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Simultaneous Dual-Doppler and Mobile Mesonet Observations of Streamwise Vorticity Currents in
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ABSTRACT: Recent high-resolution numerical simulations of supercells have identibPed a feature referred to as the
streamwise vorticity current (SVC). Some have presumed the SVC to play a role in tornadogenesis and maintenance,
though observations of such a feature have been limited. To this end, 125-m dual-Doppler wind syntheses and mobile
mesonet observations are used to examine three observed supercells for evidence of an SVC. Two of the three supercells are
found to contain a feature similar to an SVC, while the other supercell contains an antistreamwise vorticity ribbon on the
southern fringe of the forward Bank. A closer examination of the two supercells with SVCs reveals that the SVCs are located
on the cool side of boundaries within the forward Rank that separate colder, more turbulent 3ow from warmer, more laminar
Bow, similar to numerical simulations. Furthermore, the observed SVCs are similar to those in simulations in that they
appear to be associated with baroclinic vorticity generation and have similar appearances in vertical cross sections. Aside
from some apparent differences in the location of the maximum streamwise vorticity between simulated and observed
SVCs, the SVCs seen in numerical simulations are indeed similar to reality. The SVC, however, may not be essential for
tornadogenesis, at least for weak tornadoes, because the supercell that did not have a well-debPned SVC produced at least
one brief, weak tornado during the analysis period.
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1. Introduction generation of near-surface vertical vorticity appears to be fa-
cilitated by kinematic boundaries within the forward Rank of
supercells that form when cold downdraft outBow collides with
relatively warmer modibed inBow. In particular, numerical
simulations have found that parcels destined for the tornado
seed collect along boundaries that are collocated with prom-
inent horizontal buoyancy gradients, forming OOriversO0 of ver-
tical vorticity in the lowest few hundred meters that feed the
tornado-like vortex ( Dahl et al. 2014; Coffer and Parker 2017).
In regards to tornado prediction, Coffer and Parker (2018)
suggest that most supercells can develop sufpcient near-surface
vertical vorticity and that the limiting factor is whether the
tornado seed can be stretched into a tornado-strength vortex
by the parent supercell (i.e., step 3).

The stretching of near-surface vertical vorticity is thought to
be facilitated by the low-level mesocyclone. The rotation
within the low-level mesocyclone is associated with dynamic
pressure falls, which result in an upward-pointing vertical
perturbation pressure gradient force (VPPGF) that can lift
near-surface parcels from beneath the low-level mesocyclone
(Coffer and Parker 2017). Low-level mesocyclonic rotation
results from the tilting and stretching of vorticity that s initially
horizontal, with increasing amounts of streamwise vorticity
(v resulting in a greater collocation between the vertical
vorticity and vertical velocity maxima ( Davies-Jones 198%,
where v is debPned in a storm-relative sense:

Tornado research has focused primarily on tornadogenesis
within supercell thunderstorms owing to the fact that super-
cells produce a disproportionate number of signiPcant torna-
does? Tornadogenesis within supercells can be conceptualized
as a three-step process (e.gDavies-Jones 201% First, mid-
level rotation develops from the tilting of environmental hor-
izontal vorticity ( Rotunno 1981). Second, vertical vorticity
develops close to the surface (the tornado OOseed,OCDag.,
2019. Third, this near-surface® vertical vorticity is intensiped
via stretching into a tornado-strength vortex. Steps 2 and 3 are
sensitive to internal features within supercells and are exam-
ined in more detail below.

The formation of the tornado seed requires the presence of a
downdraft to transport circulation-rich air toward the surface
(e.g., Davies-Jones and Brooks 1993 Parcels destined for the
tornado seed have been shown to gain considerable horizontal
vorticity owing to baroclinic generation ( Klemp and Rotunno
1983 Rotunno and Klemp 1985; Dahl et al. 2014; Dahl 2015).
Continuous baroclinic generation of horizontal vorticity as
parcels descend in downdrafts may result in the vorticity vector
developing a crosswise component in the vertical, with the
outcome that positive vertical vorticity develops near the nadir
of the parcel trajectory (Davies-Jones and Brooks 1998 The

1$ EF2, where OOEFOO refers to the enhanced Fuijita scale. v 5 w
2 Following Murdzek et al. (2020), OOnear-surfaceO0 is debned as the ° v2 ¢

lowest 50 m whereas OOlow-levelO0 refers to altitudes below 1000 m. ) , .
where v and c are the wind velocity and storm motion vectors,

respectively. Aligned with the theoretical results from Davies-
Corresponding author. Shawn S. Murdzek, smurdzek@psu.edu Jones (1984) increasing amounts of low-level environmental

@

DOI: 10.1175/MWR-D-20-0239.1

2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses
8QDXWKHQWLFDWHG _ 'RZQORDGHG



4860

MONTHLY WEATHER REVIEW \%

OLUME 148

TABLE 1.Overview of the three VORTEX2 cases examined in this article. OODateOO refers to the date the storm formed, so for the Maysville
and La Junta storms, the dates that correspond to the listed time intervals are actually 8 and 12 Jun, respectively.

Date Location Analysis times (UTC) Baseline (km) References
7 Jun 2009 Maysville, MO 00540134 6.4 This article
11 Jun 2009 La Junta, CO 00000032 11.8 Atkins et al. (2014)
26 May 2010 Prospect Valley, CO 22182302 9.9 Tanamachi et al. (2013) Bowlan (2013);

Murdzek et al. (2020)

Vs have been found to contribute to stronger and more orga-
nized low-level mesocyclones that are more likely to instigate
tornadogenesis Coffer and Parker 2017 Coffer et al. 2017,
Coffer and Parker 2018. This is further supported by the ob-
servation that tornadic supercell environments generally possess
larger amounts of storm-relative helicity (SRH; Davies-Jones
et al. 1990, compared to nontornadic supercell environments
(Rasmussen 2003Thompson et al. 2003 Coffer et al. 2019). This
suggests that at least some of the horizontal vorticity destined for
the low-level mesocyclone is imported from the environment.
Recent high-resolution numerical simulations have sug-
gested that storm-generated baroclinic horizontal vorticity
may also contribute to low-level mesocyclone intensibcation.
A 30-m simulation by Orf et al. (2017) identibPed a feature they
referred to as the streamwise vorticity current (SVC), which

The majority of research related to SVCs to date has been
performed using idealized numerical models. Therefore, before
further research is done into the connection between SVCs and
tornadogenesis, it is necessary to determine whether the SVC
exists in observed supercells and start documenting the range of
SVC characteristics in order to assess the realism of model-
generated SVCs. Some work has already been done in this area.
Most notably, the Texas Tech mobile Ka-band radars have been
used to probe the forward Rank of supercells using rangebheight
indicators (RHIs) to verify the presence of the SVC. Schueth
(2018)and Schueth and Weiss (2018present RHI scans from two
different supercells that contain a feature similar in appearance
to a KelvinbHelmholtz billow in the forward Rank that bears a
strong resemblance to synthetic RHIs through the SVC of a
simulated supercell. Preliminary results from the 2019 beld cam-

is a O0tubeOO of streamwise horizontal vorticity that developsaign of the Targeted Observations by Radars and UAS of

within the forward Bank and feeds the low-level mesocyclone.
In Orf et al.Os simulation, an intensibcation of the SVC led to a
stronger low-level mesocyclone with larger dynamic pressure
falls, which resulted in tornadogenesis owing to a stronger
VPPGF (Orf et al. 2018). Similar to the development of the
tornado seed, the SVC is coupled with boundaries within the
forward and left Ranks of the supercell The SVC in Orf et al.
(2017), as well as in other simulations (e.g.,Schueth 2018
Finley et al. 2018, occurs on the immediate cool side of a
boundary within the forward RBank. The strong horizontal
buoyancy gradients often associated with these boundaries are
thought to augment the streamwise horizontal vorticity within
the SVC through the baroclinic generation of horizontal vor-
ticity ( Schueth 2018, which suggests that stronger horizontal
buoyancy gradients may result in a stronger SVC and therefore
a stronger low-level mesocyclone Schueth and Weiss 202 It
is worth noting that the idea that storm-generated horizontal
vorticity contributes to the low-level mesocyclone is not

Supercells (TORUS; Houston et al. 2020 also show evidence of
SVCs in some observed supercells that are remarkably similar to
the SVCs seen in numerical models, though there does appear to
be a range of SVC characteristics and not all the sampled super-
cells appeared to have SVCs \Veiss et al. 2020. Though these
RHIs provide promising evidence that the SVC does exist, the full
3D wind Peld cannot be accurately retrieved using a single radar,
which prevents the examination of the v Peld. Using dual-
Doppler wind syntheses can help circumvent this problem by
retrieving the 3D wind Peld. Markowski et al. (2018) and Murdzek
et al. (2020) each note features in their dual-Doppler wind syn-
theses that might resemble an SVC, but these features were not
examined in depth, and in the case ofMarkowski et al. (2018), the
feature was located on the edge of the dual-Doppler wind syn-
thesis domain, making further inspection difpcult.

To better understand the nature of SVCs in observed
supercells, this article uses high-resolution dual-Doppler wind
syntheses from three observed supercells, one of which has not

new; this idea has been around since at least the 1980s been examined before using dual-Doppler and mobile mesonet

(Rotunno and Klemp 1985). What is new is that this baro-
clinic vorticity generation can be visualized using high-
resolution simulations as a relatively narrow, intense ribbon
of streamwise horizontal vorticity (Weiss et al. 2020 and that
variations in the strength of the SVC can be tied to the
strength of the low-level mesocyclone, and, therefore, tor-
nado genesis and maintenance.

31t is worth emphasizing that the SVCs in these numerical sim-
ulations do not appear to be contributing vorticity to the tornado
seed, whereas the vertical vorticity rivers mentioned earlier do
contribute vorticity to the tornado seed.

platforms. Our guiding questions are as follows:

1) Can SVCs be readily identibed in observed supercells using dual-
Doppler wind syntheses? Do all three supercells have SVCs?

2) Are the observed SVCs (if they exist) collocated with
kinematic boundaries and thermodynamic gradients?

3) What is the vertical structure of the observed SVCs (if they
exist)? Do they extend down close to the surface (i.e.,
height of mobile mesonet observations)?

4) Is there evidence that the SVC is augmented by baroclinic
horizontal vorticity generation?

The goal is to use the knowledge gleaned from this study to
guide future modeling endeavors that examine the SVC and its
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FIG. 1. Observed inBow sounding launched by VORTEX2 at 2258:57 UTC 7 Jun 2009 in
northwestern Missouri. Solid red, green, and black lines on the skewl'Blogp diagram represent
the temperature, dewpoint, and mixed-layer parcel temperature proPles, respectively, and
the shaded red (blue) areas are proportional to the MLCAPE (MLCIN). The dashed red,
blue, and green lines on the skewl'Blog diagram represent the dry adiabats, pseudoadiabats,
and constant water vapor mixing ratio lines, respectively. The different colored lines on the
hodograph correspond to the winds between 0 and 0.5 km (black), 0.5 and 1 km (red), 1 and
3km (blue), 3 and 6 km (yellow), and 6 and 9 km (green). For the sounding parameters, OOMLOO
refers to a mixed-layer parcel (with the average characteristics of the lowest 50 hPa of the
sounding) and OOSBOO refers to a surface-based parcel. The listed LFC, CAPE, and CIN are all
computed using the virtual temperature correction (e.g., Doswell and Rasmussen 1991

role in the intensibcation of the low-level mesocyclone, which
is requisite for tornadogenesis.

2. Methodology
a. Case selection

The three cases examined herein come from the Second
Veribcation of the Origins of Rotation in Tornadoes Experiment
(VORTEX2; Wurman et al. 2012 and are listed in Table 1. The
goal is to select cases with: (i) dual-Doppler on Wheels (DOW)
coverage of the forward-Bank region with a relatively short
baseline (; 12km) and (i) mobile mesonet observations in the
forward Rank during the time of dual-Doppler coverage.
Satisfying these two criteria allows for the examination of the
kinematics and near-surface thermodynamics of the SVC (if
one can be identibed) with relatively high spatial resolution.
The three cases are from 7 June 2009 near Maysville, Missouri
(hereafter the Maysville storm; discussed more in the next
section); 11 June 2009 near La Junta, Colorado (hereafter the
La Junta storm; Atkins et al. 2014); and 26 May 2010 near
Prospect Valley, Colorado (hereafter the Prospect Valley
storm; Tanamachi et al. 2013 Bowlan 2013 Murdzek et al.
2020. It is worth noting that it is not our objective to analyze

every VORTEX?2 intercept for evidence of an SVC and that
the three cases we are examining may not be the only
VORTEX2 cases that meet the two criteria outlined above,
particularly when other mobile radars from the VORTEX2
armada are considered. Instead, this article is merely a brst
attempt to study observed SVCs (or the lack thereof) using a
combination of dual-Doppler mobile radars and a mobile
mesonet.

The classibcation of these storms as tornadic or nontornadic
is not clear. VORTEX2 DOW?7 crews observed a tornado-like
vortex at 0112 UTC in the Maysville storm,*which is also listed
in the Storm Data publication as an EFO tornado. The La Junta
storm was visually unimpressive to VORTEX2 crews on the
ground, yet Storm Data documents a brief, EFO tornado as-
sociated with this storm at 0002 UTC. The Prospect Valley
storm, as discussed in more detail inTanamachi et al. (2013)

“4As discussed in the mobile mesonet report for the Maysville
storm, there was some debate among VORTEX2 scientists as to
whether this vortex should be considered a tornado. VORTEX2
reports for the Maysville storm can be found at http://catalog.
eol.ucar.edu/cgi-bin/vortex2_2009/report/index

8QDXWKHQWLFDWHG _ 'RZQORDGHG



4862 MONTHLY WEATHER REVIEW V  OLUME 148

TABLE 2. Parameters for the Barnes (1964) objective analysis  storm during the time period listed in Table 1, we are comfort-
and dual-Doppler wind synthesis. Grid spacing refers to both the  able stating that the La Junta storm was nontornadic during the
vertical and horizontal grid spacing. All three cases use the same  analysis time period, which is consistent withParker (2014). The
gridding and wind synthesis parameters. Maysville and Prospect Valley storms, on the other hand, will be

Radar systems DOWS6 and DOW7 regarded as weakly tornadic. At the very least, we can say with
Elevation angles 0.8 1.082.08 3.08 4.8 5.08 6.08 certainty that none of these three storms produced signibcant
Coarsest data spacing d) 0.35km tornadoes during the time periods analyzed in this study.
Distance from elthgr DOW 20km b. Overview of the 7 June 2009 Maysville, Missouri, storm
where data spacing5 d
Grid spacing (Dx) 0.125km An overview of the Maysville storm will be brieRy presented
Barnes (1964)smoothing 0.22kn? here because, to our knowledge, this storm has not been ex-
parameter (ko) amined in the literature before beyond a brief examination of
C(_)n_vergence parameter @) 03 polarimetric features by Snyder et al. (2013) The environment
Minimum between- 208

beam angle in northeastern Kansas and northwestern Missouri was favor-
able for supercell development on 7 June 2009. A stationary
front extended from Kansas into Nebraska and lowa with
near-surface dewpoints exceeding 28C south of this front in
and Murdzek et al. (2020), contained a vortex that metatornado  northeastern Kansas and northwestern Missouri Fig. 1). The
threshold often used in mobile radar studies (40m$ *inbound-  combination of low-level moisture and lapse rates approaching
outbound velocity difference between two gates# 2km apart; the dry adiabatic lapse rate aloft resulted in mixed-layer con-
e.g., Alexander and Wurman 2008) around 2236 UTC. Given vective available potential energy (CAPE) values exceeding
the fact that tens of experienced storm chasers with VORTEX2  2300Jkd *. The vertical wind proble was also favorable for
did not note any features resembling a tornado in the La Junta  supercell development, with 28.5 m § * of 0D6-km shear Fig. 1).

12 June 2009 0002:28 UTC
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FiG. 2. Dual-Doppler wind synthesis belds at 250 m AGL for the La Junta storm. (a) Storm-relative wind vectors
and streamwise vorticity, (b) horizontal vorticity vectors and relative helicity, (c) horizontal convergence, and
(d) vertical vorticity. In all four panels, the black contour is the 15-dB Z reRectivity outline at 250 m AGL and the
green contour is the objectively analyzed SVC at 250 m AGL. The blue line in (d) denotes the location of the
vertical cross section inFig. 12 Axis labels are in km.
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FIiG. 3. Streamwise vorticity and horizontal storm-relative wind vectors at 250 m AGL for (a)b(c) the La Junta storm, (d)D(f) the
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green contour in (a)D(f) is the outline of the objectively analyzed SVC at 250 m AGL. Axis labels are in km and all times are in UTC.

The Maysville storm was initiated around 2100 UTC in
northeastern Kansas along the aforementioned stationary
front. Over the next 2 h, this storm moved to the northeast, and
eventually started to propagate to the east and southeast after
crossing the MissouribNebraska border at 2315 UTC. The
storm maintained supercellular characteristics (e.g., a hook

echo) until ; 0300 UTC, after which it started to weaken and
move more to the northeast. The storm merged with other
disorganized convection and became indistinguishable around
0500 UTC.

The Maysville storm was a prolibc hail producer.Storm Data
contains multiple reports of . 3-in. hail (1in. 5 2.54cm)
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between 2330 and 0000 UTC, which is corroborated with
VORTEX2 observations of baseball-sized hail during this

time. During the period of interest (00540134 UTC, Table 1),

Storm Data contains multiple hail reports associated with the
Maysville storm. Two brief, weak tornadoes (each EF0) were
also attributed to the Maysville storm in Storm Data at 0113
and 0127 UTC, and, as noted earlier, VORTEX2 crews noted
the presence of a tornado-like vortex around 0112 UTC.

c. DOW and mobile mesonet data processing

The DOW data are processed using the same methodology

asMurdzek et al. (2020), except as noted below and inTable 2.

A two-pass Barnes (1964)objective analysis scheme is used to
grid the DOW data using a brst-pass smoothing parameter of

0.22 kn?, which, following Pauley and Wu (1990) is appro-
priate for radar data spacing# 0.35 km. For the DOW eleva-
tion angles used, this corresponds to distance# 20 km from
either DOW ( Table 2). For this reason, DOW data are only
shown for grid points that are within 20 km of both DOWSs. The

objective analysis procedure suppresses high-frequency features,

with 60% amplitude retained for features with a wavelength of
1 km and 90% amplitude retained for 1.7-km wavelengths. Given
that the narrowest SVC from our three cases (the La Junta storm)

has a width of 1D2 km, we are conbdent that the damping of the

SVC from the objective analysis scheme is minimal. Following
Koch et al. (1983), the horizontal and vertical grid spacings for the

objective analysis are each 125 m, which matches the horizontal

grid spacing® of the numerical simulations of an SVC performed
by Schueth (2018) The dual-Doppler wind synthesis used to re-
trieve the 3D wind beld is identical to Murdzek et al. (2020) with

the exception that the downward extrapolation of winds during

the vertical integration of the mass continuity equation is only
allowed over a depth of 0.25 km instead of 1.4 km.

The processing of the mobile mesonet data also follows

Murdzek et al. (2020), with deviations from the methodology of
Murdzek et al. (2020) noted here. Thermodynamic data col-
lected from stationary probes are discarded in the Maysville and
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FiG. 4. Mobile mesonet observations in the La Junta storm at
0002:28 UTC. Station model colors representu, while the barbs
denote storm-relative winds (full barb is 5ms?* and a half barb is
25m£ Y. The 250 m AGL dual-Doppler reRectivity beld (gray
shading) and objectively analyzed SVC at 250m AGL (green
contour) are also included. Axis labels are in km.

2) Each mobile mesonet observation is paired with the closest
dual-Doppler wind synthesis grid point at the lowest verti-
cal level with widespread dual-Doppler data (z5 125 m for
the Maysville and Prospect Valley storms andz 5 250 m for
the La Junta storm). The horizontal distance between the
mobile mesonet observation and dual-Doppler wind syn-
thesis grid point must be less than the dual-Doppler wind
synthesis grid spacing (125 m), otherwise the mobile mes-
onet observation is ignored.

3) Compute the average vertical wind shear (horizontal ve-
locity differential) using the mobile mesonet wind [at 2m
above ground level (AGL)] and dual-Doppler wind syn-
thesis horizontal wind (at 125 or 250 m AGL).

La Junta storms owing to insufbcient aspiration of the O0J-tubest) Compute the horizontal vertical velocity gradient using the

used during VORTEX2 in 2009 (Waugh and Fredrickson 2010.
After quality control and smoothing using a two-pass triangular

blter, mobile mesonet analyses are created with a time-to-space

conversion that uses a time window of 3min. To explore the
buoyancy gradients in the forward Rank, mobile mesonet virtual
potential temperature (Uuy), which is proportional to buoyancy if
hydrometeor loading is ignored, is examined.
Dual-Doppler wind syntheses and mobile mesonet winds are
also combined to estimate the streamwise horizontal vorticity be-
neath the dual-Doppler data horizon. The algorithm is as follows:

1) Mobile mesonet observations within a 3-min time window
centered on the dual-Doppler wind synthesis are time-to-
space-converted to the dual-Doppler wind synthesis time.

5Even though the grid spacing in the dual-Doppler wind syn-
thesis matches the simulations performed bySchueth (2018) the

resolutions are not necessarily the same, owing in part to the

smoothing that is implicit to the radar objective analysis scheme.

dual-Doppler wind synthesis vertical velocities (at 125 or
250 m AGL). Divide these gradients by 2 to get an estimate
of the horizontal vertical velocity gradient halfway between
the surface and dual-Doppler data horizon (this assumes
that the vertical velocity is 0 at the surface)®

Compute the average horizontal vorticity from the average
vertical wind shear and estimated vertical velocity gradient,
then partition the horizontal vorticity into streamwise and
crosswise components using the mean horizontal storm-
relative wind vector (computed as the average of the mobile
mesonet and dual-Doppler wind synthesis winds).

5

~

This method of estimating the horizontal gradient of vertical
velocity is admittedly crude, but it ultimately has a minimal impact
on horizontal vorticity magnitude. Root-mean-square differences
between horizontal vorticity beneath the dual-Doppler data hori-
zon computed with and without the horizontal gradient of the
vertical velocity are , 0.002£?, which is an order of magnitude
less than the values inFigs. 14and 15
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26 May 2010 2222:30 UTC
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FIG. 5. As in Fig. 2, but for the Prospect Valley storm at 2222:30 UTC.

It is important to note that changes in the elevation of the
mobile mesonet probes owing to topography are not accounted
for in this algorithm. Such changes in elevation would impact
the magnitude, but not the direction, of the layer-averaged
horizontal vorticity.

d. Identibcation of the SVC

An objective debnition of the SVC is needed in order to
proceed with analyzing it. The approach used here is based on
Schueth (2018) with some modibcations. For each vertical
level in the dual-Doppler wind synthesis, regions with v¢ $
0.025 £ t are identibed.” After using a binary closing scheme to
pll any gaps (similar to Schueth 2018, the largest region with
ve$ 0.0258%is selected as the SVC. The shape and storm-
relative location of the SVC outline on each vertical level be-
tween 125 and 500 m is then subjectively examined to make
sure the SVC has vertical continuity (if the shape and/or lo-
cation of the SVC outline varies greatly with height, the feature
is not identiped as an SVC). Based on the simulation of
Schueth (2018) the maximum v s values within the SVC occur
between 250 and 500 m AGL, so examining the 125D500-m

“The value of v is computed using Eq. (1) with the 3D wind
vector from the dual-Doppler wind synthesis and the average storm
motion over the analysis period.

vertical layer gives the best chance for bnding an SVC. After
checking for vertical continuity, temporal continuity is sub-
jectively checked by ensuring that the SVC has a similar storm-
relative position in consecutive time steps and the shape of the
SVC does not change rapidly with time. The v ¢ threshold of
0.025 & *for the SVC is fairly arbitrary and is chosen because it
is similar to the value of 0.03< * used by Schueth (2018)and
captures what one might subjectively consider to be the SVC
in the storms considered in this article. It is likely that this
threshold is not appropriate for all supercells and that it
changes with grid resolution.

3. Observations
a. The La Junta storm

The La Junta storm exhibits a feature that meets our deb-
nition of an SVC (green contour in Fig. 2). The SVC in the La
Junta storm is a narrow zone of enhancedv s with values in
some areas that are more than twice as large as thegvalues in
the rest of the forward Rank (which also contains appreciable
Vs Fig. 28). The SVC makes a rather large angle with the
15-dBZ reRectivity contour (black line in Fig. 2) and main-
tains a similar storm-relative position and appearance with
time (Figs. 3aby Although only four times are presented here
for brevity, the SVC in the La Junta storm can be seen from
0000 to 0022 UTC at 250, 375, and 500 m AGL (not shown).
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After 0022 UTC, the SVC becomes hard to identify owing to its
proximity to the eastern edge of the dual-Doppler wind
synthesis domain.

The La Junta SVC will be examined in detail at 0002:28 UTC
owing to the fact that there is also a mobile mesonet transect
through the SVC at this time. The kinematic characteristics of
the SVC discussed here can be seen at all times that the SVC
can be identiped. Horizontal vorticity within the SVC is much
larger compared to the rest of the forward Rank, whereas the
relative helicity (dePned as the ratio of v sto the magnitude of
the 3D vorticity vector) within the SVC is similar to the rest of
the forward Rank (Fig. 2b). This suggests that the enhanced ¢
within the SVC is likely the result of larger vorticity values
rather than a more favorable orientation between the velocity
and vorticity vectors. Both the horizontal wind vectors and

horizontal convergence (hereafter simply OOconvergence®0)

belds indicate that the SVC is ollocated with a kinematic
boundary (similar to the left-Bank convergence boundary of
Beck and Weiss 2013, with the strongest convergence on the
inBow (eastern) side of the SVC (Figs. 2a,9. In terms of
vertical vorticity, there are some patches of enhanced vertical
vorticity (both positive and negative) along the SVC, but in
general there is no tendency for the SVC to favor positive or
negative vertical vorticity (Fig. 2d). Some of these patches
appear to move toward the hook echo with time (not shown)
in a manner reminiscent of the vertical vorticity patches in
the vertical vorticity sheet simulated by Orf et al. (2017). It
is worth noting that the vertical vorticity Peld on the out-
Bow (western) side of the SVC has a visual appearance that
is much more turbulent compared to the more laminar
modibed inBow to the east of the SVC (Fig. 2d). This
matches the hypothesis oBrandes et al. (1988)that the rear
Rank of a supercell tends to be more turbulent than the
forward Rank and is similar to high-resolution numerical
simulations of supercells (e.g., Fig. 1 fromMarkowski and
Bryan 2016). A mobile mesonet transect through the SVC
at 0002:28 UTC shows confBuent winds 1 km ahead of the
SVC that are collocated with a strong buoyancy gradient
(Fig. 4). The presence of the SVC on the cool side of this
near-surface boundary matches the numerical simulation
of Orf et al. (2017).

b. The Prospect Valley storm

Dual-Doppler wind syntheses of the Prospect Valley storm
also display a feature that meets our debnition of an SVC
(Fig. 5). Unlike the La Junta storm, the SVC in the Prospect
Valley storm is much wider (; 2.5km) and makes a smaller
angle with the 15-dBZ refRectivity contour (Fig. 5). The SVCin
the Prospect Valley storm has a similar appearance and storm-
relative position in all four times presented here (Figs. 3dbfand
5a) and can also be seen at each vertical level between 125 and
500m AGL for each time between 2218 and 2236 UTC. After
2236 UTC, the SVC appears less organized and is also more
difbcult to identify given its proximity to the eastern edge of
the dual-Doppler wind synthesis domain.

In many ways, the Prospect Valley SVC is similar to the La
Junta SVC. Horizontal vorticity is strongest within the SVC of
the Prospect Valley storm, and relative helicity is slightly larger
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FIG. 6. Asin Fig. 4, but for the Prospect Valley storm at (a) 2220:29
and (b) 2222:30 UTC.

within the SVC compared to the inBow to the southeast
(Fig. 5b). Convergence, albeit weaker than the La Junta SVC,
can be subtly seen on the inBow (southeastern) side of the SVC
(Fig. 5¢). This convergence is stronger at 125m AGL (not
shown) and is collocated with conRuence in the horizontal wind
vectors (Fig. 53). There is a tendency for the Prospect Valley
SVC to favor slightly positive vertical vorticity (though these
values are no larger than other portions of the forward Rank),
and like the La Junta SVC, there is some tendency for the
vertical vorticity beld to be more turbulent on the outBow
(northwestern) side of the SVC (Fig. 5d). Mobile mesonet
transects near the SVC suggest that the SVC is collocated
with a near-surface buoyancy minimum with a relatively strong
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FIG. 7. As in Fig. 2, but for the Maysville storm at 0114:27 UTC.

buoyancy gradient on the inRow side (compared to the outl3ow
side of the SVC, Fig. 6).

¢. The Maysville storm

Unlike the La Junta and Prospect Valley storms, the
Maysville storm does not have a feature that can be clearly
identibed as an SVC. Plots ofv sat 250 m AGL at four different
times show broad regions with appreciablyv sboth in the inBow
to the east of the hook echo and within the forward Rank north
of the 15-dBZ refectivity contour ( Figs. 3gPand 7a). Ribbon-

like vsmaxima can be seen at some times [e.g., from (5.0, 1.5)

to (10.0, 5.0) inFig. 7d], but such maxima have poor temporal
continuity and the v g values within these maxima are not that
much greater than the rest of the inRow and forward 3ank. As a
result, we conclude that based on this dual-Doppler dataset,
the Maysville storm does not appear to have an SVC (or at
least, not a well-debned SVC).

Other aspects of the Maysville storm differ from the La
Junta and Prospect Valley storms. Horizontal vorticity is large
across much of the inow and southern forward-Rank regions
and is not conPned to a narrow region like in the other two
storms (Fig. 7b). The convergence and vertical vorticity pelds
are also rather heterogeneous throughout the entire inBow
region and southern portion of the forward Rank (Figs. 7c,d.
One of the only aspects of the Maysville storm that is similar to
the La Junta and Prospect Valley storms is the presence of

relative helicity values near unity throughout most of the for-
ward Rank and inBow regions. Another similarity between the
Maysville storm and the other two storms is the prominent
forward-RBank convergence boundary (FFCB;Beck and Weiss
2013 that can be seen along the 15-d& refectivity contour
(Fig. 70). Although the storm-relative position of this boundary
differs from the other two storms, it also features confBuent
mobile mesonet winds and a strong buoyancy gradientFig. 8),
similar to the boundaries in the La Junta and Prospect
Valley storms.

Interestingly, although it lacks a well-depPned SVC, the
Maysville storm exhibits a ribbon of antistreamwisevorticity
along a portion of the 15-dBZ reRectivity contour near the
hook echo [e.g., from (2.5, 2.0) to (7.0, 5.0) inFig. 7&]. This
antistreamwise vorticity ribbon (hereafter AVR) deviates
from supercell conceptual models, so it is worth examining this
feature with more scrutiny to determine if it is an artifact. We
start by seeing if the AVR can be deduced from plan position
indicator (PPI) displays from DOW6 and DOW?7. The 1.08
elevation angle PPIs for both DOW6 and DOW?7 show a slice
of weakly negative radial velocities within a much larger region
of stronger negative radial velocities where the AVR is ob-
served in the dual-Doppler wind syntheses Figs. 9band 10b).
The AVR can be deduced from these weakly negative radial
velocities in two ways. First, the radial velocities within the AVR
become more negative with height (unlike the surrounding
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FIG. 8. As in Fig. 4, but for the Maysville storm at (a) 0054:28 and
(b) 0114:27 UTC.

10

region, where the radial velocities become less negative with
height), which results in a horizontal vorticity vector oriented
toward the east, opposite the Bow in this region (seeFig. 73).
Second, the radial velocity Peld suggests the presence of a
transverse circulation with convergence (likely associated with
upward motion by mass continuity) northwest of the AVR and
divergence (likely associated with downward motion) southeast
of the AVR. This transverse circulation would result in a
northeastward-pointing vorticity vector, which also opposes the
Bow. The fact that the AVR can be seen in single-Doppler scans
suggests that it is not an artifact of the dual-Doppler wind syn-
thesis procedure, nor is it the result of one of the radars mal-
functioning (unless both were malfunctioning simultaneously).
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So are the weakly negative radial velocities observed by
DOW6 and DOW?7 representative of the airRow in that re-
gion? The odd appearance of the weakly negative radial
velocities and its location along a ref3ectivity gradient sug-
gests that it may be an artifact. The normalized coherent
power and spectrum width in this region, however, are
not that much different from the surrounding regions®
(Figs. 9c,dand 10c,d). This observation, coupled with the
fact that the reRectivity values in the vicinity of the AVR
weaken with height (i.e., the 15-dBZ refectivity contour
slopes to the northwest with height) suggests that the weakly
negative velocities are likely not the result of vertical side-
lobes. Furthermore, the fact that weakly negative velocities
are present in both DOWSs in the same storm-relative region
for ; 20 min despite different viewing perspectives further
suggests that the AVR may not be an artifact. Another hy-
pothesis is that the weakly negative radial velocities are the
result of large hail that is moving slower than the rest of the
Row, owing to its large inertia (e.g., section 3 from Wang
et al. 2019. As discussed insection 2b, multiple reports of
hail associated with the Maysville storm occurred during the
analysis period, and polarimetric radar observations from
UMass X-Pol at 0120 UTC show reduced differential re-
Rectivity and correlation coefbcient values at altitudes just
above the AVR (not shown), which is suggestive of hail
(e.g.,Kumjian 2013). The lack of large refRectivity values in
the DOW data near the AVR may counter the claim that
hail was occurring in this part of the storm (Figs. 9aand 10a),
but sparse populations of large hail may not be associated
with large ref3ectivity, especially at X band owing to reso-
nance effects Kumijian et al. 2018). Thus, hail was likely
present near the AVR, though we are hesitant to attribute
such a large reduction in the absolute value of the radial
velocity compared to the surrounding regions (at least
10m <, Fig. 9b) solely to the presence of hail, especially
given the mobile mesonet observations presented in the
next paragraph.

In an effort to get an independent measurement of the
winds near the AVR without the potential inBuence of hail,
mobile mesonet data are examined.Figure 11 shows the
mobile mesonet wind component that points away from
DOWS6 for a probe that transects the forward-Bank re-
Rectivity gradient around 0114:27 UTC. Interestingly, the
pattern of the mobile mesonet winds projected onto the
vector that points radially away from DOWS is similar to
the gridded DOWSG radial velocities. Furthermore, the mo-
bile mesonet winds are difRuent where radial divergence is
observed in DOWS6 near (6.0, 4.0) and conf3uent where ra-
dial convergence is observed in DOWG near (5.5, 4.5). This
matches the transverse circulation pattern noted above and
suggests that the wind beld observed by the DOWSs is

8The line of reduced normalized coherent power and increased
spectrum width immediately north of the AVR is likely a signal of
the FFCB. Similar signatures are observed along boundaries in the
La Junta and Prospect Valley storms and are expected given the
large wind shifts associated with these boundaries.
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FiG. 9. DOW6 1.08PPI for the Maysville storm at 0114:04 UTC. (a) Uncalibrated reRectivity (dB Z), (b) radial

velocity (ms2 1Y),

(c) normalized coherent power (unitless), and (d) spectrum width (m s? %). The black oval denotes

the zone of weakly negative radial velocities discussed in the text and the black star is the location of DOW6.

representative of the Row within the Maysville storm. With
no clear reason to remove the weakly negative radial ve-
locity slice that resulted in the AVR in the dual-Doppler
wind syntheses, we can only cautiously suggest that the
AVR might be a Row feature of the Maysville storm, though
its strength may be enhanced by the presence of hail. It is
worth noting that a feature similar to the AVR was observed
by Beck et al. (2006)in the 29 May 2001 Kress, TX, supercell
(seetheir Fig. 14), but the antistreamwise vorticity signature
in Beck et al. (2006) was only visible above 0.5km AGL,
whereas the Maysville AVR can be clearly seen at lower
levels. A feature similar to the AVR has also been observed
in a high-resolution simulation of a tornadic supercell prior
to tornadogenesis, but this feature is located to the rear of
the coldest air within the cold pool (L. Orf 2020, personal
communication), unlike the AVR presented here, which
had a more forward position. Finally, it is also worth noting
that even if the AVR is found to be an artifact and the
weakly negative radial velocities are removed, this would

not change the primary conclusion of this subsection that
the Maysville storm lacks a well-debPned SVC.

4. Discussion

The third question posed in section 1involves the vertical
structure of the SVC and whether there is evidence of the SVC
near the surface. Vertical cross sections perpendicular to the
primary axis of the SVCs of the La Junta and Prospect Valley
storms both show regions of enhanceds sthat slope toward the
rear of the supercell with height and have local maxima inv ¢
aloft in what resembles the head of a density current & 5
0.8kminFig. 12andx 5 0.5kmin Fig. 13), though we have not
evaluated whether the out3ow in this region is best charac-
terized as a density current [based on the simulations oBeck
and Weiss (2013) left-Rank outBow may not be expected to be
characterized as a density current]. These cross sections
through the SVCs are similar in appearance to synthetic RHIs
through an SVC in a supercell simulated by Schueth (2018)
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FIG. 10. As in Fig. 9, but for DOW?7 at 0114:08 UTC. Black star denotes the location of DOW?7.

(their Figs. 3.7D3.15). The objectively analyzed SVCs in both of
our cases, as indicated by the black contour, extend down to the
lowest vertical level with dual-Doppler wind synthesis data.
Furthermore, estimates of the 2D250-m average streamwise
horizontal vorticity in the La Junta storm and 2D125-m average
streamwise horizontal vorticity in the Prospect Valley storm
show clear maxima on the inBow side of the 250-m SVC con-
tour with values close to or exceeding the SVCv sthreshold of
0.025%* (Figs. 14and 15). Thus, these observations suggest
that the SVC extends down close to the surface with values of
Vv sthat are comparable to those found farther aloft, though it is
worth mentioning that the implicit smoothing of the radar
gridding algorithm may be inRating v values at lower levels
within the dual-Doppler wind syntheses. In the Prospect Valley
case, the largest/ svalues are actually found at the lowest levels
of the dual-Doppler wind synthesis (# 250m) below the
density-current-like head mentioned above, and may be even
stronger below the dual-Doppler data horizon (Fig. 15). This is
in contrast with the SVCs simulated by Schueth (2018) which
are strongest farther aloft within the head. Collectively, these

results suggest that the vertical structure of simulated and
observed SVCs are generally similar, though there are some
discrepancies regarding the location of the maximumv .
Another question posed in the introduction is whether there
is evidence of baroclinic generation ofv s within the SVC. The
near-surface buoyancy gradients located slightly ahead (in a
storm-relative sense) of the SVC observed by the mobile
mesonet in the La Junta and Prospect Valley storms Figs. 4
and 6) provide compelling evidence that v s within the SVC is
likely augmented by baroclinic generation. The fact that the
horizontal vorticity vectors are much longer within the SVC
compared to the surrounding regions also supports this claim
(Figs. 2band 5b). In the inviscid, Boussinesq limit, v can be
generated through crosswise-to-streamwise conversion, tilting
and stretching, and baroclinity (e.g.,Adlerman et al. 1999). If
the enhanced v ¢ within the SVC was purely the result of
crosswise-to-streamwise conversion (i.e., the OOriverbend ef-
fectO0), such a drastic change in the magnitude of the vorticity
vectors within the SVC would not be expected because only the
orientation of the vorticity vectors would change, not their
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FIiG. 11. Objectively analyzed DOWS radial velocities at 125 m
AGL (blue shading) and mobile mesonet station models at
0114:27 UTC for the Maysville storm. Station model shading in-
dicates the projection of the mobile mesonet ground-relative wind
onto the vector pointing from DOWS6 to the mobile mesonet probe.
Wind barbs denote the mobile mesonet-observed ground-relative
winds with a full (half) barb denoting 5.0 (2.5) ms2 . Black con-
tour is the 15-dBZ refectivity contour at 250 m AGL and all axis
labels are in km.

magnitude. Furthermore, if crosswise-to-streamwise conver-
sion were responsible for the enhancedv ¢ within the SVC,
relative helicity would be expected to greatly increase within
the SVC compared to the surrounding areas, which is also not
the case Figs. 2band 5b). In addition to baroclinic generation,

it is also possible that horizontal stretching of vg may be in-
creasing the vorticity vector magnitude within the SVC, but
there is little indication of the horizontal winds accelerating in
the direction of the vorticity vectors in either the La Junta or
Prospect Valley storms (Figs. 2a 5a, and 3abj. This leaves
baroclinic generation of horizontal vorticity and processes not
accounted for in the inviscid, Boussinesq limit, such as fric-
tional effects (e.g.,Schenkman et al. 2014, as the likely culprits
as to why v¢ within the SVC is so much stronger than the
surrounding areas. In short, there is evidence that the SVCs of
the La Junta and Prospect Valley storms are augmented by
baroclinic vorticity generation, though we cannot rule out the
possibility that frictional generation of vs may also be con-
tributing to the SVC.

Returning to the Prst question in the introduction about the
ubiquity of SVCs, the results presented herein suggest that not
all supercells contain SVCs, similar to the preliminary results
of the 2019 TORUS Peld campaign. The fact that the Maysville
storm, which was weakly tornadic, did not have a well-debned
SVC while the other two storms, one of which was nontornadic,
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FIG. 12. Vertical cross section through the SVC of the La Junta
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falls that results in a stronger upward-directed VPPGF (e.g.,
Orf et al. 2018), but such a strong SVC would likely be coupled
with larger buoyancy debcits within the forward-Bank cold
pool, as suggested bySchueth and Weiss (2020)Previous ob-
servational studies have shown a robust trend that the likeli-
hood of tornadogenesis decreases with increasing outBow
negative buoyancy (e.g.,Markowski et al. 2002; Shabbott and
Markowski 2006; Grzych et al. 2007. Therefore, a balance
perhaps needs to be struck between a cold pool that is strong
enough to produce a strong SVC (and by extension, a stronger
low-level mesocyclone), but not so strong that excessive neg-
ative buoyancy greatly inhibits vertical vorticity stretching
within the circulation-rich outRow.

The lack of an SVC also does not appear to imply that
there are not large v s values within a storm, nor does it seem
to imply the absence of baroclinic generation of vg. In the
Maysville storm, broad areas withvs$ 0.015£* are seen
throughout the inBow and forward-Rank regions (Figs. 7a
and 3gD). The presence of a near-surface buoyancy gradient
orthogonal to the 15-dBZ refectivity contour suggests that
some baroclinic generation of horizontal vorticity may have
been occurring (Fig. 8). It is possible that the structure of
certain storms, such as the Maysville storm, are not condu-
cive to organizing v into coherent OOtubesOO that are char-
acteristic of an SVC. It could be that the inBow of the
Maysville storm was too turbulent (as seen in the vertical
vorticity Peld, Fig. 7d) for a well-debPned SVC to form. The
more chaotic nature of the Bow within the Maysville storm
may be the result of the mesoscale environment in which it
formed, interaction with other convective cells in the area,
or differences in surface roughness between northwestern
Missouri (where the Maysville is located) and eastern

did have well-debPned SVCs suggests that the presence of an Colorado (where the La Junta and Prospect Valley are). The
SVC is not necessary for tornadogenesis and that the presence mesoscale environment may also play a role in the organi-

of an SVC does not guarantee tornadogenesis will occur. In

zation of vginto an SVC; in the La Junta storm, for instance,

fact, the presence of an SVC may be a OOdouble-edged sword®@Row from a supercell to the north may have enhanced the

in promoting tornadogenesis. A strong SVC may result in a
stronger low-level mesocyclone with larger dynamic pressure

northerly Row behind the SVC (as mentioned in Atkins et al.
2014, resulting in a more compact SVC.
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