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ABSTRACT: Supercell storms can develop a ‘“dynamical response’” whereby upward accelerations in the lower tropo-
sphere amplify as a result of rotationally induced pressure falls aloft. These upward accelerations likely modulate a su-
percell’s ability to stretch near-surface vertical vorticity to achieve tornadogenesis. This study quantifies such a dynamical
response as a function of environmental wind profiles commonly found near supercells. Self-organizing maps (SOMs) were
used to identify recurring low-level wind profile patterns from 20 194 model-analyzed, near-supercell soundings. The SOM
nodes with larger 0-500 m storm-relative helicity (SRH) and streamwise vorticity (ws) corresponded to higher observed
tornado probabilities. The distilled wind profiles from the SOMs were used to initialize idealized numerical simulations of
updrafts. In environments with large 0-500 m SRH and large ws, a rotationally induced pressure deficit, increased dynamic
lifting, and a strengthened updraft resulted. The resulting upward-directed accelerations were an order of magnitude
stronger than typical buoyant accelerations. At 500 m AGL, this dynamical response increased the vertical velocity by up to
25ms~ !, vertical vorticity by up to 0.2 s~ !, and pressure deficit by up to 5 hPa. This response specifically augments the near-
ground updraft (the midlevel updraft properties are almost identical across the simulations). However, dynamical responses
only occurred in environments where 0-500 m SRH and w, exceeded 110m?s ™2 and 0.015s ™!, respectively. The presence
versus absence of this dynamical response may explain why environments with higher 0-500 m SRH and ws correspond to
greater tornado probabilities.

KEYWORDS: Convective-scale processes; Mesoscale processes; Tornadogenesis; Cloud resolving models; Mesoscale
models; Supercells; Machine learning

1. Introduction above ground level (AGL)] mesocyclone, 2) the generation of
vertical vorticity ({) near the surface, and 3) the formation of a
tornado via the contraction (convergence and stretching) of
the resultant near-surface ¢. It has long been understood that
¢ (i.e., updraft rotation) in supercells originates from the up-
draft’s tilting of ambient environmental horizontal vorticity,
which is a consequence of environmental vertical wind shear
(e.g., Rotunno and Klemp 1982; Davies-Jones 1984; Rotunno
and Klemp 1985). The focus of tornadogenesis research has
typically been on the less-understood origin of near-surface
vorticity (step 2) in tornadic storms. Recent working hy-
potheses include the baroclinic generation and subsequent
tilting of horizontal vorticity in association with a downdraft
(e.g., Davies-Jones and Brooks 1993; Rotunno and Klemp
1985; Wicker and Wilhelmson 1995; Adlerman et al. 1999;
Markowski et al. 2008, 2012; Dahl 2015; Parker and Dahl
2015) as well as the frictional generation and subsequent
tilting of horizontal vorticity at the surface (Schenkman et al.
2014; Markowski 2016; Roberts et al. 2016; Roberts and Xue
2017; Roberts et al. 2020).

However, Coffer and Parker (2017) have demonstrated
that both tornadic and nontornadic storms produce abun-
dant pretornadic { at the surface. In other words, the details
of step 2 alone do not appear to determine whether a su-
percell will form a tornado. This prompted them to focus on

& Supplemental information related to this paper is available at  the vorticity contraction process in supercells in subsequent
the Journals Online website: https:/doi.org/10.1175/JAS-D-20-  |ccearch. For the near-surface { to be stretched and ampli-
0354s1. fied into a tornadic vortex (step 3), it is most favorable for

the supercell to possess an overlying dynamically induced
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ncsu.edu lations upward even when the air is neutrally or negatively

Despite most significant tornadoes (EF2+) occurring in
supercell thunderstorms, not all supercells produce tor-
nadoes; Trapp et al. (2005) found that perhaps only ~ 25%
of supercell mesocyclones are tornadic. The operational
discrimination between nontornadic and tornadic supercells
has proven difficult because they have similar kinematic flow
properties, precipitation structures, and near-ground circu-
lations (Blanchard and Straka 1998; Trapp 1999; Wakimoto
and Cai 2000; Markowski et al. 2002, 2008, 2011; Klees et al.
2016). There have been some advances in identifying tornado
environments (e.g., Thompson et al. 2003, 2007, 2012), but
our incomplete understanding of environmental controls on
the process nevertheless results in National Weather Service
tornado warning false alarm rates near 75% in the United
States (Brotzge et al. 2011; Anderson-Frey et al. 2016).

Attempts to predict the tornadic or nontornadic behavior
of a specific supercell have centered on understanding the
processes that govern supercell maturation and subsequent
tornadogenesis. The process of supercell mesocyclonic torna-
dogenesis can be characterized by three steps (e.g., Davies-
Jones 2015): 1) the formation of a midlevel [e.g., ~3-7km
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buoyant (e.g., Wicker and Wilhelmson 1995; Orf et al. 2017,
Yokota et al. 2018).

Such an upward acceleration is often associated with rota-
tionally induced pressure falls in the mesocyclone aloft (e.g.,
Rotunno and Klemp 1982; Weisman and Rotunno 2000). In
turn, the base height and intensity of the mesocyclone is likely
controlled by the vertical wind shear concentrated in the lowest
~1km AGL (e.g., Markowski et al. 2012; Markowski and
Richardson 2014). Successive research has revealed that an
increase in lower tropospheric streamwise horizontal vorticity
(ws) and storm-relative helicity (SRH) can dramatically in-
crease the strength of the mesocyclone, associated dynamic
lifting at low levels, and likelihood of tornadogenesis (e.g.,
Markowski and Richardson 2014; Skinner et al. 2014; Coffer
and Parker 2015, 2017, 2018; Coffer et al. 2017; Flournoy et al.
2020). We refer to this process as the “dynamical response” in
our study.

Coffer and Parker (2017) showed that trajectories within the
low-level mesocyclone of their simulated supercells originated
from below 300m AGL in the environment. This led them to
specifically focus on ws and SRH in the 0-500m AGL layer
(and even shallower layers; e.g., Coffer et al. 2020) as indicators
that the dynamical response might occur. Coffer and Parker
(2017) also found that a wind profile with predominantly
crosswise horizontal vorticity (w.) near the ground caused
more disorganized, unsteady low-level mesocyclones, which
stunted the dynamical response. Similarly, Murdzek et al.
(2020) determined that near-ground w. precluded a favorable
configuration of the mesocyclone for tornadogenesis in a
nontornadic supercell observed by mobile radars.

Alongside the aforementioned process studies, it is well
established from climatologies that the near-ground wind
profile is meaningful for tornado forecasting (Rasmussen and
Blanchard 1998; Markowski et al. 2003; Thompson et al. 2003;
Esterheld and Giuliano 2008; Nowotarski and Jensen 2013;
Coffer et al. 2019). Our working hypothesis is that parameters
such as 0-500 m SRH have skill (Coffer et al. 2019) in partic-
ular due to the link connecting low-level SRH (and wy) to low-
level mesocyclone strength, associated dynamic lifting, and
thus completion of step 3 of tornadogenesis. We focus at
present on the following unanswered questions:

1) Is there an identifiable subset of wind profiles over which
the link connecting the low-level environmental winds, low-
level dynamical response, and tornadogenesis probabilities
is most prominent?

2) How much does the low-level dynamical response con-
tribute to enhancements in low-level vertical velocity (w)
and low-level vertical vorticity (£)?

Ultimately, for useful prediction of tornadoes, the answers
to these questions need to be specific and quantitative. The
goal of this study is to answer the above questions by linking
the supercell low-level dynamical response to a spectrum of
lower-tropospheric wind profiles. This study does not directly
evaluate tornadogenesis but rather investigates how the low-
level updraft evolves as it interacts with the low-level envi-
ronmental wind profile. We accomplish this by examining
20194 near-storm proxy soundings composed of tornadic and
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nontornadic events spanning 12 years across the continental
United States. A distillation of these soundings (obtained via
the self-organizing map technique) is then used in an ensemble
of idealized simulations to identify and quantify the range of
dynamical responses. Details about the design of the study are
presented in section 2, results are presented in section 3, and a
discussion of these results, experiment synthesis, and identifi-
cation of future work are provided in section 4.

2. Data and methods
a. Sounding data

This study utilized near-storm proxy soundings from model
analyses to depict right-moving supercell environments. The
dataset is identical to that used by Coffer et al. (2019), which is
an expansion of what was originally described by Smith et al.
(2012) and Thompson et al. (2012). The soundings represent a
collection of 20194 severe weather events from 2005 to 2017
for tornadic supercells and from 2005 to 2015 for nontornadic
supercells (Coffer et al. 2019, their Fig. 1). Soundings through
April 2012 are derived from the Rapid Update Cycle (RUC)
model (Benjamin et al. 2004) while later soundings are de-
rived from the Rapid Refresh (RAP) model (Benjamin et al.
2016). The model base-state profiles were combined with
the Storm Prediction Center’s mesoscale surface objective
analysis (SFCOA; Bothwell et al. 2002) to produce a sound-
ing that is composed of two parts: 1) surface data resulting
from the SFCOA (which utilized available observations) and
2) RUC/RAP model data at pressure levels above the sur-
face from the closest gridpoint to these 20 194 severe weather
events. The resulting soundings have data recorded on isobaric
levels (25 hPa intervals). Because varying locations have
different bottom isobaric levels, the profiles were interpo-
lated to heights AGL from 0 to 12km at 50 m intervals. The
events were given further classifications of nontornadic (NT;
10 839 cases), weakly tornadic [WT; (E)F0-1 tornadic damage,
7743 cases], and significantly tornadic [ST; (E)F2-5 tornadic
damage, 1612 cases].

For this study, the primary focus was upon the resultant wind
profiles, although some simple comparisons to thermodynamic
parameters are also noted. Four variations of the height-
interpolated wind profiles were created: unaltered winds
[ground relative (GR)], winds rotated to align the 0-6km
vector wind difference with the abscissa [ground-relative ro-
tated (GRR)], winds converted to storm-relative winds [storm
relative (SR)], and winds converted to storm relative and then
rotated to align the 0-6km vector wind difference with the
abscissa [storm-relative rotated (SRR)]. The hodograph rota-
tion process is similar to that used by Parker (2014), and the
storm motions were approximated by the Bunkers supercell
storm motion calculation (Bunkers et al. 2000). Hereafter, the
GR, GRR, SR, and SRR sets of wind profiles will be referred to
as ‘‘suites.”

The use of four wind profile suites allowed us to isolate the
impacts of hodograph shape versus prevailing wind direction
and storm-relative flow. The GR wind suite captures impacts of
prevailing wind speeds (which might be linked to season or
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TABLE 1. A summary of the settings and methods utilized in our self-organizing map process. The neighborhood function and learning
rate asymptotically decrease toward zero as the number of iterations approaches infinity to allow for progressive refinement of the final 16
nodes. A 500 m depth was selected from a series of 12 tested depths (lowest 500 m to 6 km in 500 m increments, shown in Fig. S1) because
this depth corresponded to a convergence of low topographic and quantization errors (TE and QE, respectively), which correlate to
greater mapping quality (e.g., Liu et al. 2006; Ponmalai and Kamath 2019). A separate verification test (not shown) demonstrated con-
vergence (as determined by a quasi-steady, asymptotic plateau in the quantization error) occurred around 8000 iterations.

Lattice design

Initialization method for reference nodes (weights)
Training data

Training method

Neighborhood function shape

Neighborhood function width

Learning rate (rate of convergence)

Iterations

4 X 4 rectangular grid (16 nodes per SOM)

Principal component analysis

20194 0-500 m AGL zonal (#) and meridional (v) wind profiles
Random, seeded

Gaussian

0.24

0.10

10000 (one iteration per seeded, random selection of a 0-500 m (u, v)

wind profile)

synoptic regime). The nonrotated wind suites (GR and SR)
capture impacts of prevailing wind directions (which might be
linked to synoptic regime or geographic location). The pre-
dominant consideration for storm-scale dynamics is thought to
be the shape of the storm-relative hodograph, and this is most
purely isolated in the SRR suite.

b. Self-organizing map technique

As a baseline for our numerical modeling study, we seek an
“executive summary” of the information contained in our
20194 profiles. Self-organizing maps (SOMs) represent an
unsupervised learning process which results in a topographi-
cally ordered lattice (a spatial arrangement of nodes) that
are tuned to various signals and features of the input dataset
(e.g., Kohonen 1982, 1990, 1997). It has proven a useful tool
for distilling large environmental sounding datasets (e.g.,
Nowotarski and Jensen 2013; Anderson-Frey et al. 2017,
Nowotarski and Jones 2018).

We utilized the Python package MiniSom for this experi-
ment (Vettigli 2019). We tested training of the SOMs on the u
and v wind profiles over different depths, ranging from 0-500 m
to 0-6km AGL, increasing in 500 m increments. Via these
trials, we found that the 0-500 m layer produced the lowest
(most desirable) topographic error and quantization error
(e.g., Liu et al. 2006; Ponmalai and Kamath 2019; Fig. S1 in the
online supplemental materials); this also nicely corresponds to
the layer emphasized by Coffer and Parker (2017) and Coffer
et al. (2019), so it was adopted for our production SOMs. We
used 16 output nodes for each suite of wind profiles to create
an optimal balance between resolving dataset features and
avoiding repetition across the final nodes. Other SOM attri-
butes for our study are summarized in Table 1.

After the final iteration of the SOM process, the 20 194 wind
profiles were assigned to a final best-matching node. All
members of each node were then averaged to yield 16 output
profiles (one per node). These averages represent the distilla-
tion of recurring structures in the set of 20194 events for each
suite. The GR, GRR, SR, and SRR wind profile variations
were created before the SOM algorithm was utilized thereby
resulting in different SOM lattices (nodes), nodal constituents
(i.e., wind profiles in each node), node-averaged wind profiles,
and computed nodal parameters (e.g., SRH, ws, and w.) for
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each suite. As initially stated, our goal was to create an “‘executive
summary” representing the full span of supercell environments.
Inspection of the four SOMs revealed that the GR and SRR
suites had a greater diversity in nodes (a large range in values
(from high to low) of %ST and %NT in addition to a larger
variety of node-averaged wind profiles) than the other suites.
Therefore, these two suites were selected for detailed study. In
section 3a, we provide some basic interpretation of the infor-
mation in these SOMs, although their primary purpose is to
initialize our numerical modeling study. The averaged wind
profiles from the SOM nodes were taken as input environments
for the numerical experiment described next.

¢. Model configuration

Idealized simulations were performed using version 19 of
the Bryan Cloud Model 1 (CM1) from Bryan and Fritsch
(2002). The spatial extent of the domain was 81.6km X
81.6km X 15 km with a horizontal grid spacing of 100 m and a
vertical grid spacing that stretched from 50 m near the surface
to 100 m at 15 km. Coriolis accelerations, radiation, and surface
fluxes were neglected. The mean wind profiles from each of the
SOM nodes (16 each from the GR and SRR suites) served as
homogeneous initial conditions. The winds from our SOM
nodes were utilized up through 12km AGL, above which the
winds were held constant throughout an emulated stratosphere.
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FIG. 1. A scatterplot demonstrating the relationship between
0-3km SRH (m*s ?) and the required adjustment to Bunkers
storm motions.
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TABLE 2. A summary of the ground-relative (GR) and storm-relative rotated (SRR) environments’ 0-500 m shear parameters SRH
(m?s72), w, (s 1), and w, (s 1) as impacted by storm motion. The variations utilizing the initial Bunkers storm motions (“‘b”’) and the final
domain translation motions (“‘d”’) along with their differences (“‘d” — “b”’) are included. The values reported in the text use the domain

motion.

SRH, SRH4 ASRH

Wsp

Wsd Aws Wch Wed ch

GR environment

A 63.0 63.0 0.0 0.0111
B 161.2 145.2 —16.0 0.0222
C 252.2 161.8 -90.4 0.0290
D 317.6 197.4 —-120.2 0.0331
E —6.7 —6.7 0.0 —0.0015
F 80.6 80.6 0.0 0.0131
G 174.5 164.4 -10.1 0.0230
H 238.0 1514 —86.6 0.0282
1 -0.9 -1.0 -0.1 —0.0016
J 23.8 23.8 0.0 0.0043
K 114.0 114.0 0.0 0.0170
L 198.6 136.4 -62.2 0.0247
M 96.1 96.1 0.0 0.0120
N 25.5 25.5 0.0 0.0035
O 76.0 76.0 0.0 0.0108
P 174.7 112.2 -62.5 0.0217
SRR environment
A 74.2 64.3 -9.9 0.0064
B 79.4 74.1 —-5.3 0.0088
C 246.9 182.1 -64.8 0.0239
D 292.9 209.5 -83.4 0.0231
E 25.0 25.0 0.0 0.0028
F 134.6 121.6 -13.0 0.0170
G 180.3 146.0 —34.3 0.0193
H 350.8 229.3 —-121.5 0.0304
1 26.7 26.7 0.0 0.0055
J 43.0 43.0 0.0 0.0067
K 205.4 184.3 -21.1 0.0267
L 265.0 156.7 —108.3 0.0276
M 60.5 60.5 0.0 0.0131
N 90.4 90.4 0.0 0.0151
(0] 65.7 65.7 0.0 0.0094
P 189.8 181.2 -8.6 0.0238

0.0111 0.0000 —0.0051 —0.0051 0.0000
0.0225 0.0003 —0.0077 —0.0067 0.0010
0.0296 0.0006 —0.0074 0.0006 0.0080
0.0311 —0.0020 —0.0028 0.0109 0.0137
—0.0015 0.0000 —0.0064 —0.0064 0.0000
0.0131 0.0000 —0.0001 —0.0001 0.0000
0.0231 0.0001 —0.0023 —0.0018 0.0005
0.0253 —0.0029 0.0014 0.0124 0.0110
—0.0016 0.0000 0.0090 0.0090 0.0000
0.0043 0.0000 —0.0003 —0.0003 0.0000
0.0170 0.0000 0.0049 0.0049 0.0000
0.0219 —0.0028 0.0058 0.0129 0.0071
0.0120 0.0000 0.0130 0.0130 0.0000
0.0035 0.0000 0.0044 0.0044 0.0000
0.0108 0.0000 0.0061 0.0061 0.0000
0.0176 —0.0041 0.0101 0.0164 0.0063
0.0057 —0.0007 0.0066 0.0072 0.0006
0.0088 0.0000 0.0047 0.0047 0.0000
0.0242 0.0003 —0.0024 0.0000 0.0024
0.0228 —0.0003 0.0024 0.0062 0.0038
0.0028 0.0000 0.0031 0.0031 0.0000
0.0171 0.0001 —0.0029 —0.0024 0.0005
0.0194 0.0001 —0.0010 0.0000 0.0010
0.0311 0.0007 —0.0048 0.0007 0.0055
0.0055 0.0000 0.0003 0.0003 0.0000
0.0067 0.0000 0.0015 0.0015 0.0000
0.0268 0.0001 —0.0045 —0.0032 0.0013
0.0275 —0.0001 —0.0024 0.0041 0.0065
0.0131 0.0000 0.0055 0.0055 0.0000
0.0151 0.0000 0.0036 0.0036 0.0000
0.0094 0.0000 0.0017 0.0017 0.0000
0.0238 0.0000 0.0020 0.0023 0.0003

To isolate the sensitivities of an updraft and low-level me-
socyclone to the low-level wind profile, the simulations used an
imposed artificial vertical velocity tendency (w-tendency, w)
within a controlled thermal profile. The scales and structure of
the tendency were adjusted by trial and error until they pro-
duced updrafts with the same sizes and magnitudes as those in
Coffer and Parker (2017, 2018), Coffer et al. (2017), and Parker
(2017). Here, w was applied in an ellipsoid with a peak am-
plitude forcing of 0.49 ms ™2 that varied as the squared cosine
of distance from its center at 5.25km above the grid origin,
falling to 0 at vertical and horizontal radii of 4.75 and 3 km,
respectively. A cross section of the vertical velocity tendency is
provided in Fig. S2 in the online supplemental materials. Given
this structure, the averaged tendency within the ellipsoid was
0.15ms2 roughly equivalent to the buoyancy associated
with a 4.5K temperature excess. The lowest height where a
nonzero w exists is 500 m AGL, which can be thought of as an
effective level of free convection (LFC) for the simulated
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updraft. The tendency was applied constantly for the full du-
ration of the simulations (45 min). Analyses were not con-
ducted beyond 45 min because, consistent with right-moving
supercells that evolve in nature, the stronger simulated up-
drafts acquired deviant motion and propagated away from the
artificial forcing centroid. As a result, undesired, unnatural
feedbacks developed and contaminated the organic interaction
of the idealized updraft with the wind profile.

By design, the use of w produces identical baseline updrafts
across all experiments, and we use thermodynamic profiles that
prohibit other sources of buoyancy from developing and
modifying the resulting updraft. All simulations used a dry
adiabatic “troposphere” (having 300 K potential temperature
and 1000 hPa surface pressure) from 0 to 12km, with a
stratospheric potential temperature lapse rate of 20K km™!
extending from 12 km to the model top. No moisture was in-
cluded. The use of a dry adiabatic lapse rate (i.e., neutral static
stability) in conjunction with large vertical wind shear near the
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FIG. 2. The resultant SOM for the ground-relative (GR) suite of wind profiles. The black line is the average wind profile from all of the
input profiles in that node from 0 to 12 km, # is the number of samples, ST is the percentage of significantly tornadic cases, and NT is the
percentage of nontornadic cases. Note the true sum of the ST, WT (percentage of weakly tornadic cases, not shown), and NT cases is
100%; however, due to rounding, the presented percentages may not equal 100%. The node with the largest % ST (%NT) is highlighted in
yellow (pink). The ellipses are centered at 0 km (red), 0.5 km (orange), 1 km (yellow—green), 3 km (green), and 6 km (purple), and the radii
are equivalent to twice the standard deviation (95%) of the profiles in each node at those points. The center of the symbols ‘b’ (brown)
and ‘d”’ (blue) denote the initial Bunkers motion and final domain translation motion (effective storm motion), respectively. The
parameter 500SRH, (blue, m?s™2) is the 0-500 m SRH calculated using “d.”

surface in some profiles led to the release of Kelvin—-Helmholtz
instability. To reduce the cascading effects resulting from such
eddies and attendant numerical noise, artificial sixth-order
diffusion was used (with a nondimensional coefficient of 0.08).
On balance, the advantages of this configuration (a closely
controlled experiment) outweighed the drawbacks.

As a first attempt, w was assumed to move at the mean storm
motion given by the Bunkers et al. (2000) estimate for a given
SOM node. In practice, w is fixed at the domain’s center and
the domain itself is translated with the Bunkers vector (thus,
the terms “‘storm motion” and ‘“domain motion’’ can be used
interchangeably in these numerical experiments). In nature
(and full physics simulations), supercells split, acquire deviant
motion, and also interact with their evolving precipitation
fields. The Bunkers storm motion empirically represents such
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effects on supercell motion, but it does so imperfectly (e.g.,
Bunkers et al. 2000, 2006; Zeitler and Bunkers 2005; Bunkers
2018). In particular, the present simulations were void of
moist processes and conducted on the updraft scale; thus,
they were not always perfectly suited to use of the Bunkers
motion estimate. Our compensation for this incompatibility
was as follows.

The present goal is to study how the wind profile impacts
dynamical evolution of supercell-like updrafts in a simpler,
more controlled setting than a real-world environment. It was
therefore important 1) to ensure that low-level air near the
surface actually flows into the simulated updrafts and ascends
and 2) to keep the resulting centers of the simulated updrafts
collocated with the center of w. These ideals in some cases
required slight adjustment of the implied storm motion (i.e.,
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FIG. 3. As in Fig. 2, but for the storm-relative rotated (SRR) suite.

flow relative to the zone of W) to ensure near-ground air (0-
1.5km) flowed into the simulated midlevel updrafts. Storm
motions across the nodes were adjusted so that surface
storm-relative flow (SRF) vectors greater than 15ms~
were reduced in magnitude to 15 ms ™! without changing the
SRF direction. Then, for storms that initially propagated
away from the w-tendency, the domain translation motion
(effective storm motion) was modified as necessary to keep
the 1-3 km segment of the updraft centered on w for the 45
simulated minutes. Domain translation adjustments were
not needed for lower-SRH cases and generally increased
with SRH for the higher-SRH cases (Fig. 1). This is in-line
with recent findings by Bunkers (2018), who demonstrated
that environments in the top 10 percentile of 0-3 km SRH

typically have the greatest Bunkers storm motion errors 2 10

(with RMSE of 5ms™! and individual case departures well
over 10ms™1).

Although the nodal values of storm-motion dependent pa-
rameters (e.g., SRH) change as a result of these adjustments,
they do not change which nodes have the most averaged SRH

. d. Analysis techniques

o ground-relative

o X
Xx® e

o<

understate the impacts of the differences in SRH found among
the SOM nodes.

To analyze the evolution of the simulated updrafts in re-
sponse to variations in the low-level environmental wind

X storm-relative rotated

100

150 200
0-500 m SRH (m? s72)

250 300 350

FIG. 4. A scatterplot demonstrating the relationship between

(Table 2), nor which have the most w;. In general, the effect of
the adjustments is to decrease the SRH of the highest nodes
(Table 2), which means that our experiments, if anything,
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0-500m SRH (m?*s~2) and 0-500 m streamwise vorticity (wg, s 1)
for ground-relative (blue) and storm-relative rotated (red) SOM
environments utilizing the initial Bunkers storm motion estimates.
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FI1G. 5. Scatterplots depicting the relationships between the percentage of significantly tornadic cases (%ST) and (a) 0-500m SRH
(m%s2), (b) MLCAPE (J kg™ 1), (c) MLCIN (J kg™ !), and (d) MLLCL (m) for the ground-relative (blue) and storm-relative rotated (red)
suites. The SRH values are calculated using the initial Bunkers storm motion estimates.

profiles, we utilize a combination of analyses, including
pressure perturbation (p’) field decompositions and their as-
sociated vertical perturbation pressure gradient acceleration
(VPPGA) decompositions. The framework utilized follows
Wilhelmson and Ogura (1972), Rotunno and Klemp (1982),
and Klemp (1987), in that we decompose the p’ field produced
by CM1 in each simulation into buoyant (pg), dynamic linear
(ppL), and dynamic nonlinear (ppy; ) components. The iter-
ative solver for the p’ components is identical to that of
Parker and Johnson (2004a,b), Parker (2007, 2010, 2017),
Davenport and Parker (2015), and Coffer and Parker (2015,
2017). In this study, we expect the low-level dynamical re-
sponse to emerge in ppy;, Which is primarily associated with
local rotation (low pressure) or deformation (high pressure)
in the storm’s perturbation wind field. The collection of
VPPGASs generated by their respective perturbation pressure
counterparts in conjunction with buoyancy (B) and our arti-
ficial forcing (W) comprises the vertical accelerations within
our emulated updrafts:

@: W+37l% 7ih 7im . 1)

p, 92 p, 0z p, 9z
N——

VPPGAB VPPGADL VPPGADNL

ACCB ACCD

The second and third terms on the right-hand side of
Eq. (1) yield the total buoyant acceleration (ACCB = B +
VPPGAB) and the last two terms on the right-hand side
yield the total dynamic acceleration (ACCD = VPPGADL +
VPPGADNL). The rotation-associated VPPGADNL explains

Brought to you by North Carolina State University Hunt Library | Unauthenticated | Downloaded 02/25/22 06:06 PM UTC

the dynamic lifting associated with the low-level dynamical
response described in section 1.

3. Self-organizing map and idealized modeling results
a. Characteristics of self-organizing maps

As described in section 2, four SOMs were created. Here we
briefly summarize the structures of the GR (Fig. 2) and SRR
(Fig. 3) suites because of their greater diversity among node-
averaged wind profile patterns (as compared to the GRR and
SR suites); interested readers can view SOMs for the GRR and
SR suites in the online supplemental materials (Figs. S3 and S4,
respectively). There exist prevalent trends across the SOMs for
0-500m SRH (Fig. 2 and Fig. 3 for GR and SRR suites, re-
spectively), which is expected since the 0-500m (u, v) winds
were used for training the SOMs. Similar trends also exist in w
(not plotted in Figs. 2 and 3 but reported in Table 2). Not
surprisingly, since SRH is the integrated storm-relative flux of
ws, they are strongly related to one another in our dataset
(Fig. 4). Hereafter, we will primarily mention 0-500 m SRH to
characterize the low-level wind profile.

The SOMs also effectively sorted the highest percentage of
significantly tornadic cases (%ST) into the highest SRH nodes
(Fig. 5a). This was by no means guaranteed, as the SOM
training excluded such information (it used only the 0-500 m
wind profiles). The strong coupling of 0-500m SRH to %ST
provides independent confirmation that the low-level wind
profile has strong influence on the tornadogenesis process (as
reviewed in section 1). To assess the degree to which this signal
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FIG. 6. Time series of w evolution in the quiescent environment
(base state u and v winds are zero throughout the vertical profile).
The depicted fields are maximum vertical velocity (w, indigo, ms 1),
minimum pressure perturbation (p’, teal, hPa), and maximum ver-
tical vorticity (¢, orange, s~ 1), computed (a) for the 3-7 km AGL
layer average, (b) for the 1-3 km AGL layer average, and (c) locally
at 0.5km AGL. Fields are plotted at 1-min intervals and represent
peak magnitudes (after vertical averaging) within a 4km X 4km
horizontal area centered on the artificial w-tendency (w).

is solely attributable to the wind profile, we briefly examine
whether any other environmental properties also covary with
%ST. There are weak inverse relationships between %ST
and mixed-layer (ML) convective available potential energy
(CAPE), convective inhibition (CIN), and lifting condensation
level (LCL) (Figs. 5b,c,d, respectively). To an extent, these
linkages occur because the higher shear (higher SRH) envi-
ronments tend to occur in slightly cooler and moister settings
(not shown). All of the thermodynamic variables’ relationships
(whether direct or inverse) to %ST are weaker than that of %
ST to SRH itself, and the range of thermodynamic parameter
values here is small in the context of typical values. But, the
most distinctive thermodynamic signal, whereby lower LCLs
are associated with higher probabilities of tornadogenesis,
is certainly consistent with the findings of Rasmussen and
Blanchard (1998) and Markowski et al. (2002).

We also found that location, hour, and season of storms’
occurrence were not strongly linked to %ST values of the
SOM nodes (these distributions are provided in the online
supplemental materials as Figs. S5, S6, and S7, respectively).
Although the signals in the GR and SRR suites are similar
(i.e., Figs. 2-5), the GR suite encompasses a wider range of %
ST among nodes (0.9%-28.2% vs 1.7%-25.7% for the GR
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FIG. 7. A vertical (x—z) cross section depicting the 2D ver-
tical structure of the vertical velocity (w) resulting from the ver-
tical velocity tendency (W) evolving in GR environment K. Vertical
velocity (w) contours are given for every Sms™ ! in teal, and ver-
tical vorticity (£) is shaded (s~') in warm colors. These values are
time averaged during the last 10 min of the 45-min simulation.

and SRR suites, respectively). So, for brevity, we primarily
focus on the GR suite for the remainder of this article (with
occasional reference to the SRR suite for comparison).
Numerical references to SRH, w, or w. from this point forward
will refer to values computed using the actual domain motions
in the experiments (not the original Bunkers estimates).

b. Control experiment

The SOM:s provided a lattice of wind profile patterns rep-
resenting the spectrum found in this dataset. Our working
hypothesis is that these varying profiles may be determinative
of an updraft’s potential to exhibit the supercell low-level dy-
namical response. To achieve this goal, we analyze the en-
semble of simulations initialized with the nodal wind profiles
from the SOMs, with a focus on the w, £, and p’ evolutions. To
isolate, evaluate, and quantify the supercell low-level dynam-
ical response, three layers are analyzed in detail: 1) the layer
typically containing a midlevel mesocyclone (3-7km AGL), 2)
the layer typically containing a low-level mesocyclone (1-3km
AGL), and 3) the base of w which is our effective LFC (500 m
AGL). When presented in time series form, all such analyses
utilize maximum or minimum values (denoted in figure captions)
computed in a 4km X 4km area centered on the imposed w.

To establish a benchmark for the behaviors in our SOM
wind profiles, we first present the evolution of the idealized
updraft that occurs in a quiescent environmental wind profile
(referred to as the “control run”). In the calm environment,
there is an initial impulse from the artificial forcing, after which
the ¢, p’, and w fields quickly reach a quasi-steady state for the
remainder of the simulation (Fig. 6). In particular, { and p’
remain nearly zero across all three of the aforementioned
layers through the entire control run. The depth-averaged w
across the 3-7km AGL layer reaches a steady-state value near
45ms”~" (Fig. 6a). Across the 1-3km AGL layer, the depth-
averaged w reaches a steady-state value near 12 ms ™! (Fig. 6b).
At the 0.5km AGL level, the w asymptotically approaches
2ms ! (Fig. 6¢). So, in a quiescent setting, the updraft forcing
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FIG. 8. A horizontal (x-y) cross section at 0.5km AGL de-
picting the 2D structure of the vertical velocity (w) resulting from
the vertical velocity tendency (w) evolving in GR environment
K. Vertical vorticity (£) contours are given for every 0.0005s !
(rainbow), and pressure perturbations are shaded (gray, hPa).
These values are time averaged during the last 10 min of the 45-min
simulation.

is responsible for a baseline of 2ms ™! ascent at 500m AGL.
Any low-level updraft intensification beyond this would rep-
resent the effect of a particular environment’s wind profile.
Indicators of a low-level dynamical response important to
tornadogenesis would include increases in vertical vorticity nearly
simultaneous with attendant decreases in pressure perturbation,
closely followed by increases in vertical velocity at the lowest
levels (e.g., at the effective LFC of 500m AGL). This would
indicate increased updraft rotation rate, associated dynamical
lowering of the pressure (i.e., pppy;.). and enhanced lifting from
below the pressure minimum (i.e., VPPGADNL). The growth
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in 500m AGL ¢, p/, and w characteristic of a dynamical re-
sponse is clearly absent in the quiescent control run (Fig. 6).

c. Wind profile sensitivity simulations

To demonstrate that the design of our artificial forcing is
fostering flow resembling supercell updrafts, we present cross
sections of the evolving flow in GR environment K (which was
near the population median in 0-500 m SRH) during the final
10 min of the simulation. The simulated updraft has midlevel w
values comparable to the control run, but with a characteristic
downshear tilt (Fig. 7). A collocated column of positive
{ emerges due to the tilting of ambient environmental vorticity
(Fig. 7). In plan view, a kidney-shaped pressure minimum oc-
curs slightly downshear of the center of updraft rotation
(Fig. 8). This is characteristic of a supercell-like updraft,
combining pp,y; Which is minimized at the center of rotation
with pf;; (the “updraft-in-shear effect””) which is minimized on
the updraft’s downshear side. An animation of this basic up-
draft evolution is included in the online supplemental mate-
rials (Fig. S8).

As explained earlier, we focus our primary interpretation on
the sensitivity tests using the GR hodograph suite (Fig. 2). For
the midlevels (3—-7 km), Fig. 9 shows that, after the initial im-
pulsive response to the imposed w-tendency, there is no sub-
stantial further increase in ¢, decrease in p’, or increase in w.
Across all environments, the midlevel response is a similar
quasi-steady rotating updraft with w of 40-45ms~"' and ¢ of
0.02-0.03s L. This is perhaps unsurprising since the wind
profiles originated from only right-moving supercell environ-
ments. This uniformity among midlevel structures was not
sensitive to the changes in the height or depth chosen to define
this middle tropospheric layer (not shown). In short, our up-
draft forcing (W) is producing nearly identical supercell-like
updrafts in each simulation; differences attributable to the
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FIG. 9. As in Fig. 6, but for the 3-7 km AGL layer in each node of the GR suite (labeled by letters as in Fig. 2).
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F1G. 10. As in Fig. 9, but for the 1-3 km AGL depth-averaged values.

environmental vertical wind profile, if any, must be almost
entirely realized in the lower levels.

We next examine the layer in which a low-level mesocyclone
typically occurs (1-3 km AGL). It is readily evident that emergent
behaviors occur in a subset of the environments (Fig. 10). The
majority of the profiles produce 1-3km w and ¢ that asymptoti-
cally reach 10-15ms ™! and approximately 0.01 s, respectively.
However, profiles C, D, and H exhibit a strong relationship among
the dynamical fields which is consistent with the hypothesized
dynamical response (Fig. 10). For profile C, around 20 min into
the simulation, { and p’ grow rapidly, with w trailing shortly be-
hind. When p’ becomes steady after 40 min, the { and w fields also
become steady with final values approaching —8 hPa, 0.075s !,
and 40m s~ !, respectively. For profiles D and H, the onset of this
response is delayed, but toward the end of the 45-min run, both
environments exhibit rapid growth with final amplitudes rivaling
those in environment C. Environments L and P show a hint of this
response, but it is even more delayed and weaker.

We next ask to what extent these 1-3 km differences drive
responses in the lowest 500 m AGL, where they would be most
relevant to tornadogenesis. Since 500 m AGL is the base of w
(i.e., where it goes to zero), w enhancement at this level is
solely from the dynamical response and not from our artificial
updraft forcing. Most of the environments produce virtually no
response in the three analyzed fields (Fig. 11), having values
that are nearly indistinguishable from the quiescent control run
(Fig. 6). In contrast, the same profiles that exhibit a dynamical
response between 1 and 3km AGL (C, D, H, and L) produce
comparatively even stronger dynamical responses at 500 m
AGL. In each case, the response increases w by >10ms ™!,
increases ¢ by >0.05s"!, and decreases p’ by >1.5 hPa.

The 0-500m SRH is closely related to the strength of the
dynamical response displayed in Figs. 10 and 11. The CM1
environments with appreciable response all have 0-500 m SRH
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values above the population median (of 104 m?s~2): profiles C
(162m?s™?), D (197m?s™?), H (151m?s™?), L (136 m?*s™?),
and P (112m?s™?%). However, several environments with
similar 0-500m SRH values, profiles B (145m?s %), G
(164m?s™2), and K (114m?*s~?), yield no appreciable dy-
namical response (Fig. 10). We return to this finding later
(in section 3e). Environment D also exhibits a temporary pause
in pressure falls around 35 min (with corresponding decreases
in ¢ and w) before the fields resume their original trends. It is
possible, as explained by Coffer et al. (2017), that the un-
steadiness of this particular mesocyclone’s growth could be
attributable to the presence of comparatively large 0-500 m w,.
(0.0109 s~ Table 2). In fact, profiles D, H, L, and P all have
low-level w. values much larger than that of profile C (C:
0.0006s™'; H: 0.0124s™"; L: 0.0129s™"; and P: 0.0164s™";
Table 2). Perhaps for this reason, environment C exhibits the
earliest dynamical response (around 20 min) while D, H, L, and
P take over 35min to establish a strong response. In other
words, even if an environment has sufficient o, (and low-level
SRH) to promote the formation of a robust mesocyclone, the
onset of the intensifying low-level lifting could still be delayed
due to the presence of substantial w,. It is possible that such
delays could cause some nearly tornadic storms to fail in pro-
ducing timely stretching of surface ¢ into a tornado.

These differences among the simulations suggest an impor-
tant linkage between the wind profile and what appears to be a
dynamical response. For more direct attribution of cause and
effect, we next look at a decomposition of p’ to evaluate relative
contributions to the vertical accelerations in these simulations.

d. Analysis of low-level pressure perturbations and
accelerations

Asrevealed in Fig. 12, for the majority of simulations (which
produce no response), the pressure field is similar: steady in
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FIG. 11. As in Fig. 9, but for the 0.5 km AGL values.

time and rather undisturbed. There are noticeable buoyant
pressure deficits (0.5-1.0 hPa), which may seem surprising.
Within our 0-12 km layer with adiabatic lapse rates, nonzero
buoyancy results only from p’ (since there is no moisture or
thermal forcing). This effect has been demonstrated in
tornado-like vortices with substantial pj, minima by Dawson

et al. (2016). Here, the developing updrafts produce weaker
but nonnegligible p;, minima associated with their mesocy-
clones combined with the updraft-in-shear effect (e.g., Fig. 8).
As shown by Dawson et al. (2016), this lowered pressure is
associated with lowered density (and thus positive buoyancy).
Beneath this zone of positive buoyancy is lowered py, which is

0.5 km AGL pressure perturbations
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FI1G. 12. A decomposition of the pressure perturbation field (p’, hPa) at 0.5km AGL into the contributions from buoyancy (p};, yellow—
green), dynamic linear (pp, , blue), and dynamic nonlinear (py, , red—violet) components during the final 30 min of the simulations.
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FIG. 13. Computational time series of 0-1 km AGL maximum vertical perturbation pressure gradient accelerations with dynamic linear
(VPPGADL; blue) and dynamic nonlinear (VPPGADNL,; red-violet) contributions (m s~%). Buoyancy (B) and the buoyant vertical
perturbation pressure gradient acceleration contribution (VPPGAB) are included as a summation (B + VPPGAB, m s~ 2, red-orange).
The 0-1 km AGL maximum w-tendency value (#, 0.013 ms ™2, gray) is included for reference. The period shown is for the final 30 min of

each simulation in the ground-relative suite.

what appears in Fig. 12. The resultant vertical gradient in py
nearly offsets the buoyancy to yield near-zero ACCB (i.e., B +
VPPGAB; Fig. 13).

The simulations with a strong low-level dynamical response
(C,D, and H) also have a small contribution from pf,; (Fig. 12).
This is due to the updraft-in-shear effect and emerges in most
supercellular environments (which have strong vertical wind
shear). But, the dynamic nonlinear component (associated
with local rotation) is the most distinctive contributor to the
simulated pressure declines in C, D, and H (Fig. 12). The same
evolution occurs in environments L and P but to a lesser de-
gree, which is consistent with their more modest dynamical
responses as identified in section 3c. The remaining simulations
have a negligible py,, signaling the absence of a rotationally
induced response in these environments. In short, large py, falls
are unique to the runs producing low-level updraft intensifi-
cation. Due to the importance of low-level vertical acceler-
ations in tornadogenesis, we next analyze the associated
dynamic VPPGA in the lowest 1 km (i.e., centered on 500 m
AGL; Fig. 13).

As discussed above, the net buoyant accelerations are small
(by experimental design; Fig. 13). The 0-1 km maximum value
from our artificial w (0.013 m s ™) is included for reference but
is also negligible (Fig. 13) since its base is at 500 m AGL in our
simulations. Environments C, D, H, L, and P produce differing
growth rates and partitioning among components, but all show
that the dynamic nonlinear VPPGA (VPPGADNL) is the
main contributor to the enhancement in w (Fig. 13). Since the
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low-level dynamical response is a rotationally driven process,
VPPGADNL can be said to quantify the low-level dynamical
response. The magnitude of this effect easily outweighs all
other contributors in C, D, H, L, and P, but it is completely
absent in the other simulations.

It has long been known that the dynamic acceleration
components in a supercell’s updraft can exceed the buoyant
acceleration components (e.g., McCaul et al. 1996; Weisman
and Rotunno 2000; Coffer and Parker 2015). One of our stated
goals was to quantify the magnitude of the purported supercell
dynamical response and its importance relative to buoyancy. In
the simulations with the greatest response, VPPGADNL ex-
ceeded 1.0ms ™2 (Fig. 13). Such values would far exceed the
typical buoyant accelerations found in real supercells (com-
monly peaking in midlevels at 0.1-0.3ms™%; as in Peters et al.
2019). Similar accelerations are observed in environments C,
D, H, and L corresponding to the SRR suite of environments
(0.80ms™ 2 Fig. 14). Again, these accelerations are almost
entirely due to VPPGADNL, and these nodes correspond to
the highest 0-500 m SRH values in the SRR suite (Fig. 3).

The present simulations are conducted in a dry adiabatic
troposphere, and so ascending air encounters no resistance
from the ambient static stability (i.e., tropospheric temperature
inversions and sub-dry-adiabatic environmental lapse rates).
Thus, our VPPGADNL values may produce stronger updrafts
than what storms experience in nature. On the other hand, in
some high CAPE or weakly capped scenarios, the low-level
buoyant accelerations may be larger than our artificial w, which
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FIG. 14. As in Fig. 13, but for the storm-relative rotated suite.

could promote a stronger response. For reference, in an envi-
ronment of 279m?s™? of 0-1km SRH and 2600Jkg™' of
CAPE, Coffer and Parker (2015) simulated a full physics su-
percell with 0-1km AGL maximum total dynamic VPPGA
near 0.40ms™ 2, which exceeded the maximum buoyant ac-
celerations by roughly a factor of 4.

It is the relationship of large dynamic lifting to large low-
level SRH that emerges as most important from this analysis.
Most right-moving supercell environments do not produce this
dynamical enhancement (Figs. 11-14); only the profiles with
the highest SRH achieve it. Given the importance of low-level
stretching to tornadogenesis, it is unsurprising that these are
also the environments in the SOMs with the highest %ST.
Because the near-ground updraft enhancements are driven
primarily by VPPGADNL, they could conceivably overcome
appreciable negative buoyancy such as is found in the vorticity-
rich outflow of real storms. To shed more light on the nature of
the VPPGADNL within these storms, we look at vertical (x—z)
cross sections through the centerlines of the resultant updrafts
(Figs. 15 and 16).

In our GR environment C, which has a strong, steady low-
level response (e.g., Fig. 11), the VPPGADNL is shown to be
contained entirely below 1.5 km AGL (Fig. 15), with substan-
tial upward accelerations toward a pressure minimum at that
level followed by negative accelerations above it. The other
GR cases with the most robust low-level dynamical responses
(environments D and H) have a similar structure (Fig. 15) but
with VPPGADNL that is concentrated even closer to the
ground due to the lower altitude of the pressure minimum
(between 0.5 and 1 km AGL). The simulations with a response
in the SRR suite tell a similar tale (Fig. 16). There is an
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interesting trend along the SRR suite’s top row (Figs. 16a—d)
wherein the VPPGADNL is stronger and resides lower in
the troposphere with increasing low-level SRH and ws. A
related impact is that the updrafts themselves exhibit “‘base
lowering” (i.e., increased values of w at lower levels) for
environments with strong low-level vertical wind shear
(Figs. 15, 16). It is also potentially relevant that the maxi-
mum in VPPGADNL is in some environments seen to occur
above 1km AGL (e.g., Fig. 16, simulations A-D). The
SOM’s %ST is comparatively diminished in such environ-
ments, perhaps because in nature these accelerations would
be too far aloft to assist in lifting and stretching vorticity-
rich, near-surface circulations.

Interestingly, a subset of recent literature has attempted to
link updraft width to supercells’ intensity (e.g., Trapp et al.
2017, 2018; Warren et al. 2017; Peters et al. 2019; Sessa and
Trapp 2020), with some implications that this may determine
tornadogenesis. Though our investigation was not motivated
by the role of updraft width in the intensification of the low-
level updraft and rotation, the results of our study may shed
light on this active research area. Because the imposed updraft
forcing is held fixed among runs, we find very little change in
updraft width among simulations (Figs. 15, 16). We also find
very little difference in the peak updraft velocities found in
midlevels (Figs. 9, 15, 16). Rather, across a range of environ-
ments, the dynamical intensification process that seems most
relevant to tornadogenesis is entirely manifested in the lowest
~1km AGL. It appears that the near-ground wind profile
modulates the production of this response, independent of
updrafts’ widths or midlevel velocities. We thus conclude our
results in the next section by directly comparing a range of
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FIG. 15. Vertical (x—z) cross sections through the approximate center of the updraft time averaged over the final 10 min of each
simulation in the ground-relative (GR) suite. Vertical velocity (w) is contoured in black (every 10ms™ '), and the dynamic nonlinear
vertical perturbation pressure gradient acceleration (VPPGADNL) is shaded as shown (in m s~2). Because this figure displays time-
averaged composites over 10 min, there is some departure from the instantaneous values shown in prior figures. Height AGL (km) is
displayed on the ordinate and x (km) is displayed on the abscissa. Each grid square is representative of 1 km?.

environmental parameters (SRH, ws, and w.) to the simulated
updraft dynamics.

e. Modeling results in the context of SOM statistics

Environments exhibiting a low-level dynamical response in
the model are exclusively those with at least 110m?s ™2 of 0-
500m SRH (Fig. 17); these environments have associated 0—
500m ws in excess of 0.015s! (e.g., Fig. 4). In the cases
producing a clear response, the upward-directed VPPGADNL
ranges from 0.17 to 1.07m s~ 2. In turn, for these environments,
much higher significant tornado probabilities occur in nature
(shading of data points in Fig. 17). An important finding is that
most right-moving supercell environments do not achieve such
low-level dynamical responses. It seems clear that prolific ST
environments are ‘‘special’’ in that they support a truly dis-
tinctive dynamical enhancement of low-level w (and thus
¢ stretching which could accomplish tornadogenesis).

We earlier mentioned that at least some of the higher SRH
environments did not produce a response; these environments
also tended to have lower %ST in the SOMs (shading of data
points in Fig. 17). Coffer and Parker (2017), Coffer et al.
(2017), Coffer and Parker (2018), and Murdzek et al. (2020)
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have suggested that appreciable w. may lead to interruption of
the low-level mesocyclone which could hinder subsequent
tornadogenesis. This may be true in some cases (as described in
section 3c), but Fig. 18 shows that strong dynamical responses
occur across a wide range of w. values provided that 0-500 m
SRH is above a certain threshold. The 0-500 m ratio of ws to w.
(Fig. S9 in the online supplemental materials) is also poorly
related to the VPPGADNL values; overall, many supercells of
varying types occur in environments with 0-500 m wg:w, ratios
between 2 and 4. The varying sensitivity to w. may mean that its
effects are dependent on other parameters (e.g., SRF). Further
analysis of such effects would be of interest in the future.

By design, our experiment has specifically isolated the ef-
fects of the environmental wind profile upon a controlled up-
draft. All of the environments represented by our SOMs were
associated with severe supercells. Notably, at least some ob-
served tornadoes (including significant ones) are present in the
SOM nodes that do not produce a response in our simulations.
This suggests that although the low-level wind profile is ex-
tremely important, it is not the sole ingredient that determines
whether a supercell will be tornadic. Other environmental in-
gredients and within storm processes must play a role. For
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F1G. 16. As in Fig. 15, but for the storm-relative rotated (SRR) suite.

example, Fischer and Dahl (2020) showed that both the low-
level updraft and the surface cold pool characteristics modu-
late the tornadogenesis process. And, to some degree, the
process in real storms is likely stochastic (e.g., Markowski
2020). However, by omitting thermodynamic variations and
precipitation-driven processes from our experimental design,
we have shown that the near-ground wind profile likely has
major influence.

4. Synthesis
a. Summary

Forecasters and scientists have long sought to discriminate
tornadic from nontornadic supercells. It has recently been
shown that 0-500 m SRH is both operationally and dynami-
cally meaningful in identifying significantly tornadic (EF2+)
versus nontornadic supercells (Coffer et al. 2019). This linkage
is hypothesized to occur via a supercell-induced dynamical
response whereby updraft rotation yields an intensifying up-
ward VPPGA (Coffer and Parker 2017, 2018; Coffer et al.
2017; Flournoy et al. 2020), which can lift near-surface, vor-
ticity-rich air during tornadogenesis. Given these recent find-
ings, we asked the following questions:

1) Is there an identifiable subset of wind profiles over
which the link connecting the low-level environmental
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winds, low-level dynamical response, and tornadogenesis
probabilities is most prominent?

2) How much does the low-level dynamical response con-
tribute to enhancements in low-level vertical velocity (w)
and low-level vertical vorticity (£)?

To address these problems, we utilized a large dataset of
20194 environmental wind profiles from tornadic and non-
tornadic events and identified recurring low-level wind profiles
using machine learning (self-organizing maps). The resultant
wind profiles were then used in a controlled, idealized nu-
merical experiment. This enabled us to directly relate the up-
draft evolution to differences in the low-level wind profiles.

b. Conclusions

Based on the numerical experiments, our primary conclu-
sions are as follows:

e With our controlled updraft forcing, the wind profile itself
produces very little variation in midlevel (3-7km AGL)
updraft and mesocyclone structure (intensity and width)
across environments that foster right-moving supercells.

¢ Environments that do not foster a dynamical response have
low-level updrafts with quasi-steady properties, including
minimal vertical velocities at or below 500 m AGL.

e When present, a low-level dynamical response can increase
the vertical velocity (w) by up to 25ms ™!, increase the vertical
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vorticity (£) by up to 0.2s7!, and decrease the pressure
perturbation (p’) by up to 5 hPa at a height of 500m AGL
(i.e., below where any artificial updraft forcing was present).
Such near-ground enhancement would presumably be di-
rectly relevant to the stretching of near-ground vertical
vorticity required to accomplish tornadogenesis.
Low-level dynamical responses emerge in environments
with large low-level (0-500 m AGL) environmental storm-
relative helicity (SRH > 110 m?s~?) and streamwise vor-
ticity (ws > 0.015s™"). However, not all environments that
fit these criteria produce the dynamical response. The low-
level wind profile may be an important but not sole pre-
dictor of tornadogenesis, and other within storm processes
and environmental ingredients also must play a role.

e This dynamical response occurs across a range of environ-
mental 0-500 m crosswise vorticity (w.) values within this
parameter space. This supports Coffer et al.’s (2019) con-
clusion that w. is probably not an effective discriminator
between significantly tornadic and nontornadic right-moving
supercells. We found no relationship between 0-500m w.
and significant tornado percentages in the self-organizing
maps. However, environmental w. could still be responsible
for delaying the onset of the dynamical response.

¢ The enhancement of the low-level updraft is via VPPGADNL.
Our simulations produce acceleration values up to 10 times
larger than the buoyancy-driven accelerations from supercells
that have been previously simulated in realistic full-physics
environments.

The self-organizing maps trained on 0-500m AGL (u, v)
wind profiles reveal strong linkages between environments
with large near-ground SRH, appreciable modeled updraft
intensification, and observed significant tornado percentages.
Our results show that intense dynamic lifting of near-surface
air (which appears to be the ‘“‘make-or-break” moment of
tornadogenesis) is most likely to occur in environments where
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on the abscissa. The 0-500 m crosswise vorticity values are computed
using the final domain translation motions. Environments with a
prevalent dynamical response have been labeled for the ground-
relative “GR” and storm-relative rotated “SRR” frameworks.

0-500m SRH exceeds some threshold (in this experimental
design, 110m*s~%). When it occurs, this dynamical response
appears to far outpace any effects of low-level buoyancy. A
subsequent feedback owing to this response could conceivably
ensue if this enhanced updraft leads to added tilting and
stretching of the environmental vorticity (further enhancing
updraft rotation, ppy, . and so on). Such a nonlinear process
could dramatically strengthen updrafts in the subset of envi-
ronments where it occurs.

c. Future work

The conclusions we have presented in turn prompt new
questions. What processes occur in nature that lead to occa-
sional significant tornadoes in lower SRH environments and
tornadogenesis failure in higher SRH environments? Do tor-
nadoes ever form without this low-level dynamical response? If
so, by what other process is the final (step 3) stretching ac-
complished? If not, then what processes preclude or promote
the formation of a low-level dynamical response in the envi-
ronments with moderate 0-500 m SRH (e.g., ~110-185m*s~?)
and o (e.g., ~0.015-0.027s™ ') wherein only some environ-
ments produced a response? These questions likely require
work using full-physics simulations wherein thermodynamic
and microphysical processes within supercells can produce a
wider range of outcomes. We view the present study as a first
attempt to quantify one of the main building blocks of the
tornadogenesis process that should be evident even in ex-
tremely complex storm observations and simulations.
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