tensified throughout the CNTRL 0020 storm, vertical
vorticity also strengthened (Figs. 4c,d). Similarly, the
BSS supercell exhibited more intense mid- and upper-
level vertical vorticities in conjunction with stronger
updrafts in those regions (Figs. 4e,f; cf. Figs. 3e,f).
Notably, filtered vertical vorticity in BSS exhibits
more consistent midlevel values above 0.03s ' after
2330, as well as some strengthening below 4km,
timing similar to the observations (Fig. 4d).

The evolution of maximum vertical velocity or verti-
cal vorticity is informative of storm behavior, but it is not
necessarily fully representative. Consequently, we wished
to examine the trends in the distributions of vertical
velocity and vertical vorticity, accomplished through
contoured frequency by altitude diagrams (CFADs;
Yuter and Houze 1995). Bins of 2ms~ ' and 0.002s ™! for
vertical velocity and vertical vorticity, respectively, were
used. The distributions were created at each vertical
level in both the observations and the simulations
using a 35km X 35km box surrounding the updraft; for
CNTRL 0020, this box first encompassed the primary
supercell updraft, and later the main updraft at the
leading edge of the MCS. This size was chosen to focus
on the properties of the updraft itself without being
influenced by any nearby convection (e.g., evident to-
ward the end of the observed analysis period in Fig. 2).

The distribution of vertical velocities in the observed
Kingfisher supercell underwent some notable changes
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during the analysis period, most significantly in the 99th
percentile of the distribution that represented the core
of the storm’s updraft. Over time, the core updraft sig-
nificantly strengthened, particularly in the mid- and
upper levels (~5-10km; Fig. 5), in line with the maxi-
mum values displayed in Fig. 3a. For example, at 2251,
the midlevel updraft (near 4-8 km) was around 20ms .
In contrast, the updraft at 8§ km had doubled in intensity
to 40ms~! by 0000, with the largest increase between
2339 and 0000, corresponding to the strongly increasing
environmental instability and SRH (Fig. 1). Further-
more, the frequency of velocities occurring at or above
the 99th percentile also increased over time. Other
portions of the vertical velocity distribution were also
modified. For example, the 95th percentile, representing
the broader storm updraft, steadily strengthened over
time in the midlevels, increasing from ~10ms ™' at 2251
to ~20ms ™! by 0000 (Fig. 5). Less significant shifts were
present in the storm’s downdraft. For example, the 1st
percentile, representing the core of the downdraft, ex-
hibited slight strengthening followed by weakening in
the upper levels (~10-12 km), and the reverse pattern at
low to midlevels (~2-4 km), with relatively small changes
in magnitude.

At the start of the analysis period, the overall shape of
the simulated vertical velocity distributions differ from
the observed distribution. In CNTRL 2134 and BSS, the
upper-level simulated velocities span a wider range of
values than the observed due to the deeper nature of the
simulated convection (Fig. 5). Notably, the core of the
updraft (i.e., the 99th percentile) in BSS is already
stronger than the updraft core in CNTRL 2134 at 2251,
presumably due to the incorporated shifts in the base-state
environment that the storm has experienced. The initial
CNTRL 0020 distribution is narrower than the other
simulations, though its broad updraft (i.e., the 95th per-
centile) is more intense than either CNTRL 2134 or BSS.

Over time, as the environment in BSS evolves (be-
coming increasingly favorable for strong, rotating con-
vection; Fig. 1), yet remains constant in the CNTRL
simulations, the vertical velocity CFADs of the simula-
tions significantly diverge. Consistent with the overall
weakening of the CNTRL 2134 supercell (Fig. 2), its
vertical velocity distribution narrows considerably
over time. In contrast, the supercell to MCS transition
in CNTRL 0020 produces a rapid widening and in-
tensification of the vertical velocity distribution; the
core updraft doubles in intensity between 51 and
66 min, followed by strengthening of the downdraft as
the MCS matures toward the end of the analysis period
(Fig. 5). The BSS distribution, meanwhile, evolves in
more subtle ways. The peak core updraft magnitude
around 8 km slightly increased over time through 2339,
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FIG. 4. As in Fig. 3, but for maximum vertical vorticity, shaded and contoured every 0.01s ™.

though largely remained near 35-40ms~'. Even so,
those and higher velocity values tended to encompass a
larger fraction of the analysis domain, indicated by a
subtle increase in warmer colors at and above the 99th
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percentile, particularly in the mid- and upper levels; a
similar evolution can also be observed around the 95th
percentile (Fig. 5). In other words, the updraft volumetri-
cally increases over time, a trend that will be quantified in
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the next subsection. In BSS, the core downdraft in the
upper levels slightly weakens over time, while the mid- and
low-level core downdraft remains steady state, except at
0000 when it increases slightly in magnitude. Despite dif-
ferences in some of the distribution details, the BSS
supercell is largely much more representative of the ob-
servations than the CNTRL experiments.
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CFAD:s of vertical vorticity for both the observations
and simulations generally evolve somewhat more subtly
than the vertical velocity CFADs, yet distinct trends are
still present. In the observed supercell, the most extreme
upper end of the distribution (99th percentile and
above) in the midlevels intensifies slightly in the latter
half of the analysis period and appears to increase in
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area (i.e., higher vorticity values occurring at a higher
frequency); this trend is also true for the lower end of the
distribution (1st percentile and below; Fig. 6). It is also
evident that low-level rotation (approximately within
the lowest 2 km) intensifies slightly and comprises more
of the analysis domain, particularly toward 0000. In
CNTRL 2134, there is a significant narrowing of the
distribution of vertical vorticity throughout the depth of
the storm, consistent with overall storm weakening (e.g.,
Figs. 2, 5). Note that while the magnitude of vertical
vorticity in CNTRL 2134 becomes more comparable to
the observations (cf. Fig. 4), the evolution is clearly dif-
ferent. The reverse trend is present in CNTRL 0020, where
the vertical vorticity distribution rapidly widens through-
out the depth of the storm, most significantly following the
transition to an MCS. In BSS, the trend is more subtle,
where the shape of the distribution is fairly steady state, yet
broadly encompasses a larger fraction of the domain over
time, particularly in the upper levels (near 10-14km;
Fig. 6). Notably, however, none of the simulations, in-
cluding BSS, are able to accurately reflect the shape of the
observed distribution, particularly the hourglass shape that
develops in the lowest 5 km. This suggests that, while BSS
better represents the overall trends present in the vertical
vorticity distribution, all of the idealized simulations
are still limited in their ability to realistically reproduce
the evolution of low-level vorticity, specifically the in-
tensification and broadening present in the lowest 2 km
toward the end of the analysis period.

In summary, visual inspection of the overall trends in
the CNTRL and BSS simulations in terms of reflectivity,
vertical velocity, and vertical vorticity are quite differ-
ent, with BSS clearly displaying attributes more similar
to the observed Kingfisher supercell. To supplement and
further quantify these qualitative trends, additional
quantitative measures of comparison are described next.

b. Quantitative assessment

The first quantitative measure that will be presented is
updraft area; here, we examine the size of the broad
updraft (defined as vertical velocities in excess of
5ms~ '), as well as the updraft core (defined as vertical
velocities in excess of 30ms '), throughout the depth of
the storm. These thresholds roughly correspond to the
intensity of the 95th and 99th percentiles of midlevel
vertical velocity at the start of the analysis period
(Fig. 5).% Consistent with the evolution shown in Fig. 2,

2Given the variation in intensity among the observed and
simulated storms, these values were chosen to be the most repre-
sentative thresholds for examination. Additional thresholds were
examined, but the overarching results were unchanged.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 09/23/21 08:22 PM UTC

MONTHLY WEATHER REVIEW

VOLUME 147

the broad updraft within the observed supercell grew
significantly in size over time, particularly in the mid-
levels. For example, at 7km, the updraft more than
doubled in size from approximately 125 to 260 km? be-
tween 2251 and 0000, with the largest jump near the very
end of the analysis period (Fig. 7a). The broad updraft in
CNTRL 2134 started the analysis period as nearly the
same size as the observations (~120km? at 10km), but
shrunk steadily over time, resulting in a nearly non-
existent updraft at 0000 (Fig. 7b). The CNTRL 0020
storm exhibited significant growth in the size of the
broad updraft, particularly in the first half of the analysis
period during the transition from supercell to MCS and
in the low levels as the cold pool developed and matured
(Fig. 7c). While this trend of substantial growth in the
size of the updraft is consistent with the observations,
the actual size throughout the depth of the storm is much
larger than was observed. Additionally, the broad up-
draft ceased its rapid expansion and even shrunk in
places in the latter half of the analysis period, whereas
the observations demonstrated the most growth during
this timeframe (Figs. 7a,c). The broad updraft in the BSS
supercell evolved in a more subtle manner than the
other simulations, though there were some similarities
to the observations. During the first half of the analysis
period, the broad updraft was fairly steady state in size,
but appreciable increases in size were evident at 2354
and 0000 between 8 and 12 km (Fig. 7d). Even while the
overall trend in updraft area is not as unambiguous as
the observations, the BSS provides a comparatively
more realistic representation than the fixed-sounding
simulations.

Examination of the evolution of the vertical profile of
the core updraft area also reveals notable trends. In the
observations, the overall trend in the size of the core
updraft is not one of continuous growth like the broad
updraft; significant increases in size occur early on be-
tween 2251 and 2300, followed by reduction through
2318, and finally a more sustained expansion after 2318,
most notably near 0000. Between the start and end of the
analysis period, the most substantial growth is visible
near 8km, where the core updraft quadruples in size
from 6km? at 2251 to 25km? at 0000 (Fig. 8a). Mean-
while, the core updraft in CNTRL 2134 starts out larger
than the observations, with a peak value of 12km? at
8km, but consistently and rapidly shrinks over time,
particularly after 2309 (Fig. 8b). The CNTRL 0020
storm begins with a nearly nonexistent core updraft,
however this quickly changes with a significant expan-
sion in size throughout the depth of the storm. Core
updraft size peaks near 99 min, followed by a notable
shrinking through the end of the analysis period,
potentially a result of low-level lifting beginning to
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FIG. 6. As in Fig. 5, but for CFADs of vertical vorticity (binned every 0.002s 1),

dominate as the MCS matures (Fig. 8d; cf. Fig. 2). In
BSS, fluctuations in the size of the core updraft occur
over time, similar to the observations. For example, some
expansion is evident near 8~10 km through 2309, followed
by a rapid decrease in size through 2318, then steadier
growth through 2345. Further fluctuations occur between
2345 and 0000, with the end of the analysis period
demonstrating a trend toward a larger core updraft
(Fig. 8d). While there are also some notable dissimilarities
in trends in the observed and BSS core updraft (such as a
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lack of BSS core updraft deepening over time), BSS nev-
ertheless is a more accurate reflection of the observed
evolution as compared to the CNTRL experiments.

The trends in observed vertical vorticity, with a
focus on areas with values of at least 0.01s™ ' (i.e.,
delineating a mesocyclone), are generally more subtle
and variable than the updraft area trends. A fairly con-
sistent tilted-stretched midlevel mesocyclone is evident,
with the exception of an increase in size early in the
analysis period (Fig. 9a). The upper levels (between 10



4192

MONTHLY WEATHER REVIEW

VOLUME 147

Updraft area > 5 m/s

a) OBS

14
12 —2251UTC
_ —2300 UTC
E 10 + 2309 UTC
£ 2318 UTC
> 8
] 2327 UTC
I
6 ——2336 UTC
——2345 UTC
4 —2354 UTC
——0000 UTC
2
0 ! : : : : : : : : :
0 25 50 75 100 125 150 175 200 225 250 275
Area (km?)
c) Filtered CNTRL 0020

16l
A\

12 —

\ >N

——45 min

~—54 min

63 min

72 min

Height (km)

81 min
~=90 min

=99 min

~—108 min
=114 min

0 50 100 150 200 250 300 350 400 450 500 550
Area (km?)

b) CNTRL2134
16
14 N
12 | 2251 UTC
_ ——2300 UTC
§E, 10 2309 UTC
£ 2318 UTC
208
] 2327 UTC
I
6 | ——2336 UTC
——2345 UTC
4 ——2354 UTC
——0000 UTC
2 4
0 T T T T T T T T T T |
0 25 50 75 100 125 150 175 200 225 250 275
Area (km?)
d) Filtered BSS
16
14
2 +— ——2251 UTC
_ ——2300 UTC
§_ 10 2309 UTC
£ 2318 UTC
28
] 2327 UTC
I
6 ——2336 UTC
——2345 UTC
4 ——2354 UTC
——0000 UTC
2
0

0 25 50 75 100 125 150 175 200 225 250 275
Area (km?)

FIG. 7. Vertical profiles of updraft area for (a) OBS, (b) CNTRL 2134, (c) filtered CNTRL 0020, and (d) filtered BSS, where vertical
velocity is at least 5m s~ L. Note that (c) has a larger range for the x axis than the other panels.

and 12km) briefly exhibited a larger area of rotation
around 2336, but were not sustained through 0000. The
lowest 2km had a very subtle increase in the size of the
mesocyclone between 2336 and 0000, consistent with
previously noted low-level intensification (Figs. 4a, 6).
While it is not known how the mesocyclone changed
after 0000, it should be noted that this storm did go on to
produce a weak EF1 tornado at 0130 as a left-moving CL
supercell converged with the Kingfisher storm (DiGangi
etal. 2016). Thus, it appears that the observed changes in
the near-storm environment worked to more strongly
influence the size of the updraft (Figs. 7a, 8a), with more
subtle shifts in the size of the mesocyclone itself
(Fig. 9a), along with intensification (Figs. 4a, 6). In the
simulations, trends are generally easier to discern. The
mesocyclone in the CNTRL 2134 supercell rapidly di-
minished over time, consistent with its overall evolution
(Figs. 2, 9b). Similarly, the significant growth and in-
tensification of the CNTRL 0020 storm (Fig. 2) pro-
duced an associated expansion in vertical vorticity
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throughout much of the analysis period (Fig. 9¢). In the
BSS supercell, similar to the observations, the rotation
area is fairly consistent, with a brief increase in size in
the upper levels around 2345-2354. Even so, BSS
exhibited a decrease in rotation area over time in the
low levels (Fig. 9d), in contrast to the observations,
further highlighting the fact that while BSS adds a no-
table degree of realism over fixed-sounding simulations,
it is not able to fully replicate all observed features and
trends due in part to predictability limitations (i.e., in-
cluding, but not limited to, parameterization of the
three-dimensional inflow environmental heterogeneity
via continuous insertion of the three input soundings).
Much of the aforementioned trends are also evident in
the time series of updraft and vertical vorticity volumes
(Fig. 10). In the observations, the broad updraft and the
core updraft significantly increase in volume throughout
the analysis period; the broad updraft nearly doubles in
volume from ~1000 to 2000km® (Fig. 10a), while the
core updraft, even with the size fluctuations noted earlier
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FIG. 8. As in Fig. 7, but for areas of vertical velocity of at least 30 ms™ .

(Fig. 8a), expands much more significantly from near
35km> at 2251 to 170 km? at 0000 (Fig. 10b). Trends in the
volumes of both CNTRL experiment updrafts plainly
differ from the observations. CNTRL 2134 updrafts rap-
idly shrink over time and are essentially nonexistent by
2339, while CNTRL 0020 updrafts quickly expanded and
sustained volumes much larger than the observations and
other simulations (Figs. 10a,b). The BSS updraft volumes,
while not a perfect reflection of the observations, dem-
onstrated trends and volumetric magnitudes that were
much more in line with the observations. For example,
the broad updraft increased from ~1200km? at 2251 to
~1350km” at 0000 (admittedly a much smaller increase
than the doubling evident in the observations; Fig. 10a),
while the core updraft experiences no significant trend,
sustaining a volume between ~100 and 130km?® (mag-
nitudes similar to the observations; Fig. 10b).

In the observations, the volume of the mesocyclone
varies, yet broadly increases over time from 131 km?> at
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2251 to 240 km? at 0000 (Fig. 10c). Note that most of this
growth occurs earlier in the analysis period, followed by
both decreases and increases in volume, in line with
earlier described various shifts in size (Fig. 9a). Similar
to the updraft volumes, the CNTRL experiments dem-
onstrate trends and magnitudes at odd with the obser-
vations. BSS, meanwhile, has a mesocyclone volume
that, like the observations, largely increases through the
analysis period (380 km® at 2251 to 475 km? at 0000) with
some variation in between (Fig. 10c). Thus, it is clear
that the BSS simulation is an overall better reflection of
the observed supercell trends, particularly in light of the
markedly different evolution of the storms simulated in
CNTRL 2134 and CNTRL 0020.

4. Summary and conclusions

Based on both subjective and objective measures, it is
evident that BSS, using a temporally varying yet
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FIG. 9. As in Fig. 7, but for areas of vertical vorticity of at least 0.01s™".

horizontally homogeneous environment, was able to
more realistically recreate the structure and evolution of
the 29 May 2012 Kingfisher supercell in comparison to
the fixed-environment experiments. The BSS supercell,
while not an identical representation of the observed
storm as evidenced by comparatively quasi-steady
maximum intensity (Figs. 3, 4) and distributions of ve-
locity and vorticity (Figs. 5, 6), did exhibit some similar
characteristics. For example, the evolution in simulated
reflectivity displayed increasing storm size and more
intense reflectivities (Fig. 2), and trends in updraft and
mesocyclone size and volume were largely consistent
with the observations (Figs. 7-10). In sharp contrast to
the observations, the two CNTRL simulations, with
base-state environments fixed over time and space,
failed to produce a long-lived, isolated, intensifying su-
percell; the CNTRL 2134 environment led to a weak-
ening supercell dissipated during the analysis period,
while the CNTRL 0020 environment, despite being
the most favorable for strong, rotating convection,
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produced a supercell that rapidly evolved into an MCS
(Fig. 2).

The marked disparity between the fixed and varying
base-state simulations demonstrates that environmental
variability played an important role in the convective
evolution of the observed supercell, consistent with the
results of previous studies (e.g., Ziegler et al. 2010;
Davenport and Parker 2015b; Coffer and Parker 2015;
Gropp and Davenport 2018). In the case of the King-
fisher storm, it appears that the significant increases in
CAPE, shear, and SRH over time helped to support and
further intensify the supercell following its initiation
(Fig. 1). Importantly, it was necessary to incorporate the
full scope of the environmental variability experienced
by the storm into the base state, as single environments
observed at any one point in the storm’s lifetime were
unable to sufficiently recreate the observed evolution.

It is clear that in this case, where most of the envi-
ronmental variability experienced by the storm was
temporal in nature, BSS does a better job (both
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FIG. 10. Time series of (a) broad updraft volume (velocity > 5ms ™), (b) core updraft volume
(velocity > 30ms™ 1), and (c) vertical vorticity volume (vorticity > 0.01s™1).

qualitatively and quantitatively) of recreating storm
structure and evolution than a single proximity sounding.
Rather than attempting to select one “‘representative”
sounding, a prospect that is particularly tricky for
storms subject to significant temporal or spatial vari-
ability, BSS allows the model user to more realistically
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depict the environment and its effects on storm be-
havior without sacrificing any control over the simu-
lation. Even so, this study is limited by its examination
of a single case, which is not representative of the
many types of environmental variability experienced
by storms. For example, interaction with sharp spatial
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gradients in thermodynamic and kinematic quantities
near-surface boundaries is often a catalyst for changes in
storm intensity and behavior (e.g., Maddox et al. 1980;
Markowski et al. 1998; Atkins et al. 1999; Fierro et al.
2006). It would be worthwhile to determine whether BSS
can sufficiently represent the effects of surface bound-
aries by evaluating the extent to which storm modifica-
tions due to boundary interaction are sensitive to the
physical presence of a boundary (i.e., the local hori-
zontal heterogeneity and stratification as well as the
accompanying circulation), as opposed to simply using a
series of proximity soundings (with local fields assumed
to be horizontally homogeneous) to serve as the spatial
gradients. Such tests are planned for future study.

In scenarios where environmental variability is pres-
ent, BSS is a simple yet effective tool that can reasonably
recreate observed storm evolution in an idealized setting.
Additional studies will be conducted using BSS to
better understand how sensitive dynamical processes
are to shifts in inflow environments, as well as addi-
tional investigation of the representativeness of the
BSS approach.
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