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ABSTRACT: This study builds upon recent rapid-scan radar observations of mesocyclonic tornadogenesis in supercells
by investigating the formation of seven tornadoes (four from a single cyclic supercell), most of which include samples at
heights < 100 m above radar level. The spatiotemporal evolution of the tornadic vortex signatures (TVSs), maximum ve-
locity differentials across the vortex couplet, and pseudovorticity are analyzed. In general, the tornadoes formed following
a non-descending pattern of evolution, although one case was descending over time scales O(<60) s and the evolution of
another case was dependent upon the criteria used to define a tornado, and may have been associated with a rapidly occur-
ring top-down process. Thus, it was determined that the vertical sense of evolution of a tornado can be sensitive to the cri-
teria employed to define a TVS. Furthermore, multiple instances were found in which TVSs terminated at heights below
1.5 km, although vertical sampling above this height was often limited.

SIGNIFICANCE STATEMENT: It is generally well understood that tornadoes form over short time scales [i.e.,
O(~60) s]. Despite this fact, detailed scientific measurements of tornado evolution during and just prior to genesis
remains limited, particularly very near the ground and on time and space scales sufficient to observe tornado pro-
cesses. Multiple recent studies have supported a non-descending evolution of rotation in supercell tornadoes, but
the small number of analyzed cases is still insufficient for generalization. This study investigates seven new cases
of tornadogenesis using high spatiotemporal resolution radar data that include near-ground level observations to
examine the evolution of rotation with time and height. For the time scales observable by the radar platform [i.e.,
0(~30) s], genesis occurred predominately following a non-descending manner in five out of the seven tornadoes
studied, while the vertical evolution of two tornadoes were sensitive to the criterion used to define a “tornadic” vortex
signature.
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1. Introduction observational studies initially suggested that the evolution of
strong vertical vorticity associated with tornado formation oc-
curred in a rather slow [time scales O(~5-10) min (Mitchell
et al. 1998; Trapp 1999)], top-down manner by which the
strong vorticity associated with the nascent tornado de-
scended from storm midlevels to the ground (e.g., Leslie 1971;
Smith and Leslie 1978, 1979; Burgess et al. 1975; Brown et al.
Thiem’s current affiliation: National Weather Service, Peach- ~ 1978; Donaldson 1978). Leslie (1971) and Smith and Leslie
tree City, Georgia. (1978, 1979) attributed this evolution to the “dynamic pipe
effect.” However, even during the same era, other numerical

. e . . . simulations and observational studies concluded that torna-
Wienhoff’s current affiliation: Wind Engineering Research Lab- d 1d £ followi d di " ¢ |
oratory, University of Illinois at Urbana-Champaign, Urbana, oes could form following a non-descending pattern of evolu-

Illinois. tion by either 1) developing nearly simultaneously over the
depth of a rotating column in contact with the ground via con-

o ) . . vergence and amplification of vorticity (e.g., Rotunno 1977,

o L)Seéllg)ézsaz(c);lstznt that is immediately available upon publica- Klemp and Rotunno 1983; Rotunno 1986; Wicker and
Wilhelmson 1995), or 2) developing in a bottom-up manner

from a region of strong but shallow [i.e., O(100) m] near-

Z Supplemental information related to this paper is available at  ground vertical vorticity that is subsequently stretched and ad-
g;;];)lumals Online website: https://doi.org/10.1175/MWR-D-21- | toq upward (e.g., Burgess and Donaldson 1979; Johnson
o et al. 1987; Brady and Szoke 1989; Wakimoto and Wilson
1989; Wilczak et al 1992; Vasiloff 1993; Grasso and Cotton
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Tornadogenesis and, particularly, the manner by which tor-
nado-strength rotation makes contact with the ground have
long been a topic of deep interest to the meteorological com-
munity. Several early idealized numerical simulations and
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and Wilhelmson 1997). The former process traditionally was
discussed in the context of mesocylonic tornadoes while the
latter process was noted primarily in non-mesocyclonic torna-
does [i.e., land spouts (Bluestein 1985)], although there was
also evidence to support a hybrid-type pattern where a meso-
cyclone merged with an area of low-level rotation generated
outside the supercell (Wakimoto et al. 1998; Ziegler et al.
2001) just prior to tornadogenesis.

More recently, dynamic scale analysis (Bluestein et al.
2003) as well as visual and mobile radar observations from
datasets having volume update times on the order of ~5-30 s
(e.g., Bluestein et al. 2010; Lee et al. 2012; French et al. 2013,
2014; Snyder and Bluestein 2014; Houser et al. 2015; Kurdzo
et al. 2015; Kurdzo et al. 2017; Griffin et al. 2019; Wienhoff
et al. 2020) ascertain that at least some tornadoes do indeed
form and/or evolve very rapidly [i.e., O(1-10) s], suggesting
the original dynamic pipe effect hypothesis is likely not accu-
rate, at least in the tornadoes examined. With the advent of
high-resolution computer models (grid spacing < ~100 m)
(e.g., Wicker and Wilhelmson 1995; Bryan and Fritsch 2002;
Xue et al. 2003; Mashiko et al. 2009) and rapid-scan radar
(t < 30 s between consecutive volume scans) (Wurman and
Randall 2001; Bluestein et al. 2010; Pazmany et al. 2013; Isom
et al. 2013), the details of tornadogenesis have been revisited
with improved spatiotemporal resolution over the past de-
cade. Results from such studies have not found evidence of a
traditional [i.e., O(5-10) min] DPE top-down evolution and
have instead supported a non-descending' evolutionary pro-
cess in supercells (e.g., Mashiko 2016; Mashiko et al. 2009;
French et al. 2013; Kosiba et al. 2013; Dahl 2015; Dahl et al.
2014; Markowski and Richardson 2014; Naylor and Gilmore
2014; Xue et al. 2014; Houser et al. 2015; Parker and Dahl
2015; Schenkman et al. 2014; Markowski et al. 2018; Yokota
et al 2018; Bluestein et al. 2019; Wienhoff et al. 2020; Noda
and Niino 2010). Moreover, French et al. (2013) determined
that observations of tornadogenesis with insufficient temporal
resolution (e.g., that of traditional WSR-88D observations)
could be misidentified as having top-down evolution when
they truly have non-descending evolution owing to the com-
mon presence of transient tornadic vortex signatures (TVSs)
(Burgess et al. 1975; Brown et al. 1978; Brown and Wood
2012) at midlevels.

The above studies have helped to shift the tornadogenesis
paradigm to favor non-descending evolution, at least for
many tornadoes produced by supercells (which constitute
most of the high-resolution radar-based analyses of observed
tornadogenesis). However, to date, there remains a paucity of
observational data sets that have both rapid volumetric tem-
poral updates [i.e., volumetric retrieval O(<60) s] and near
ground observations (i.e., heights < ~100 m AGL). The

! In this study, we collectively refer to bottom-up and simulta-
neous intensification evolutionary modes at “non-descending”
in order to be consistent with Trapp and Davies-Jones (1997),
who first proposed two tornadogenesis modes (descending and
non-descending). We also note here that this term is not truly
representative of a process per se, but rather the temporal evo-
lutionary mode.
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French et al. (2013), Houser et al. (2015), and Bluestein et al.
(2019) studies analyze rapid-scan, volumetric observations of
tornadogenesis occurring in a non-descending manner, but
only four tornadoes were studied collectively. The Bluestein
et al. (2019) study observed the evolution of TVSs below
~300 m above radar level (ARL) but only one tornado was
analyzed. Wienhoff et al. (2020) also provide an overview of
multiple instances of tornadogenesis with near-ground data
that occurred in a prolific tornado-producing supercell near
Dodge City, Kansas. While they did not thoroughly examine
the spatiotemporal evolution of the TVS, their analyses also
suggest a non-descending pattern.

Numerical simulations of individual supercells from high-
resolution models have been increasingly successful at resolv-
ing tornado-scale [O(100) m or less] rotation with fine near-
ground vertical resolution (e.g., Mashiko et al. 2009; Dahl
et al. 2014; Markowski and Richardson 2014; Orf et al. 2017,
Yokota et al. 2018). These studies have also concluded that
simulated tornado-like vortices often begin with strong near-
ground rotation prior to the development of a vertically con-
tinuous vortex. They furthermore agree that the transition to
a fully developed tornado is rapid and commonly occurs in
a non-descending manner. However, computational and ob-
servational complications exist in resolving tornado flow
near the ground (e.g., Marquis et al. 2008; Wurman et al.
2010; Murdzek et al. 2020; Wang et al. 2020). Additionally,
despite the general consensus found within these recent
modeling studies, near-ground observations are still re-
quired to confirm the models are appropriately representing
real atmospheric conditions and produce results similar to
observed events. Therefore, the evolution of near-ground
rotation with time just prior to and during tornadogenesis
remains an important topic that warrants additional obser-
vational study.

Herein, we present volumetric, rapid-scan radar observa-
tions of the time-height evolution of rotation based upon
Doppler velocity measurements of TVSs during seven torna-
dogenesis events, most of which include observations within
100 m of the ground. Such data are critical to understanding
the sequence of events occurring during tornado formation
and to corroborating the results from numerically simulated
tornado-like vortices.

2. Instrumentation and methodology

Radar data were acquired from the Rapid scan, X-band
Polarimetric mobile radar platform (RaXPol) (Pazmany et al.
2013). RaXPol is capable of scanning a 360° plan-position in-
dicator sequence in 2 s, which is accomplished by frequency
hopping (Doviak and Zrni¢ 1993) and a high-speed pedestal.
The horizontal and vertical (3 dB) beam widths are natively
~1°, but the horizontal beamwidth is typically degraded to
~1.4° during rapid-scan mode due to beam smearing. The
range resolutions in the datasets collected herein vary from
15 to 75 m. Data are time stamped based upon an internal
GPS-synchronized clock. Elevation angles for which data are
collected in a volume are generally from 0° to 20° with 2° incre-
ments or 0°-10° with 1° increments (Table 1). For additional
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TABLE 1. Summary of deployments for which tornadoes are analyzed in this study. Date is the local calendar date the data were
collected. Deployment lat/lon is the latitude-longitude location for the radar deployment site. Location is the general area where the
radar was deployed. Roll and pitch measure how off level of the platform was from side-to-side (roll) and front-to-back (pitch) in
degrees. Radar (SPC 2020) genesis is the radar-based (SPC storm data recorded) tornadogenesis time. EF rating is the EF scale
rating of the tornado based upon the SPC storm data report. El range is the range of elevations angles contained within the radar
volume scan and Int is the elevation acquisition interval (in degrees). Height range (ARL) is the range of heights above radar level
for which observations of the tornado were obtained over the duration for which data were analyzed. Dist to tor is the range of
distances to the tornado and the area of interest over the analysis times. Vol scan time is the volume acquisition time, or the time it
took to collect a full volume of radar data. On 27 May 2017, the first tornado (TV1), was ongoing at the time of deployment. As
such, there is not a radar genesis time listed for this tornado. No other tornadoes (TV2-TV5) were reported in the official storm
database on this date, despite visual and radar evidence to support their occurrence. Therefore, all other tornadoes are given an
unofficial rating here as EFU.

Radar SPC Height Vol

Deployment genesis genesis EF Elrange  range Dist scan

Date lat/lon Location Roll  Pitch (UTC) (UTC) rating and Int  (ARL) to tor  time

25 May 2012 38.69737°N,  Russel County, —0.19° 0.634° ~0142 0144 EFO0 1°-17°,2° 0245km 12-13 km ~26s
Tor 1 98.95912°W  KS (26 May) (26 May)

25 May 2012 3879830°N,  Rush County, 0.18° 2.55° ~0237 0240 EF2 1°-17°,2° 007-18km 5km ~26s
Tor 2 98.85456°W  KS (26 May) (26 May)

27 May 2015 35.8888°N, E of Canadian, 0.25° —0.12° TVI1: N/A 2305 EF3 0°-10°1° O0-15km ~8km ~28s

100.3982°W  TX

27 May 2015 Same as above 0.25° —=0.12° TV2:2317 Noreport EFU 0°-10°,1° 0-15km ~7km ~28s

27 May 2015 Same as above 0.25° —0.12° TV3:2323 Noreport EFU 0°-10°,1° 0-1.5km ~7km ~28s

27 May 2015 Same as above 0.25° —0.12° TV4:2327 Noreport EFU 0°-10°1° 0-15km ~6km ~28s

27 May 2015 Same as above 0.25° —=0.12° TV5:2337 Noreport EFU 0°-10°,1° 0-1.5km ~6km ~28s

22 May 2016 34.7004°N, Hall County, 0.18> 1.513°  ~2351 2344 EF2 0°-20°,2° O0-6km 14-16km ~28s

100.6122°W  TX

details about the capabilities and technical specifications of
RaXPol, the reader is referred to Pazmany et al. (2013).

After data acquisition and processing, the time—height evo-
lution of the tornado-scale circulation being examined was
determined by tracking spatiotemporally coherent RaXPol
Doppler velocity couplets (regions of strong inbound and
outbound velocities approximately azimuthally adjacent to
each other) (e.g., Fig. 1). First, the radar-estimated time of
tornadogenesis was determined by identifying when a nearly
vertically continuous TVS (as subjectively determined by the
authors) was present throughout the majority of the depth
over which radar data were collected for cases with data do-
mains terminating at or below 2 km ARL, or over at least the
lowest 1.5 km in cases where deeper volume scans were col-
lected. Following this, the maximum inbound and outbound
velocity values within the tornadic or pre-tornadic velocity
couplet were determined manually and were tracked back-
ward with time for at least 5 min prior to the radar-specified
tornadogenesis time, then forward 1-2 min. Similar to the
methodology used in French et al (2013), Houser et al.
(2015) and Thiem (2016), velocity couplet intensities and
their corresponding latitude/longitude locations were quan-
tified over all elevation angles according to (1), even if a
TVS (as defined below) was not present at one or more
elevation:

AVimax = AV,

maXoutbound

+ AV,

AXinbound | * (1)
Note that, although inbound velocities are negative, we
use V, to refer to the highest magnitude of the negative

MaXinbound
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inbound velocity. In cases where one or both maxima were
not discernable, the approximate height at the location
where a velocity couplet was expected based upon other el-
evation angles or upon the temporal continuity from scan
to scan at that elevation angle was noted as well. This was
done in order to document times and heights where veloc-
ity couplets were absent but may have appeared at later
times or may have indicated vertical discontinuities in the
TVS.

Developing consistent and quantitative criteria that defined
a velocity couplet as a TVS proved to be a challenge. No for-
mal definition of what constitutes a “tornadic” vortex exists,
and the numeric threshold for defining a TVS based upon
peer-reviewed literature varies from study to study, even
when comparing mobile-radar based observations. For exam-
ple, using WSR-88D imagery, the threshold is 11 m s~ ! of
gate-to-gate shear (Mitchell et al. 1998), while Alexander and
Wurman (2008), Marquis et al. (2012), and Kosiba et al.
(2013), provide what is widely considered as the standard for
mobile radar based tornadogenesis criteria, requiring a TVS
to have a AV, of at least 40 m s~ ! over a distance < 2 km
since a 20 m s~ ! wind coupled with a 10 m s~ ! translation
speed is sufficient for causing EF0 damage. However, French
et al (2013) used a 25 m s~ ' threshold to compensate for a
broad beam while Houser et al (2015) required a 50 m s !
velocity differential and Wienhoff et al. (2020) specified a
60 m s~ ! threshold because those AV, .y values corresponded
with the onset of damage as specified by NWS damage sur-
veys. In the context of this study, a strict AV .« based defini-
tion of 40 m s™! over a distance < 2 km did not consistently
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b. Non-tornadic: 2349:48

-

FIG. 1 Examples of various velocity couplets evident in the radial velocity field (m s~ ') from 22 May 2016 and how
they were classified. Arrows point to the maximum inbound and outbound velocities. Wide, short black lines show
the distance where AV > 40 m s~ ! is met. Thin black lines are azimuthal radials for ease of interpretation. (a) Torna-
dic velocity signature with AV ,,,x values that are >1 km apart, but with the inner three radial AV > 40 m s~ ! criteria
met. (b) Non-tornadic velocity couplet with AV, > 40 ms™ ' < 2 km apart, but inner three radial AV > 40ms ™' cri-
teria not met. (c) Tornadic velocity couplet with AVp,, > 40 m s~! < 1 km apart. (d) Sub-tornadic velocity couplet
with AV < 40m s ™!, but >25m s ! and a pseudovorticity > 0.1 s~ *. Gray colors denote pixels where the velocities

exceed the range on the color bar (from —35 to 35 m s7h.

agree with visual and damage survey evidence of tornadoes.
In several cases, it was determined that there was visual evi-
dence from the radar crew and/or time-stamped chaser videos
of a tornado when AV, was as low as 30 m s, while in
other cases, velocity couplets having AV, > 40 m s~ ! with
maxima separated by distances that met the <2 km criterion
were obviously larger than the tornado-scale rotation. The
former discrepancy most likely occurred because the tornado
was too small or too far away from the radar to be fully re-
solved, which negatively biased the magnitudes of the radial
velocities since the smaller-scale extrema were not resolved
by the radar (e.g., Brown et al. 1978; Brown and Wood 2012;
French et al. 2013; Griffin et al. 2019). In the latter scenario,
the tornadoes were also small and were weak, and/or shallow;
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the larger diameter features were typically found above the
TVSs and were more like narrow but intense low-level meso-
cyclones (e.g., Wienhoff et al. 2020).

Considering the inconsistency between cases when im-
posing a definition of a TVS based upon the value of AV .y,
pseudovorticity was employed to provide additional quan-
titative information about the vortices (Cai 2005) accord-
ing to

¢, = 2AVimay/R. )

Here, AV .« is again the maximum velocity differential ob-
served in the vortex, and R is the distance between the latitude/
longitude points of these two observations, calculated using the
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Haversine method (Inman 1835). Calculation of vertical vortic-
ity using this method assumes a solid-body vortex that is axisym-
metric about the vertical axis of rotation. While this assumption
is idealized and typically does not truly represent real tornadoes,
this method provided a consistent measure of tornado rotation
strength from case to case. It is assumed that this parameter will
sufficiently represent the intensity of a one-cell, single vortex tor-
nado, even when the storm-motion vector positively biases the
side of the vortex parallel to the storm motion vector, because
the opposite side experiences a comparable negative bias
such that the velocity differential across the TVS ultimately
remains the same. Consequently, the cases examined herein
have a structure that suggests they are one-celled vortex torna-
does, for which we maintain that this metric will provide a rea-
sonable estimate of intensity. However, we do note that a full
3D wind synthesis was not performed and therefore, we cannot
rule out a two-celled structure, in which case the pseudovortic-
ity may not accurately represent the intensity of the tornado.

Because of the uncertainty in quantifying a “tornadic”
TVS, we have opted to compute four different criteria for tor-
nadic and sub-tornadic strength TVSs, as follows. Criteria la
and 1b were developed in tandem, based upon a subjective
comparison of what the authors considered TVSs, and they
were combined in the final analysis of TVSs under the aus-
pices of criterion “1.”

Criterion la: AV, > 40 m s~ with <2 km between maxima

as long as there were no more than three adjacent azi-
muthal radials’ separating inbound and outbound veloci-
ties having AV = 40 m s~ ! (e.g., Figs. 1a,b) (there could
be more than three radials separating the maxima in AV).
This criterion enabled large tornadoes to be included, but
differentiated between those with tight azimuthal velocity
gradients (Fig. 1a), which were presumably tornadic, from
those which still met the AV > 40 m s~ ! over <2 km crite-
rion, but had a weaker azimuthal velocity gradient and
were obviously not tornadic (Fig. 1b)

Criterion 1b: {, that was >0.1 371, as long as AV > 30 m s L
This criterion enabled a narrow vortex that did not meet
the 40 m s~ ! criterion to be considered a tornado as long
as its AV was at least 30 m s~ ' and {, was strong enough
(Fig. 1c).

A sub-tornadic vortex designation was also included in the
analyses to identify trends associated with strengthening ve-
locity couplets transitioning from the sub-tornadic to tornadic

2 The criterion of three radials is subjective, and the physical dis-
tance between the three radials varied with the tornadoes’ distan-
ces from the radar. However, we found this metric to be ideal
when comparing it to our subjective identification of what made a
couplet a TVS. A large, well-resolved tornado could hypotheti-
cally have more than three radials separating the 40 m s~' AV.
However, the tornadoes observed in this study were generally
small, having diameters on the order of a few hundred meters and
were typically observed from 5 to 15 km away (i.e. not at ultra-
close range). The largest tornado (the 22 May 2016 tornado) had a
distance between Viaxome 30d Vinaxouponme» Which periodically ex-
ceeded 1 km, but was also the farthest away from the radar. Thus,
this criterion happened to still be suitable for this tornado.
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threshold (or vice versa). A velocity couplet was considered
sub-tornadic if (i) 25 ms™' <AV <30ms ' and {, > 0.1s7"
(Fig. 1d), or (i) 30ms™ ' <AV <40ms 'and 0.08s ' < ¢, <
0.1 s~ L. Criterion i was implemented because it met the ¢, crite-
ria of a tornado, but the AV values were too low. We decided
on 25 ms~ ! as the lower limit because values lower than this in-
cluded a variety of vortices that were never related to torna-
does. Criterion ii was implemented to include situations where
the AV .« values were potentially within tornadic range, but
the distance may have slightly exceeded the three-radial condi-
tion, bringing the pseudovorticity value down.

Criterion 2: AV > 30 m s~ ! over a distance < 1 km regardless
of the pseudovorticity value, with a sub-tornadic threshold
of 25m s™' < AV < 30 m s™'. This criterion appeared to
agree well with the onset of tornado formation based
upon photographic evidence for tornadoes having a small
radius of maximum wind, but it likely included sub-torna-
dic vortices for 22 May 2016, which had a larger radius of
maximum wind than the other cases.

Criterion 3: £, > 0.1 sl as long as AV > 20 m s, with a
sub-tornadic threshold of 0.8 < £, < 0.1 s~ 1. This criterion
was used to specifically investigate the issue of how low-
biased velocity values for far-range tornadoes might be
impacted by changing the criteria. It also appeared to
agree well for the small tornadoes with the onset of torna-
dogenesis from visual evidence, but it did not work for the
22 May 2016 case, as the distance between the maxima was
large, which consistently reduced £, values below 0.8 m st
even when the tornado was known to be occurring.

1

3. Data

For this study, data were obtained from five RaXPol de-
ployments on three days and include analysis of tornadogene-
sis in seven tornadoes (Table 1; Fig. 2). Two tornadoes (rated
EF0 and EF2) occurred in central Kansas on 25 May 2012
(Figs. 3a,b). Four weak, shallow, short-lived tornadoes [one
rated EF2, the rest were not recorded in the SPC ONETOR
database (SPC 2020; Schaefer and Edwards 1999)] were ob-
served in a cyclic supercell on 27 May 2015 in the northeast-
ern Texas Panhandle (Figs. 3c,d). The final tornado (EF2)
was from 22 May 2016 in the southeastern Texas Panhandle,
southwest of Memphis, Texas (Fig. 3e).

There was some ambiguity regarding whether all of the vorti-
ces analyzed from the 27 May 2015 dataset were truly torna-
does, as three were not associated with official tornado reports,
and they were shallow, relatively weak, and occurred over open
land where minimal, if any, damage could be detected. How-
ever, based upon the quantitative criteria established for this
study and since three out of the four vortices® were clearly asso-
ciated with a tornadic debris signature [TDS, e.g., Ryzhkov et al.
(2005); Bluestein et al. (2007); Kumjian and Ryzhkov (2008)],

® The low-level correlation coefficient data were compromised
due to the presence of ground clutter for the second of the four
tornadoes analyzed on this day (TV3), which made it impossible
to determine if there was a TDS.
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F1G. 2. RaXPol deployment locations (yellow balloons) and tornado locations (red balloons)
for the cases used in this study. There are four deployments from three days. D1 (D2) on
25 May 2012 is for tornado 1 (tornado 2). Tornado locations were determined from the TVS lo-

cation at the time of tornadogenesis.

the vortices analyzed from this day were defined herein as tor-
nadoes. Furthermore, there were storm chaser videos and pho-
tographs of multiple tornadoes, often becoming rain-wrapped,
that occurred during the deployment timeframe. Unfortunately,
many of these videos and photographs did not have timestamps
that were sufficiently accurate to be used for formal compari-
sons in the results/analysis of this study. Since multiple torna-
does formed over short time frames, it was not possible for us
to know for certain which photographs/videos were associated
with which radar-indicated tornado. Nevertheless, these chaser
resources provide evidence that at least some, if not all, of the
vortices analyzed were indeed tornadoes, despite the absence of
formal storm reports.

Brought to you by UNIVERSITY OF OKLAHOMA LIBRARY | Unauthenticated | Downloaded 06/29/22 02:24 PM UTC

No aspect-ratio correction* was applied to the radial veloc-
ity data to estimate the impacts of under-sampling the torna-
dic wind fields—we have opted to keep the analysis to the

4 A draft of the “Estimating Wind Speeds in Tornadoes” standard
from the American Society of Civil Engineers recommends an as-
pect ratio correction following: 1.0/[1.0-0.24 X (2.0BW/Xp)],
where BW is the radar beam width in degrees, and X}, is the angular
distance between maximum velocity observations in the radar data
(J. Snyder 2021, personal communication). The aspect ratio correc-
tion is capped at 8.6% (equivalent to having seven radials in the di-
ameter of maximum winds) since correction factors can become
very large for very poorly sampled tornadoes.
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a. 25 May 2012 Tor 1 0142 UTC

c. 27 May 2015 TV1 2306 UTC

e. 22 May 2016 2352 UTC
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b. 25 May 2012 Tor 1 0143 UTC

d. 27 May 2015 TV5 2339 UTC

FIG. 3. Photographs of several of the tornadoes studied herein. Tornado 1 from (a) 0142 and (b) 0143 UTC 25 May
2012 southwest of Russell, KS. Tornado 2 on this day occurred after dark. TV1 and TVS from (c) 2306 and (d) 2339
UTC 27 May 2015 from Canadian County, TX. (e) The tornado at 2352 UTC 22 May 2016. Photographs (a),(b) cour-
tesy of Jana Houser. Photographs (c) and (d) courtesy of Jeff Snyder. Photograph (e) courtesy of Alec Scholten.

measured data instead of trying to compensate for sampling er-
rors. Additionally, corrections for the non-zero pitch and roll of
the radar (Table 1) were not made. A hydraulic leveling system
was used for the deployments, but the instrument was still not
perfectly leveled, which introduces errors when estimating the
physical location of the radar observation. However, the offsets
in all datasets were generally <1° and, while such errors could
be important in a quantitative sense or if we were performing
additional computations such as dual-Doppler syntheses or tra-
jectory analyses, they will not meaningfully impact the overall
analysis of the TVS intensity or AV, trends.

During two of the deployments (six tornadoes), RaXPol
collected data at the nominal 0° elevation angle (Table 1).
There was some ground clutter contamination, but py,, values
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that were consistently in the meteorological scatterer range
(>0.9) suggested strong enough contribution from hydrome-
teors to permit the inclusion of velocity data from this elevation
angle for most times. However, the observed magnitudes of
these near-ground velocities are likely negatively biased due to
the zero velocity contribution of the ground to the Doppler ve-
locity estimates. No attempt was made to remediate this effect.
The 27 May 2015 case suffered the most from beam blockage
with the TVS at certain times being completely obscured by
ground clutter. However, the overall interpretation of whether
or not TVS behavior was descending or non-descending was not
sensitive to the magnitude of the winds at this lowest height.

All heights of observations referenced are given as above
radar level (ARL). While there will be some error in the
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vertical placement of these measurements with respect to the
physical height of the observations above ground level
(AGL), the terrain is relatively flat in the regions where data
were collected and errors will be on the order of tens of m.
Furthermore, this limitation will not affect the trends of TVS
characteristics with height, and the margin for error is less
than the vertical beam width. Thus, we consider differences
between ARL vs. AGL to be negligible in our examination.

We report that the velocity couplets from the 0° elevation an-
gle are at a height of 0 m even though this is not precisely true,
as the hydrometeor contribution to the signal is coming from
the top ~1/2 of the radar beam just above the surface, yielding a
power-weighted centerline closer to 0.2°-0.3° in elevation
(Snyder and Ryzhkov 2015). Considering the distance to the
areas of interest which ranged from ~6 to ~15 km and the 1°
vertical half-power beam width, the observations from the 0° el-
evation angle come from heights between the ground and
<~52-130 m ARL (i.e., the area within the nominal 3-dB
beamwidth above the ground). The highest elevation angle at
which data collection occurred was 20°. There likely will be
some negative bias in the upper elevation angle Doppler veloc-
ity retrievals as a result of incompletely resolving the horizontal
wind component (and increasingly sampling the vertical compo-
nent). This bias affected the 22 May 2016 case most. If one con-
siders a TVS that has a40 m s ™' AV, corresponding to a max
Vin = —20m s ! and a max Vg, = +20 m s~ ", the reduction in
horizontal inbound/outbound velocity max values would be
1.7 m™! per side, or 3.4 m s™! across the velocity couplet. This
reduction is much less than the difference between low-level ve-
locity differentials versus higher ones. Other datasets are af-
fected even less. Thus, while the magnitude may be reduced
aloft, it is not likely to affect the interpretation of the results.

The limitations described above affected the recorded Dopp-
ler velocity estimates and height specifications on a case-by-case
basis, and the effects were inconsistent among cases. However,
for this research, we were less interested in the specific values of
the Doppler velocities and were instead interested in the spatio-
temporal trends in velocities. The time periods and distance
changes over which individual tornadoes were analyzed were
short enough to neglect variations in Doppler velocity estimates
over the analysis timeframe with the exception, perhaps, of the
27 May 2015 case. However, for that case, the distance to the
storm’s area of interest remained nearly constant, only varying
by ~2 km. Thus, despite some quantitative limitations associ-
ated with assessing the exact magnitude and location of Dopp-
ler velocities, it is clear that these cases nonetheless enabled us
to analyze fine spatiotemporal resolution observations of torna-
dogenesis within ~50-100 m of the ground. For this reason, we
are comfortable proceeding with our analysis.

4. Observational results
a. 25 May 2012

1) TORNADO 1

The supercell that produced the first tornado analyzed here
developed between 2200 and 2300 UTC 25 May 2012 near
Hays, Kansas, along a warm front. Mobile radar observations
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commenced at 0137 UTC 26 May. During the 5 min preceding
tornadogenesis, rotation at low levels (~200 m ARL) was gen-
erally weak, although a shallow velocity couplet was evident
(Figs. 4ac,e,g,i). The couplet was not apparent at heights
~1.5 km (not shown), but above this, a stronger area of rota-
tion was found aloft, slightly to the west of the lower-level cou-
plet. This couplet was evident through the top of the sampling
volume (~3 km; Figs. 4b,d,f,h,j). Despite the generally weak
rotation, a TVS developed suddenly at multiple elevation an-
gles throughout the vertical domain. Radar-estimated tornado-
genesis time was between 0142 and 0143 UTC, when near-
ground rotation was stronger and there was a nearly vertically
coherent, narrow, contracted TVS through 3.5 km (Fig. 5).

Around 0137 UTC (~5 min prior to tornadogenesis), all
TVS criteria indicated that the rotation above 2.5 km was
strong enough to be considered tornadic. This rotation per-
sisted nearly continuously until tornadogenesis, with the ex-
ception of about 1 min between 0141 and 0142 UTC, just
prior to tornadogenesis (Figs. 4 and 6a—c). In contrast to what
was happening aloft, but in agreement with the raw Doppler
velocity images in Fig. 4, only weak rotation that periodically
intensified to sub-tornadic strength (i.e., AV, > 25 m s7hH
was present, although £, did exceed 0.1 s~! occasionally
(Fig. 6¢). The evolution of AV ., told a similar story to the
TVS criteria as AV, Was consistently strongest aloft and
was relatively weak at the lowest elevation angles (Fig. 7a).
At ~0142 UTC, there was a vertically continuous vortex from
~150 m ARL through 3 km. The magnitude of rotation below
about 1.5 km was considered sub-tornadic by criteria 1 and 2,
but the pseudovorticity was tornadic. Based upon criteria
la/1b and 2, the TVS appeared to descend rapidly between
~0141:30 and 0143 UTC from a height of 3 km ARL to the
surface (Figs. 6a,b). This descent occurred much faster than
the hypothetical time scale of the dynamic pipe effect, imply-
ing that it could be occurring as the result of some non-DPE
process over a much smaller time scale.

However, according to the £, TVS criterion, the TVS devel-
oped from the ground up. Thus, the sense of vertical evolu-
tion changed based upon what criterion is used to define a
TVS. This complicates the interpretation of this case. It is im-
portant to note that the AV ,,x was <40 m s~ ! at the 1° and
3° elevation angles (z ~ 200-600 m ARL) over a majority of
the tornado’s life cycle. Yet, despite the weak radar-observed
velocities, visual evidence clearly indicates that a tornado was
occurring (Fig. 3b). This is an example of the scenario given
in section 2 in which the radar was relatively far from the tor-
nado (~15 km), and the tornado was small. Consequently, the
flow field in the tornado was not resolved well, resulting in an
underestimation of the maximum wind speeds. It is therefore
quite possible that some velocity couplets designated by
AV criteria 1 and 2 as being sub-tornadic were actually tor-
nadic. When examining the evolution of the numeric values of
AV ax around this time (Fig. 7a), there is no evidence of in-
tensification via the top-down process at the time of and just
before tornadogenesis, although this does occur after torna-
dogenesis, ~0143 UTC.

The quantitative values of £, (i.e., not the TVS criteria)
support nearly simultaneous development of strong £, over
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FIG. 4. (a)-(j) Evolution of the 25 May 2012 storm leading up to genesis of tornado 1 on this date (which occurred
around 0142 UTC). Reflectivity (dBZ) at 1°, radial velocity (m s~ ') at 1°, reflectivity (dBZ) at 15°, and radial velocity
(m s~y at 15°, shown in columns from left to right. Times are indicated for each scan next to the panel letter (UTC).
The radar is located at the black dot as shown in (i) and (j). Panels above (i) and (j) were cropped so that the radar
location is not shown. Heights of TVSs range from ~200 to 220 m (3.5-3.8 km) ARL for the 1° (15°) observations.
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FIG. 5. (left) Reflectivity (dBZ) and (right) radial velocity (m s~ ') images from select elevation angles for the volume scan at the time of
tornadogenesis in tornado 1 of 25 May 2012. (a) 1° (~225 m), (b) 5° (1.2 km), (c) 9° (2.2 km), (d) 13° (3.3 km), and (e) 17° (4.4 km). Range
rings are provided every 3 km. Red circles identify the TVS. All heights given are ARL at the approximate center of the vortex.

the lowest 2 km (Fig. 8a), except over the lowest 500 m where
there is an indication of non-descending rotation between
0142 and 0143 UTC. Because {, is a function of both AV,
(which was rather weak and only minimally increased except
at the lowest elevation angles) and the distance between max-
ima, the sudden intensification of £, over the lowest 2 km im-
plies that the rotation simultaneously contracted at 0142 UTC
(or it evolved faster than the temporal resolution of the ra-
dar), just prior to the development of the deep, continuous
TVS noted around 0143 UTC in Fig. 6a. However, the shallow
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layer of top-down evolution in the lowest 500 m suggests addi-
tional convergence may have been needed to intensify the
weak near-ground rotation to tornadic intensity, or that a pro-
cess facilitating downward advection of the stronger rotation
above was needed.

It should be noted that , is sensitive to errors in both
AV ,..x and the distance between maxima. Thus, these results
should be interpreted with some caution. However, since £,
strengthened at the same time as the sudden onset of verti-
cally continuous sub-tornadic TVS development evident in
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FIG. 6. Evolution of the TVSs (red triangles), sub-tornadic vortex signatures (filled blue circles), and locations where a vortex was absent
(gray X marks) with time (x axis) and height (y axis) for all tornadogenesis cases using the three different tornadogenesis criteria described
in section 2 (a)—(c) Case 1: tornado 1, 25 May 2012. (d)—(f) Case 2: tornado 2, 25 May 2012. For all cases, the top panel represents the re-
sults using criterion 1a/1b; the middle panel is for criterion 2; and the bottom panel depicts criterion 3. Green lines indicate times of radar-
determined tornadogenesis. The quantitative designation of tornadic vs sub-tornadic criteria is given in section 2. Note that the axes are

NOT the same scale in each figure panel. Images have been scaled according to physical print size.

Figs. 6a—c, we believe this result is not an artifact. The sudden
intensification of {, supports the hypothesis that the TVS may
indeed have been tornadic when [, exceeded the 0.1 g1

threshold despite AV, remaining <30 m sl If these

weaker TVSs designated as sub-tornadic using criteria 1 and 2
were actually tornadic, then the TVS would have developed
nearly simultaneously over the lowest 3 km adjacent to the
ground and the evolution of this tornado would be non-
descending. This discrepancy in interpretation illustrates the
sensitivity of genesis evolution mode using the AV, criteria,
especially when analyzing a small TVS at relatively large dis-
tances (here ~15 km).

In summary, tornado 1 was associated with a broad mid-
level velocity couplet that was consistently stronger than the
near-ground rotation. The tornado itself may have formed via
a rapid (non-DPE) top-down process or from the nearly si-
multaneous convergence of low-level rotation over the lowest
2 km, or some combination of the two. This uncertainty is a
result of ambiguous near-ground velocity estimates that were
low-biased due to under-sampling of the small tornado. It is
unclear if the sub-tornadic TVSs at low levels would have had

Brought to you by UNIVERSITY OF OKLAHOMA LIBRARY | Unauthenticated | Downloaded 06/29/22 02:24 PM UTC

AV max > 35 m s~ ! if the vortex had been sampled at a shorter
range from the radar (i.e., more fully sampled in space).

2) TORNADO 2

The same supercell that produced tornado 1 moved slowly
northeastward, and RaXPol was deployed again but at a
closer range of only 5 km from the hook echo. Even though
the same scanning strategy was used for this deployment as
the previous one (Table 1), the geometry made the scanning
volume shallower in the vertical at the area of interest; obser-
vations were recorded from ~70 m ARL to just over 2 km
ARL. Fine-scale vertical profiles of this tornado were also an-
alyzed by Kosiba and Wurman (2013) at times later than the
analyses herein.

Between 6 and 7 min prior to tornadogenesis (which occurred
between 0236 and 0237 UTC based upon the different TVS cri-
teria imposed in Figs. 5d-f), a well-defined, organized low-level
mesocyclone and hook echo, with flanking precipitation again
extending from the hook to the west and southwest was ob-
served in the 1° elevation angle (~70 m ARL) data (Fig. 9a).
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FIG. 6. (g)-(i) Asin (a)—(c), but for cases 3-6: 27 May 2015.

Higher up, at 17° (~1.3 km ARL at the hook), the low-level me-
socyclone was still apparent, but the flow was more turbulent,
with small-scale pockets of weak velocities embedded within the
flow on the inbound side of the mesocyclone (Fig. 9b).

Leading up to tornadogenesis, the hook appeared to
“unwind” rather than curl up, in contrast to what is com-
monly found (Figs. 9a,c,e,g,i) (e.g., Bluestein et al. 2003;
Tanamachi et al. 2012; Tanamachi et al. 2013). The low-level
mesocyclone remained intact and rather unchanged in the
1° elevation angle observations (z ~ 100 m ARL), although
velocities near the nascent tornado strengthened and con-
tracted while those farther away weakened slightly. How-
ever, in the 17° elevation angle data (z ~ 1.2 km ARL), a
band of outbound velocities appears in the center of the in-
bounds, causing the low-level mesocyclone to break apart
and become disorganized (Figs. 9d.f,h.j).

Unlike what occurred with the earlier tornado on this day,
there was persistent low-level and near-ground rotation that
periodically achieved tornadic strength at heights < 500 m for
~4 min prior to the development of a vertically coherent vor-
tex, and intermittently before that. Generally, the TVS
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appears to have developed in a bottom-up manner, at least in
the lowest 2 km over which data were collected (Figs. 6d-f).
However, over the lowest 500 m, there is a slight discrepancy,
with criterion la/lb indicating a top-down evolution of tor-
nado-strength TVSs (Fig. 6d), while criteria 2 and 3 clearly ar-
gue a bottom-up evolution (Figs. 6e,f). However, the general
pattern still appears to be bottom up. According to the ¢, cri-
terion, a TVS existed at the lowest elevation angle (z ~ 10s of
m ARL) for nearly 2 min prior to the upward development of
strong rotation. This signal was also present in the other
2 TVS criteria, but was considered sub-tornadic for most
times. There was no signal of a TVS descending from above
the 2-km vertical sampling domain and building downward
with time, although there was a transient spin up to tornadic
intensity at 1.5 km at 0234 UTC, about 2 min prior to genesis.
It is entirely possible that tornadic-strength rotation may have
existed somewhere above this height, but there was no TVS
in the 17° elevation angle data (z ~ 2 km) until 0239 UTC,
about 2 min after tornadogenesis occurred at lower heights
(Fig. 10). Unfortunately, due to the lack of data collected
above 2 km, it is unclear whether this height represents the
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FI1G. 6. (j)—(1) As in (a)—(c), but for case 7: 22 May 2016.

true vertical terminus of the tornadic circulation,” if it was an
example where the rotation was weak in the vicinity of an in-
version (French et al. 2014; Houser et al. 2015; Bluestein et al.
2019; Wienhoff et al. 2020), or if it appeared to be weakened be-
cause the vortex was highly tilted at this level (Bluestein 2022).
No sounding data were available nearby, so it was not possible
to confirm the environmental thermodynamic profile.

> In this case as well as the other cases where the vertical sam-
pling domain was shallow, an attempt was made to cross reference
WSR-88D data to confirm or refute the presence of TVSs at
higher heights. However, due to the coarse spatial and temporal
resolution of the WSR-88D imagery, this did not aid our interpre-
tation of tornado structure. Furthermore, TVSs were often identi-
fied in the 88D imagery at times we knew there was no tornado.
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When examining the trend in all values of AV, (Fig. 7b),
marginally tornadic rotation (it did not meet the spatial crite-
rion to be considered a TVS because there was too much distance
between the 40 m s~ ! velocity differential) appeared to be ad-
vected downward from ~1 km to ~400 m prior to tornadogenesis
(~0232-0235 UTC). It did not exhibit the characteristics of evolu-
tion associated with the dynamic pipe effect because strong rota-
tion at the higher heights was not maintained over time, but it
may represent forcing associated with some other top-down pro-
cess. Ultimately, however, this descending region of stronger
AV ¢ Was not directly linked to the formation of the tornado as
the AV ax values subsequently weakened prior to tornadogenesis.
However, this process does appear to have strengthened the
near-ground rotation and may have indirectly aided in tornado-
genesis by providing near-surface vorticity rich air. At 0236 UTC,
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FIG. 7. (a)~(d) Evolution of AV, (color shading; m s ') with time (x axis; UTC) and height (y axis; km) for all
five cases. The red circle in (c) indicates a region where ground clutter at the lowest 2-3 elevation angles created low-
biased velocities. A velocity couplet was evident during these times, but its magnitude was substantially lower than
those at higher elevations and later times in the tornado’s life, when it moved outside of the contaminated area.

which was right around tornadogenesis time, the strongest AV«
values were located near the ground and weakened with height.
After tornadogenesis, the velocities around 1 km ARL intensified
and exceeded what they were at the lowest levels.

Similar trends are noted in the evolution of £, (Fig. 8b).
However, the descending rotation between 0231 and 0235
UTC seen in AV, is less obvious. Instead, the strongest ¢,
was consistently near the ground, except for a few localized,
transient maxima at other heights, and it built upward with
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height between ~0235 and 0237 UTC. After tornadogenesis,
rapid intensification occurred ~0238 UTC at nearly all heights
below ~1.5 km, with the exception of the very lowest heights,
which actually saw £, weaken briefly. We speculate that this se-
quence of events is suggestive of a bottom-up genesis process,
followed by subsequent convergence and stretching as the tor-
nado underwent initial intensification.

In summary, tornado 2 on 25 May 2012 likely formed from
the bottom-up, although the vertical extent to the domain
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FIG. 8. As in Fig. 7, but for pseudovorticity (color contours; s ). Solid vertical lines again indicate times of radar-
determined tornadogenesis. No smoothing or filtering was applied to the £, field.

precludes the ability to analyze trends in rotation above 2 km.
Strong rotation very near the ground was present throughout the
5-6 min prior to tornadogenesis. The TVS was initially confined
to heights < 500 m for about 1 min prior to the development of
a deeper, coherent vortex, although the TVS terminated at a
height of ~1.5-2 km where the low-level mesocyclone became
disorganized above which, data were unavailable.

b. 27 May 2015

On 27 May 2015, RaXPol commenced data collection at
2305 UTC on a cyclic supercell near Canadian, Texas, that
had produced a relatively long-lived, nearly stationary
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tornado at 2158 UTC [SPC ONETOR; SPC 2020; Griffin et al.
(2019)]. At the onset of data acquisition, the aforementioned
tornado had dissipated and the area of interest was about
6.5 km away. For this deployment, the data were concentrated
at low heights (<~1.5 km ARL at the area of interest/
tornado, Table 1). About 35 min of data were analyzed for
this storm (rather than 8-10 min as in the other cases exam-
ined in this study) because there was persistent, tornado-
strength rotation near and below 500 m for the majority of
this time, which was associated with five tornadoes produced
by the cycling mesocyclone (Figs. 6g,h,i and 7c). Individual
mesocyclones often moved from east to west or southwest
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FI1G. 9. (a)-(j) Evolution of the 25 May 2012 storm leading up to genesis of tornado 2 (which occurred be-
tween 0236 and 0237 UTC). Reflectivity (dBZ) at 1°, radial velocity (m s ') at 1°, reflectivity (dBZ) at 17°, and
radial velocity (m s~') at 17°, shown in columns from left to right. Scan times are indicated next to the panel let-

ter (UTC). TVS heights range from ~73 to 90 m (1.15-2 km) ARL for the 1° (15°) scans. Black circles in (a) and
(b) draw attention to the mesocyclone, and arrows in (h) and (j) point to an area of divergence.
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within the storm and new mesocyclone formation often oc-
curred preferentially in one geographic location while the old
ones moved away (see the online supplemental material ani-
mation). Because there were multiple tornadoes during this
deployment, we refer to the tornadoes analyzed as TV1-5 in
an effort to maintain organization and clarity.

A confirmed short-lived EF1 tornado (SPC ONETOR;
SPC 2020) (TV1) was ongoing at the start of data collection
(2305 UTC) (Figs. 3c and 11), but it quickly decayed. The
TVS was vertically shallow, barely extending above 500 m,
suggesting that this tornado might have been confined to the
boundary layer (Figs. 6g-i and 11), although, it is again possi-
ble that tornado-strength rotation was present above the max-
imum observed height of ~1.2 km. TVs 2-5 formed following
a classic cyclical pattern, with old vortices moving west or
southwestward in a storm relative sense, while new mesocyclones
formed to the east (Adlerman et al. 1999), producing subsequent
tornadoes (see the online supplemental material). The timeframe
of the tornadoes is given in Table 1. It is worth noting that TV3
formed in an area partially blocked by ground clutter from
nearby hills, so the TVS was not well resolved and sometimes
was entirely obscured in the lowest elevation angle data. The ve-
locity estimates near the ground were likely biased low due to
ground clutter at the lowest elevation angles. The final tornado
(TV5) was documented visually by several of the authors and had
an obvious condensation funnel in contact with the ground
(Fig. 3d). However, there is no formal report for this tornado (or
for TVs 2-4) in the SPC ONETOR database (SPC 2020), despite
the visual documentation and the presence of a clear weak echo
hole, tornado-strength TVS, and low correlation coefficient values
associated with a TDS in the radar data (Fig. 12), likely owing to
the remote, inaccessible location of the tornado and the relatively
open country over which it occurred.

All tornadoes on this day had velocity signatures that were
most discernable at low levels (e.g., Figs. 11 and 12). At higher
elevation angles, there tended to be weak (non-tornado
strength) vortices, but these vortices were distributed over a
larger spatial scale than the tornado (4-5 km) and did not ap-
pear to evolve in an organized manner that would suggest
they were associated with the tornado (e.g., Fig. 12¢). There
was no rotation around a central axis, nor was there consistent
translation in any specific direction.

In three tornadogenesis cases observed by RaXPol this day
(TV2, TV3, TV5), the evolution of the TVS regardless of the
criterion employed, the AV, and the £, all suggest a pro-
cess of simultaneous (or nearly so) convergence over the low-
est 1 km associated with genesis of the tornadoes (Figs. 6g—i,
Figs. 7c and Figs. 8c). One case (TV4) suggests a rapid
[O(<1) min] top-down process may have occurred. The ob-
servations of cyclic tornadogenesis by Dowell and Bluestein
(2002) also suggested rapid evolution and development.

Although not the primary scope of this paper, all tornadoes
on this day exhibited a top-down decay process (Figs. 6g,i),
with decay occurring aloft first, similar to what was observed
earlier this day by Griffin et al. (2019) and in the 9 May 2016
Sulphur, Oklahoma, storm analyzed by McKeown et al.
(2020). All five tornadoes appeared to be shallow with TVSs
terminating at heights between ~500 m and 1 km. The final
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vortex was the deepest and strongest, although it did not have
a TVS in the top two elevation angles during its lifetime.
Although the vertical domain terminated at ~2 km; there
were no instances where a TVS was present in the highest ele-
vation angle data except just prior to the genesis of TV4, and
this TVS was only observed for one volume (Figs. 6g-i). Nor
was there evidence to suggest downward descent from above
the sampling domain. There may or may not have been torna-
dic rotation above this height, but there was definitely a
dearth of strong rotation between ~1 and 2 km ARL, while
there were visual observations of tornadoes associated with
strong near ground rotation confined to heights < 1 km.

c. 22 May 2016

On this day, RaXPol deployed at 2316 UTC, in the forward-
flank precipitation area, resulting in attenuation and signal deg-
radation of the hook echo, which was about 15 km away.
Reflectivity features are poorly resolved as a result, but the ra-
dial velocities are still useful since they are not affected by signal
attenuation unless the signal becomes extinct. The greater dis-
tance to the tornado allowed for observations to be collected
through 5-6 km ARL, providing higher confidence in the sense
of vertical evolution for this case than some of the earlier cases.

Several minutes prior to tornadogenesis, which occurred
around 2351 UTC, a large hook echo was evident in the 2° ele-
vation angle data (~600 m ARL), but cyclonic shear was broad
and relatively weak, and the wind field was not well organized
(Fig. 13). Higher, at 18° (~4.5 km ARL) the mesocyclone also
was disorganized, although it was quite large, with nearly 10 km
separating the maximum inbound and outbound velocities. Be-
tween the maxima, however, there were multiple areas with
weak to moderate cyclonic shear. Some of these shear zones
briefly spun up to tornado-strength, but they were transient.

Between 2348 and 2350 UTC, a surge of inbound velocities
(the source of which was not investigated herein) appeared
on the southern side of the hook echo at low levels (<2 km
ARL) which significantly strengthened the low-level rotation
(Fig. 13g). Over these two minutes, the low-level rotation in-
tensified and converged, and tornadogenesis occurred shortly
thereafter, between 2350 and 2351 UTC (Figs. 13g—i and 14).
This tornado was formally reported and confirmed to be an
EF2 (SPC ONETOR®; SPC 2020), although we could not vi-
sually discern it from our vantage point owing to intervening
precipitation.

The time-height evolution of the TVSs identified using
both criteria 1a/1b and 2 suggest nearly simultaneous contrac-
tion of the vortex over the lowest 1.5 km (Figs. 6],k). Criterion
3 is not insightful, as the distances between the max inbound
and outbound velocities were large, which reduced values of
¢, below the “tornadic” threshold for nearly the entire analy-
sis period (Figs. 61 and 8d). The distance between velocity
maxima distinctly increased with height (Fig. 14) and the flow
field transitioned from having a well-organized single vortex

® The genesis time was reported as 2344 UTC, according to
NWS damage survey (Storm Data). It is apparent from the radar
observations that the actual genesis time was several minutes later.
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FIG. 10. (left) Reflectivity (dBZ), (center) radial velocity (m s 1), and (right) correlation coefficient
(unitless) images from select elevations for the volume scan at the time of tornadogenesis in the second
tornado of 25 May 2012. (a) 1° (90 m), (b) 3° (280 m), (c) 7° (700 m), (d) 11° (1.1 km), and (e) 17° (2 km).
Range rings are provided every 1 km. Open black circles denote the locations of the weak echo hole in
the left column, the TVS in the center column, and the TDS in the right column.
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Reflectivity Radial Velocity Correlation Coefficient
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FIG. 11. As in Fig. 10, but for the tornado TV1 at 2306 UTC 27 May 2015, and for (a) 0° (~10 m),
(b) 2° (~220 m), (c) 4° (~440 m), (d) 5° (~540 m), and (e) 9° (~1 km) elevation angles. The parenthetical heights
are ARL given for the approximate center of the TVS.
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FIG. 12. As in Fig. 10, but for the tornado TVS5 at 2339 UTC 27 May 2015, and for (a) 1° (~175 m), (b) 2°
(~270 m), (c) 4° (~580 m), (d) 6° (~800 m), and (e) 10° (~1.4 km) elevation angles (heights ARL). Black
circles indicate the location of the tornado while red circles denote smaller-scale regions of rotation associated
with a multiple-vortex-like mesocyclone structure.
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F1G. 13. As in Fig. 9, but for the tornado on 22 May 2016. (left) From 2° and (right) from 18°. Heights near the
center of the TVSs ranged from ~580 to 620 m (5-5.5 km) ARL for the 2° (18°) scans. Gray pixels exceed the color
bar. RaXPol is deployed to the top right of the image, out of the range of the figure.
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F1G. 14. As in Fig. 10, but for the tornado at 2351 UTC 22 May 2016, and for (a) 0° (~10 m), (b) 4° (~1.3 km),

(c) 6° (~2 km), (d) 10° (~3.2 km), and (e) 18° (~5.1 km) elevation angles. Heights are for approximate TVS center
locations and are given in ARL.
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to becoming much more turbulent, with no evidence of the
ongoing tornado (Figs. 13j,1), similar to what was seen on
27 May 2015. In fact, the wind field at 18° had many weak cy-
clonic vortices (Fig. 14e), resembling a multiple-vortex meso-
cyclone (Wurman and Kosiba 2013).

The TVSs remained confined to heights below 2 km (obser-
vations were collected through ~5 km ARL at this time) for
more than 3 min before the development of a deep, vertically
coherent vortex, similar to what was observed in the 31 May
2013 El Reno, Oklahoma, tornado (Bluestein et al. 2019) al-
though in that case, the vortex was even shallower. Following
this, the spatiotemporal evolution of the TVSs and AVy,s
suggests a bottom-up process of intensification as the deeper
vortex developed (Figs. 6j,k and 7d). When looking at the val-
ues of AV .y, it is evident that this case had stronger rotation
than any of the other cases (Fig. 7d). Observations at higher
altitudes had AV, values that exceeded the 40 m s~ ! crite-
rion, but the velocity maxima were more than 2 km apart,
thereby disqualifying the couplet from being considered a
TVS. The {, was generally greatest at heights < 2 km except
for when there were small-scale transient vortices aloft
(Fig. 8d).

There was photographic evidence acquired from storm
chasers of a condensation funnel in contact with the ground at
2352 UTC, prior to the development of the vertically deep
vortex (Fig. 3e), but during the timeframe over which shallow,
(i.e., z < 2 km) low-level tornadic rotation was identified
herein. The tornado persisted for at least 15 more minutes,
and was still ongoing when the radar deployment ended at
0005 UTC 23 May.

In summary, this tornado was the strongest, widest, and
longest-lived out of the seven studied herein, and it had the
most vertically complete observational domain (i.e., from a
few tens of meters through ~6 km ARL) of all the cases. It
formed in a non-descending manner (at least as ascertained
by the 30-s time interval over which new volume updates
were obtained), nearly simultaneously, over the lowest 1.5 km
ARL. However, we cannot rule out some sort of very fast, al-
though vertically shallow, top-down process that is undiscerni-
ble from our ~30-s volume updates. The vortex was initially
confined to this depth for nearly 5 min until it rapidly intensi-
fied from 1.5 km upward through the top of the vertical do-
main (~5 km ARL).

5. Discussion

Five of the seven tornadogenesis cases studied herein sug-
gest a non-descending and rapidly intensifying pattern of evo-
lution in the velocity field while one case appears to indicate a
rapid top-down process and the interpretation of another is
dependent upon the criterion used to define a TVS, or the pa-
rameter used (e.g., TVS vs AVy,ax Vs ). Six out of the seven
cases had modest to strong near-ground rotation on the order
of 1-3 min prior to tornadogenesis. These results agree well
with other recent numerical and observational studies of tor-
nadogenesis (e.g., French et al. 2013; Kosiba et al. 2013;
Schenkman et al. 2014; Houser et al. 2015; Mashiko 2016;
Markowski 2016; Markowski et al. 2018; Yokota et al. 2018;
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Bluestein et al. 2019; Wienhoff et al. 2020) and support the
hypothesis that strong, a priori near-ground vorticity is impor-
tant to tornado formation. In the context of the broader tor-
nadogenesis process, prior to the development of strong,
near-ground rotation, a strengthening low-level mesocyclone
which induces an upward-directed perturbation pressure gra-
dient force could be responsible for converging high angular
momentum air underneath the low-level mesocyclone at
near-ground heights. However, a strong low-level mesocy-
clone would be required to overcome the downward-directed
perturbation pressure gradient force associated with the near-
ground rotation in order to stretch and amplify the near-
ground vorticity into a tornado. If near-ground air has low
angular momentum initially, a large low-level mesocyclone
induced pressure deficit also would be required to drive the
updraft necessary to converge ambient vorticity to tornadic
intensity.

For tornado 1 on 25 May 2012 in which non-descending
evolution was questionable, it is possible that this was an arti-
fact caused by low-biased radial velocities due to the small di-
ameter of the tornado at near-ground levels and the relatively
far range from the radar. Near ground sub-tornadic strength
rotation was present and was juxtaposed with the location of
the tornadic-strength rotation above. Had this rotation met
the AV, criteria imposed herein, this vortex would have
been classified as non-descending. However, it is also possible
that a rapid [O(1-2) min] top-down process did actually oc-
cur, as was also suggested during the genesis of TV4 on
27 May 2015.

Another unintended result found from this study was the
limited vertical extent of many of the tornadoes. Only two of
the eight tornadoes examined (tornado 1 from 25 May 2012
and the 22 May 2016 tornado) appeared to be deep and verti-
cally coherent over the analysis timeframe. The early stages
of tornado 2 on 25 May 2012 had a TVS that terminated
around 1.5 km AGL, and all of the weak tornadoes occurring
on 27 May 2015 weakened at heights < 1.25 km ARL and
TVSs were absent in nearly all observations from the upper
two elevation angles. Furthermore, TV1 and TV2 on 27 May
2015 were entirely limited to heights < 700 m, although the
deployment began a minute or two after genesis of TV1 oc-
curred. However, the vertical extent of our domain was not
sufficiently deep for these six tornadoes to conclude that tor-
nado-strength rotation was not present above the height at
which these vortices appear to terminate in the RaXPol data.
Therefore, we cannot determine whether the upper limits of
the TVSs observed herein represent a true terminus of the
vortex. It is possible that the lack of TVSs may instead corre-
spond with a strongly tilted vortex (i.e., nearly parallel to the
ground) or an inversion layer, or “cap,” that has been found
in other instances to be a location of weak or non-existent ro-
tation near this height (e.g., French et al. 2013; Houser et al.
2015; Bluestein et al. 2019; Wienhoff et al. 2020). However,
on 22 May 2016, when vertical sampling exceeded 5 km ARL,
a tornado associated with a shallow TVS was photographed at
2352 UTC (Fig. 3e), 3 min prior to the development of the
deep tornado vortex. The radar-observed low-level TVS at
this time terminated at a height < 1.5 km ARL and the
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TABLE 2. Summary of tornadogenesis evolution [non-descending
(ND) or descending (D)] based upon the various different
techniques employed. Criterion 1 (Crit 1): AVpa > 40 m s !
with <2 km, as long as there are no more than 3 radials
separating AV ,.x > 40 m sTOR {, that was >0.1 sfl, as long as
AV > 30 m s~ . Criterion 2 (Crit 2): Any AV > 30 m s L
Criterion 3 (Crit 3): Any £, that was >0.1 s ! as long as AV >
20 m s~ L. Here, AV, Evaluation based upon all heights and all
values of AV, {,: Evaluation based upon all heights and all
values of (,. ND* indicates predominately non-descending
evolution, with some indication of descent in the lowest 500 m.
For Tor 1 25 May 2012 ,, above 500 m evolution is non-
descending, however, below 500 m, evidence of descending. For
Tor 2 25 May 2012 Crit 1, general non-descending trend over
lowest 1.5 km, but below 500 m, possible descending trend. For
TV2, missing data near the ground precludes an analysis below
250 m, but the general trend appears non-descending. The N/A for
Crit 3 on 22 May 2016 is because the (, never reached the
“tornadic” threshold.

Date Critl Crit2 Crit3 AV &
25 May 2012 Tor1 D D ND ND ND*
25 May 2012 Tor 2 ND* ND ND ND ND
27 May 2015 TV2 ND#* ND#* ND ND ND
27 May 2015 TV3 ND ND ND ND ND
27 May 2015 TV4 D D ND ND ND
27 May 2015 TVS ND ND ND ND ND
22 May 2016 ND ND N/A ND N/A

shallow vortex was present for nearly 5 min prior to the devel-
opment of the deep vortex. Since data were collected through
a height of 5 km for this case, it is assumed that 1.5 km is the
actual terminus height of the tornado photographed in Fig. 3e,
which was taken at a time when the radar observed the shal-
low vortex. A shallow vortex having a visible condensation
funnel in contact with the ground was also observed in the
31 May 2013 El Reno tornado (Bluestein et al. 2019). We there-
fore believe that it is possible these tornadoes truly were as
shallow as we are reporting.

6. Conclusions

This study investigated the spatiotemporal evolution of ro-
tation associated with tornadogenesis in seven tornadoes that
formed within supercells, using observations from a rapid-
scan, mobile, radar (RaXPol). All of these tornadoes were ob-
served at heights below 200 m, and six had observations from
the 0° elevation angle, representing a bore-site beam elevation
a few tens of meters above the radar level. The relatively
dense near-ground observations acquired in these cases made
it possible to investigate the time—height evolution of near-
ground tornadic rotation during genesis. A summary of the
results is given in Table 2. From analysis of these cases, three
conclusions are drawn:

1) Five out of the seven tornadoes for which genesis was
captured had TVS, AV, and , trends that distinctly
followed a non-descending pattern of evolution during
genesis over the lowest 2 km ARL (the vertical domain
for which radar data were consistently available) (Table 2).
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One tornado appeared to form via a rapid [i.e., O(<60) s]
descending process, while the interpretation of another tor-
nado’s vertical evolution was dependent upon the criterion
and parameter used to define tornadogenesis. Four of these
seven tornadoes (three of which were determined to be
non-descending, one of which was descending) occurred
from the same cyclic parent supercell. Thus, our sample is
biased towards the overarching conditions associated with
this one storm.

2) Interpretation of the spatiotemporal evolution of the
TVS can vary depending upon the criterion employed to
define a velocity couplet as being “tornadic” (Table 2).
The first 25 May 2012 tornado was analyzed as having
top-down evolution according to criteria la/lb and 2,
while it was non-descending according to criterion 3.
The evolution of the second 25 May 2012 tornado TVS
at heights < 500 m was also dependent upon which cri-
terion was employed, although that vortex suggested a
non-descending pattern over the depth of observations.
This conclusion has substantially serious implications
for current and future work trying to best determine
when a velocity couplet is a “TVS,” as it proves that the
interpretation of results may be a function of the meth-
odology, and it raises the question of when rotation
should be considered “tornadic.”

3) Six out of the seven tornadoes analyzed plus the addi-
tional tornado for which genesis was not captured (on
27 May 2015) had TVSs that terminated at heights
< 2 km ARL for at least several minutes after genesis.
However, this conclusion should be viewed with some
caution, as limitations in the vertical extent of observa-
tions in six of the eight cases precluded the identification
of TVSs above 2-2.5 km. Thus, while there is a dearth of
TVSs between 1.5 and 2 km ARL, this does not neces-
sarily imply TVSs are non-existent above this height.
However, it can be stated with certainty that the 22 May
2016 tornado was confined to heights < 2 km ARL for
at least 3 minutes.

In all of the tornadogenesis cases, except for the 25 May
2016 tornado, strong (tornadic or sub-tornadic) rotation was
present at (or very near) the ground prior to the development
of a deeper vortex. For all cases, tornadogenesis occurred
over time scales on the order of ~1 min or less. These analyses
provide additional observational evidence that tornadogene-
sis is a very rapid process, and, at least in some cases, TVSs
likely do not descend with time as a tornado forms. It is im-
portant to note, however, our sample size is still quite small
and does not represent a thorough distribution of the ob-
served range of tornado intensities, structures, or environ-
ments. Of particular consequence is the fact that 4 of the
observed tornadogenesis cases came from the same cyclic par-
ent supercell. It has been noted in prior studies that tornado-
genesis occurring subsequently to the initial tornado formed
by a cyclic supercell often is more rapid than genesis associ-
ated with the first tornado, and the near ground environment
may already be “primed” to for tornado formation (e.g.,
Burgess et al. 1982). Thus, our results should be interpreted



JuLy 2022

as being case specific rather than generalizable to all torna-
does. We should also note that we are basing our conclusions
on the evolution of the TVS and its associated maximum dif-
ferential velocity and ,. This does not necessarily represent
the pattern of other tornado features. For example, funnel
clouds, which are a function of not only the wind field, but
also the thermodynamic characteristics, do not conform to
this evolution. Similarly, the pressure deficit associated with
the tornadic rotation may not evolve in this manner either
(e.g., Orfet al. 2017).

In conclusion, this study investigated tornadogenesis in
seven tornadoes using a variety of different criteria which
generally supported non-descending evolution in mesocy-
clonic tornadogenesis, adding valuable additional case studies
to the scientific literature on this topic. Still, more work needs
to be done, particularly to include a greater diversity of torna-
does and environments, and with deeper sample volumes
through at least 5 km ARL.
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