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ABSTRACT: The Targeted Observation by Radars and UAS of Supercells (TORUS) field project observed two super-
cells on 8 June 2019 in northwestern Kansas and far eastern Colorado. Although these storms occurred in close spatial and
temporal proximity, their evolutions were markedly different. The first storm struggled to maintain itself and eventually
dissipated. Meanwhile, the second supercell developed just after and slightly to the south of where the first storm
dissipated, and then tracked over almost the same location before rapidly intensifying and going on to produce several
tornadoes. The objective of this study is to determine why the first storm struggled to survive and failed to produce mesocy-
clonic tornadoes while the second storm thrived and was cyclically tornadic. Analysis relies on observations collected by
the TORUS project}including unoccupied aircraft system (UAS) transects and profiles, mobile soundings, surface mobile
mesonet transects, and dual-Doppler wind syntheses from the NOAA P-3 tail Doppler radars. Our results indicate that
rapid changes in the low-level wind profile, the second supercell’s interaction with two mesoscale boundaries, an interac-
tion with a rapidly intensifying new updraft just to its west, and the influence of a strong outflow surge likely account for
much of the second supercell’s increased strength and tornado production. The rapid evolution of the low-level wind
profile may have been most important in raising the probability of the second supercell becoming tornadic, with the new
updraft and the outflow surge leading to a favorable storm-scale evolution that increased this probability further.
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1. Introduction

The near-storm environment greatly influences the organiza-
tion, intensity, and longevity of deep convection, with more in-
tense, organized storm modes such as bow echoes and supercells
expected with greater values of environmental shear and instabil-
ity (e.g., Rasmussen and Blanchard 1998; Thompson et al. 2003;
Craven and Brooks 2004; Smith et al. 2012). Even within a given
stormmode, hazard production can be strongly modulated by en-
vironmental conditions. For example, supercells are more likely
to produce tornadoes in environments with stronger low-level
shear, higher values of low-level storm-relative helicity, and lower
lifted condensation level (LCL) heights (e.g., Thompson et al.
2003; Coffer et al. 2019). However, hazard production can vary
wildly between supercells in close spatial and temporal proximity
in ostensibly similar synoptic- or meso-alpha-scale environments
(Klees et al. 2016; Bunkers et al. 2022; Healey and Van Den
Broeke 2023). This likely indicates that other factors besides the
characteristics of the larger-scale inflow environment likely exert

strong influences on the strength and behavior of individual
supercells. These factors include the presence of mesoscale heter-
ogeneities in the near-storm environment (e.g., Maddox et al.
1980; Markowski et al. 1998; Atkins et al. 1999; Rasmussen et al.
2000), rapid changes in the near-storm environment over time
(e.g., Koch et al. 2016; Klees et al. 2016; King et al. 2017; Gropp
and Davenport 2018), interactions or mergers between storms
(e.g., Lee et al. 2006; Bluestein and Weisman 2000; Rogers and
Weiss 2008; Hastings and Richardson 2016; Klees et al. 2016),
differences in the initial forcing for deep convection initiation
(e.g., Brooks and Wilhelmson 1992; Naylor and Gilmore 2012;
Flournoy and Rasmussen 2023), and internal processes within
a supercell (e.g., Coffer and Parker 2017; Markowski 2020;
Flournoy et al. 2020).

Of these factors, the one which has been most intensely stud-
ied in recent years is likely the influence of environmental heter-
ogeneities (and especially mesoscale boundaries) on supercell
evolution. Previous modeling and observational studies have of-
ten found that supercell–boundary interactions can lead to
storm intensification and promote tornadogenesis (e.g., Maddox
et al. 1980; Markowski et al. 1998; Atkins et al. 1999; Rasmussen
et al. 2000; Laflin and Houston 2012; Magee and Davenport
2020). Supercells which interact with boundaries may become
more intense due to the ingestion of boundary-generated baro-
clinic streamwise vorticity (Atkins et al. 1999; Rasmussen et al.
2000), from the presence of low-level convergence along the
boundary enhancing the storm’s low-level updraft (Laflin and
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Houston 2012; Honda and Kawano 2016), from the stretching of
near-surface vertical vorticity along the boundary into the storm’s
low-level mesocyclone (Maddox et al. 1980; Wakimoto et al.
1998), or from the presence of high uE air and enhanced low-
level instability along and just on the cool side of the bound-
ary (Maddox et al. 1980; Rasmussen et al. 2000). However,
supercell–boundary interactions can lead to storm weakening
or dissipation if convective inhibition (CIN) on the cool side
of the boundary is too great (Ziegler et al. 2010; Davenport
and Parker 2015). Moreover, the angle of a supercell’s inter-
action with a boundary may also be important, with storms
moving parallel to the boundary maximizing their residence
time in the zone of enhanced streamwise vorticity along the
boundary and storms moving perpendicular to the boundary
quickly moving into less-favorable conditions deeper in the
cool air mass and minimizing their chances for intensification
(Markowski et al. 1998; Atkins et al. 1999; Magee and Davenport
2020).

Rapid changes in a storm’s environment over time can also im-
pact its evolution. These changes can potentially lead to differ-
ences between storms in close spatial and temporal proximity.
Examples of such changes can include rapid low-level destabiliza-
tion (Koch et al. 2016; King et al. 2017), sharp increases in low-
level wind shear and SRH (Koch et al. 2016), and the increasing
CIN and stronger low-level kinematics associated with the early
evening transition period (EET; Maddox 1993; Mead and
Thompson 2011; Gropp and Davenport 2018; Brown et al. 2021;
Davenport 2021). For example, the tornadic supercell examined
by Klees et al. (2016) experienced an increase in low-level SRH
in the evening which was not experienced by its nontornadic
counterpart, since that storm’s inflow and organization were dis-
rupted by a cell merger beforehand. Such increases in low-level
shear and SRH as the boundary layer decouples during the EET
have been found to be particularly favorable for tornado forma-
tion, with Mead and Thompson (2011) noting 100–200 m2 s22 in-
creases in effective SRH from 0000 to 0300 UTC in a sample of
nocturnal significant tornado cases in the Great Plains and
Davenport (2021) noting that increases in low-level shear and
SRH often preceded tornado reports in long-lived supercells.
Simulations of supercells encountering increases in low-level
shear and SRH during the EET have shown that the strengthen-
ing low-level shear provides more streamwise vorticity for the
supercell updraft to tilt (Coffer and Parker 2015). This strength-
ens the mid- and low-level mesocyclones, lowers the base of the
low-level mesocyclone, and strengthens the low-level updraft
through stronger vertical perturbation pressure gradient accelera-
tions from the stronger, lower-based mesocyclone above
(Markowski et al. 2012; Markowski and Richardson 2014; Coffer
and Parker 2015).

Storm mode, longevity, and intensity can also be affected
by interactions and mergers with other storms. Storm mergers
can be constructive, leading to the intensification of the domi-
nant storm, the development or strengthening of a low-level me-
socyclone, and possibly tornadogenesis (Lee et al. 2006; Wurman
et al. 2007; Rogers and Weiss 2008; Rogers 2012; Hastings and
Richardson 2016), or destructive, leading to the weakening, dissi-
pation, or upscale growth of the dominant storm (Bluestein and
Weisman 2000; Hastings and Richardson 2016; Klees et al. 2016).

Constructive interactions may be more likely to occur when an
ancillary cell merges into the rear flank of a supercell (Rogers
andWeiss 2008; Hastings and Richardson 2016; Fischer and Dahl
2022), while mergers into a supercell’s forward flank or mesocy-
clone may be more likely to be disruptive (Rogers and Weiss
2008; Hastings and Richardson 2016). Emphasizing the range of
possible outcomes of a given storm merger depending on the rel-
ative positions and strengths of the merging cells, Flournoy et al.
(2022) found a wide range of postmerger changes in low-level
rotation strength in a large sample of observed supercells under-
going cell mergers, with mergers of longer duration and involving
more cells more likely to result in mesocyclone strengthening.
Furthermore, mesocyclones that were weak at the beginning
of a cell merger were more likely to strengthen after the
merger, while stronger mesocyclones tended to weaken af-
ter mergers (Flournoy et al. 2022).

Supercell evolution may also be impacted by the size and
strength of the initial area of forcing for convection initiation
(CI). For example, since broader supercell updrafts are less
prone to entrainment (Peters et al. 2020), a broader area of
initial deep convection may be able to organize into a stronger
supercell than a smaller area of initial deep convection in the
same environment. Little is known about how this affects the
evolution of observed supercells, but the limited number of nu-
merical modeling studies that have examined the sensitivity of
simulated supercells to the mechanism used to initiate them
have found that variations in the size, intensity, and location of
the initiating warm bubble or area of updraft nudging in the
model can have an effect on the evolution of the simulated
storm (Brooks and Wilhelmson 1992; Naylor and Gilmore 2012;
Flournoy and Rasmussen 2023). In particular, simulations con-
ducted by Flournoy and Rasmussen (2023) showed that mod-
eled supercells emerging from a stronger area of forcing for CI
developed strong updrafts more quickly, had storm motions
more deviant from the mean flow, and developed strong near-
surface rotation sooner.

Storms which initiate in nearly identical environments and
in almost the same manner can still evolve differently through
the consequences of processes occurring within the storm it-
self or through its interaction with boundary layer turbulence.
Several modeling studies (Coffer et al. 2017; Markowski 2020;
Flournoy et al. 2020) have initiated ensembles of supercells in
identical or nearly identical environmental conditions using
techniques to add a small amount of ensemble spread in initial
conditions well below that which would be observable by avail-
able observing platforms. In experiments using environments
extremely favorable for tornadoes, all members produced tor-
nadoes (Markowski 2020). However, in environments less fa-
vorable for tornado formation, the ensembles often included
tornadic and nontornadic storms (Coffer et al. 2017; Flournoy
et al. 2020). Within a given ensemble, these studies found few
storm-scale differences which consistently separated tornadic
storms from nontornadic ones or significantly tornadic storms
from those producing only weak tornadoes. However, some
storm-scale differences were apparent between storms initialized
in highly favorable environments and those in less-favorable envi-
ronments for tornadogenesis. In highly favorable environments,
low-level updrafts were stronger and steadier, cold outflow was
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located farther from the low-level mesocyclone, and a more co-
herent boundary was noted emanating from the forward flank to-
ward the low-level mesocyclone (Coffer and Parker 2017;
Flournoy et al. 2020). Moreover, recent observational work has
found some differences in the structure and behavior of tornadic
and nontornadic supercells in close proximity, including greater
deviant rightward motion in tornadic supercells as compared to
their nontornadic neighbors (Coniglio and Parker 2020; Bunkers
et al. 2022) and larger updrafts (as inferred from larger ZDR col-
umn areas) in tornadic supercells (Healey and Van Den Broeke
2023).

While most of the studies listed above attempt to isolate the
influence of one particular mesoscale process on a supercell, it is
important to note that a given storm may be influenced by sev-
eral of these processes, sometimes simultaneously. When multi-
ple processes are present, they may combine constructively or
destructively. An example of a constructive combination of these
processes would be if a supercell underwent a storm merger
which strengthened it at the same time as low-level shear rapidly
increased during the EET. Conversely, the nontornadic supercell
in the tornadic–nontornadic supercell pair examined by Klees
et al. (2016) is an excellent example of how these processes can
combine destructively, as it underwent a destructive storm
merger which caused it to dissipate before it could encounter the
increase in low-level shear observed during the EET. One way
to examine how these processes can act in various combinations
to cause proximate storms to be different is through detailed
case studies of observed pairs of proximate tornadic and nontor-
nadic supercells. To the authors’ best knowledge, the proximate
tornadic–nontornadic supercell pair examined by Klees et al.
(2016) is the only prior example of such a case study. Thus, more
work is needed to examine how these processes interact in
particular events and which processes are most important in
influencing the evolution of a given storm when multiple meso-
scale processes are present. This paper presents another such
case study from a dataset collected on a proximate tornadic–
nontornadic supercell pair during the Targeted Observation by
Radars and UAS of Supercells (TORUS; Houston et al. 2020)
field project.

On 8 June 2019, TORUS observed two supercells in close spa-
tial and temporal proximity that behaved very differently. The
first supercell initiated just west of Burlington, Colorado, around
1930 UTC, produced a brief landspout tornado soon after initiat-
ing, and then tracked west into northwest Kansas before dissipat-
ing around 2200 UTC. The second supercell developed out of an
area of convection which initiated just after 2230 UTC and then
consolidated into a supercell around 2300 UTC less than 15 miles
south of where the first storm dissipated in northwest Kansas.
This storm went on to rapidly intensify, turn right, and produce
several mesocyclonic tornadoes before merging into a bow echo
around 0400 UTC 9 June. TORUS collected detailed observa-
tions of both storms and their environments using mobile and air-
borne radars, mobile mesonets, targeted radiosonde launches,
unoccupied aircraft systems (UASs), and a lidar. In this article,
we use these special observations collected by TORUS, along
with more conventional, operationally available datasets, to in-
vestigate the following questions about the evolution of these two
supercells:

1) Why was the second supercell able to initiate and thrive
in almost the same location where the first supercell strug-
gled and dissipated less than an hour before?

2) What accounts for the drastic differences in the structure
and hazard production of these two supercells in such
close spatial and temporal proximity?

Section 2 will give a short overview of TORUS operations
during the 8 June 2019 intensive observing period (IOP), the
datasets used to examine each supercell and their changing
environments, and the analysis techniques used for each.
Section 3 will describe the evolution of each storm and use
these datasets to examine possible reasons for their very dif-
ferent characteristics, with a focus on the factors outlined in
the introduction which may cause two supercells in close prox-
imity to evolve differently. Finally, section 4 will summarize
the results of our analysis and will discuss possible avenues for
future research.

2. Data and methods

a. TORUS datasets and analysis techniques

1) MOBILE RADIOSONDES

To examine the near-storm and far-field environment, the
TORUS team launched multiple radiosondes each day. These
launches collected deep tropospheric profiles of temperature,
pressure, relative humidity, wind speed, and wind direction
using Vaisala RS41-SGP radiosondes (Waugh 2020a). In this
paper, the SharpPy and MetPy Python packages (Blumberg
et al. 2017; May et al. 2022) are used to visualize these profiles
and calculate various thermodynamic and kinematic parame-
ters from them, with all thermodynamic parameters calcu-
lated using SharpPy for consistency. Far-field soundings on
8 June 2019 were released between 35 and 65 km away from
the target supercells.

2) MOBILE MESONETS

TORUS collected high-resolution near-surface observa-
tions of pressure, temperature, relative humidity, wind speed,
and wind direction using mobile mesonet vehicles operated
by the University of Oklahoma (Waugh 2020b), as well as
Combined Mesonet and Tracker (CoMeT) vehicles operated
by the University of Nebraska (Houston et al. 2021). The
mobile mesonet and CoMeT vehicles both used an aspirated
U-tube (Waugh 2021) shield to protect their temperature and
relative humidity sensors from solar radiation and precipita-
tion. Wind speed and direction on both platforms were mea-
sured using RM Young 05103 anemometers.

3) P-3 DATA AND DUAL-DOPPLER ANALYSES

To conduct a detailed examination of the internal structure
and evolution of each of the 8 June 2019 supercells, dual-Doppler
analyses were created from data collected by the NOAA P-3 tail
Doppler radars (TDRs; Ziegler 2020) during the 8 June IOP.
The P-3 TDRs operate at X-band and are situated on the aircraft
such that one collects a conical scan with the axis of the cone fac-
ing backward along the aircraft’s direction of travel and the other
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conducts a conical scan with the axis of the cone facing forward
along the aircraft’s direction of travel. This setup is ideal for dual-
Doppler analyses, since the beams from the two radars cross at
an angle suitable for retrieving the three-dimensional wind as the
aircraft flies past a storm. For more details on the configuration
of the TDRs, see Jorgensen et al. (2017) and Ziegler et al. (2018).

To create the dual-Doppler velocity syntheses used in this
paper, the P-3 TDR data were first run through a multistep
quality control process. The NCAR Solo3 software (https://
www.eol.ucar.edu/software/solo3) was used to remove the air-
craft velocity from the TDR data. A custom Python editing
script developed initially by the Biggerstaff group at the Uni-
versity of Oklahoma (Alford et al. 2022) that was subse-
quently enhanced by D. Stechman (CIWRO/NSSL) and the
third coauthor (CLZ) with several additional editing functions
for both airborne and ground-based radars was then applied
to perform a bulk initial quality control of the entire TDR da-
taset. This enhanced script used the Python ARM Radar
Toolkit (PyART; Helmus and Collis 2016) to remove main-
and sidelobe ground echoes and velocities, correct dual-PRF
processing errors in the velocity measurements, remove (de-
spoke) biased radials, and remove noisy velocities. Although
the script could also be employed to perform PyART dealias-
ing, more reliable results were obtained by instead examining
script-edited sweeps in Solo3 and manually dealiasing any
folded velocities.

The quality-controlled data from each TDR were next split
into volumes, with each volume corresponding to a single pass
of the P-3 by the storm. Due to developing convection along
the flanking line and in the inflow of storm 2, as well as the
storm’s large size, these volumes were collected at a slightly
larger setback distance than would normally be used by the
P-3 during TORUS data collection and also represented a
slightly longer period of time (6–8 min each) than would usu-
ally be the case for P-3 deployments during TORUS. Data
from each radar in each volume were objectively analyzed to
a common storm-centered three-dimensional Cartesian grid
with 250-m grid spacing in all coordinate directions and
77 vertical levels from the surface to 19 km (with the lowest
vertical level at 0 km AGL) and horizontal dimensions of
87.5 km 3 87.5 km. The single-radar objective analyses em-
ployed a single-pass Barnes spatial interpolation scheme with
a smoothing parameter value of k 5 0.5369 (Barnes 1964;
Koch et al. 1983; Majcen et al. 2008; Ziegler 2013). All data
were gridded following time-to-space position adjustment with
storm motion to a nominal analysis time (e.g., Ziegler 2013)
that approximated the average time of the fore and aft TDR
sweeps through the storm core region, thus minimizing any ad-
vection corrections of the 3-s interval TDR sweeps in the
evolving main updraft and mesocyclone.

Following dual-TDR objective analyses of given volumes, a
series of dual-Doppler airflow syntheses were performed to

FIG. 1. (a),(b) Plots of 500-hPa height (dam) and wind (m s21) and (c),(d) surface temperature (shaded; 8C), dew-
point (green contours every 28C from 108 to 208C), mean sea level pressure (contoured every 4 hPa in black), and
10-m winds (plotted as barbs; m s21) data from 13-km resolution RAP (Benjamin et al. 2016) analyses from
1800 UTC 8 Jun 2019 and 0000 UTC 9 Jun 2019. Surface analyses in (c) and (d) are focused more closely on west
Kansas and east Colorado to show detail. The formation location of storm 1 (storm 2) is plotted in (c) and (d) as a
purple (red) dot, and the track of the reflectivity centroid of storm 1 (storm 2) is plotted as a purple (red) line. RAP
data were obtained from the THREDDS server maintained by NCEI at https://www.ncei.noaa.gov/thredds/catalog/
model-rap130anl-old/catalog.html.
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retrieve the three-dimensional wind and reflectivity fields
(Ray et al. 1980; Ray and Sangren 1983; Kessinger et al. 1987;
Ziegler 2013). The anelastic mass continuity equation was it-
eratively integrated from the top of the volume downward in
each grid column with two linear equations relating the vector
wind components to the TDR velocities and a reflectivity-
based particle fall speed, yielding an initial estimate of the
three-dimensional wind field (Kessinger et al. 1987; Ziegler
2013). Missing horizontal vector winds in areas of the domain
outside of the storm without reliable dual-TDR radial velocity
measurements were then replaced with data from the
2357 UTC far-field sounding (gridded to match the 250-m verti-
cal spacing of the objective analyses) with imposition of the
fixed radar-analyzed winds as lateral boundary conditions via
2D low-pass filtering (Ziegler 2013). After integrating mass con-
tinuity to extend vertical velocities through the latter hole-filled
horizontal divergence sublayers (e.g., Nelson and Brown 1982),
an O’Brien scheme (O’Brien 1970) set a kinematic lower bound-
ary condition of w5 0 m s21 at the surface to adjust the vertical

velocities in each grid column. The resulting vertical velocity
field was then horizontally smoothed using a 2D Raymond
sixth-order filter (Raymond 1988). Finally, a 3D-variational tech-
nique imposing anelastic mass continuity as an exact local con-
straint was used to retrieve the final three-dimensional wind
field (Ray et al. 1978).

4) UAS

During TORUS, the RAAVEN UAS was used to collect
data above the surface within the PBL in storm outflow and
in the near-storm environment. The RAAVEN configuration
used during TORUS measures pressure, temperature, and
relative humidity and uses a multihole probe (MHP) built
by Black Swift Technologies to measure wind speed and direc-
tion (Frew et al. 2020). In addition, the MHP contains an iMET
EE03 radiosonde to collect additional pressure, temperature,
and relative humidity measurements. For a more detailed de-
scription of the RAAVEN airframe, sensor characteristics, and

FIG. 2. RAP analyses of CAPE (shaded; J kg21) and surface–6-km bulk wind difference (barbs; m s21) for 1800 UTC
8 Jun 2019–0400 UTC 9 Jun 2019 over west Kansas and east Colorado. When present, the reflectivity centroid of
storm 1 (storm 2) is marked with a green (blue) dot.
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sensor locations, see Frew et al. (2020). The siting of the MHP
on the aircraft made it vulnerable to wet bulbing from exposure
to precipitation and to solar heating. Data used in this study
were thus carefully checked for evidence of wet bulbing. Since
data collected by the UAS on 8 June were all collected under
cloud cover, the impact of solar heating of the sensors should be
minimal. For the analyses presented here, the MHP data were
thinned to a temporal spacing of 1 Hz and a first-order time re-
sponse correction was applied to account for the 11-s time cons-
tant of the MHP-UAS assembly.

b. Case overview and TORUS operations overview

The synoptic setup on 8 June 2019 was broadly favorable for
severe weather over the high Plains of eastern Colorado, north-
western Kansas, and western Nebraska. Aloft, a broad trough oc-
cupied much of the intermountain west and was beginning to
emerge onto the Plains during the afternoon and evening of the
8th (Fig. 1). At the surface, a lee cyclone had developed on the
Plains of eastern Colorado during the day, a cold front extended
from the Dakotas to western Nebraska before curving westward
across northeastern Colorado, and a dryline extended from the
cold front in eastern Colorado southward across the western high
Plains (Fig. 1). Over the course of the day, the surface cyclone
and cold front both drifted southward, while the dryline mixed
eastward during the afternoon before retreating westward during
the evening. A parameter space favorable for supercells existed
near the cold front–dryline intersection in eastern Colorado and
northwestern Kansas, with surface–6-km bulk wind differences of
30–40 kt (1 kt’ 0.51 m s21) and 2000–4000 J kg21 of MLCAPE
shown on both RAP analyses (Fig. 2) and a sounding launched
by TORUS at 1849 UTC in Sharon Springs, Kansas, just before
deep convection initiation (Fig. 3a).

In this environment, initial convection near the triple point
developed into a marginal supercell by 2000 UTC (Figs. 4a, 5,

and 6a,c). TORUS sampled this storm (hereafter “storm 1”)
from 2000 UTC to just after 2200 UTC, although the surface
mobile mesonets, UASs, and ground-based radars were only
present for part of this period. During this time, storm 1 re-
mained fairly weak, with 7 km AGL vertical velocities never ex-
ceeding 30 m s21 in the available P-3 dual-Doppler analyses
(Figs. 5b and 6a). It also never displayed an organized low-level
(1 km AGL) updraft or mesocyclone (Figs. 5b,c and 6c). Storm
1 began to dissipate around 2200 UTC (Figs. 4b,c and 5b), at
which time the TORUS armada stopped sampling the storm.
Although no mesocyclonic tornadoes were observed from this
storm, a landspout tornado was noted with this cell from 1958 to
2001 UTC (NCEI Storm Events Database, https://www.ncdc.
noaa.gov/stormevents/).

Around 2230 UTC, a new cluster of convection developed near
the triple point, and the southern end of this cluster rapidly con-
solidated into a new supercell just after 2300 UTC (Fig. 4d, a
more detailed animation of Goodland, Kansas (KGLD), reflectiv-
ity from 1930 to 0300 UTC is included in the online supplemental
material). TORUS redeployed to this storm (hereafter “storm
2”), with the P-3 beginning its sampling by 2313 UTC and the
ground teams arriving around 2345 UTC. Prior to the arrival of
the TORUS team, storm 2 began to interact with two mesoscale
boundaries (the possible effects of which are discussed in
section 3). Storm 2 already had a stronger midlevel updraft than
storm 1 on the first P-3 dual-Doppler analysis at 2313 UTC
(Fig. 5b) Storm 2 turned sharply rightward and intensified further
after 0000 UTC 9 June (Figs. 4e,f and 5), developing a tight, well-
defined low-level mesocyclone by 0105 UTC (Figs. 5c and 6d). As
it intensified, storm 2 underwent an interaction with a new updraft
which developed over its rear-flank outflow, explosively intensi-
fied, and took over as the primary updraft of storm 2 (Fig. 5).
Simultaneously, a strong outflow surge swept around the rear of
storm 2 (Fig. 5c) and low-level shear and SRH sharply increased

FIG. 3. (a) Skew T plots and (b) hodographs for all 8 Jun 2019 far-field soundings from TORUS from 1800 to 0100 UTC 9 Jun. A table
of selected parameters from each sounding is included to the right of (b). All SRH and SR flow parameters are calculated with observed
storm motions. For storm 1, an observed motion of 5.6 m s21 from 2628 was used, while a motion of 4.4 m s21 from 2448 was used for the
motion of storm 2 before its sharp right turn and a motion of 6.1 m s21 from 3118 was used after the turn. The sharp right turn of storm 2
took place between 0045 and 0100 UTC. For legibility, a Gaussian filter with s 5 20 is used to smooth the winds from each sounding plot-
ted on the hodograph.
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during the EET. The effects of these processes on storm 2 are dis-
cussed in detail in section 3. At its peak intensity at 0105 UTC,
storm 2 had an updraft exceeding 60 m s21 at 7 km AGL, with
updraft velocities exceeding 10 m s21 covering almost 250 km2

(Figs. 5a,b and 6b). Between 0104 and 0114 UTC, the TORUS
team reported several gustnadoes or possible weak tornadoes
(Table 1); however, the first tornado report in the NCEI Storm
Events Database from this cell is a brief anticyclonic tornado at
0157 UTC. Storm 2 would go on to produce cyclonic tornadoes
from 0210 to 0226 UTC and from 0305 to 0307 UTC (Figs. 4g,h)
before merging with a larger convective complex around 0400 UTC.
These last two tornadoes occurred well after coordinated data
collection ended at 0112 UTC with the final UAS landing, al-
though some individual teams continued observations beyond
this point.

3. Results and discussion

a. Environmental evolution

As discussed previously in the synoptic overview, the pre-
CI environment on 8 June 2019 was characterized by suffi-
cient shear and instability for supercells. Convection initiated
in this environment around 1930 UTC and quickly became a
supercell, the inflow environment of which was sampled by
the TORUS far-field sounding team at 2021 and 2127 UTC.
These later soundings showed that the environment in north-
west Kansas continued to appear suitable for supercells, with
over 40 kt (21 m s21) of deep-layer shear and 3000 J kg21 of
CAPE and minimal CIN (Fig. 3). However, LCL heights on
both soundings were fairly high (Fig. 7d). Furthermore, the
low-level hodograph on both soundings displayed weak flow

FIG. 4. Overview of the life cycle of both 8 Jun 2019 supercells, showing reflectivity from KGLD at (a) 2000,
(b) 2100, (c) 2200, (d) 2300, (e) 0000, (f) 0100, (g) 0200, and (h) 0300 UTC. Manually analyzed tracks of both storms
are plotted in each image from their respective initiation times until the time of the image, and sounding launch loca-
tions (blue dots) and tornado reports (red triangles) are plotted on the image closest in time to the sounding launch or
tornado start time.
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and little curvature (Fig. 3), which led to 0–2-km storm-
relative inflow weaker than the 10 m s21 (19.44 kt) threshold
noted by Droegemeier et al. (1993) and Peters et al. (2020) as
being favorable for supercells in the 0–3- and 0–2-km layers,
respectively (Figs. 7a,b).This weak SR flow and lack of low-
level curvature also leads to 0–1-km SRH falling well below
the 25th percentile of weakly tornadic events from Thompson
et al. (2003) throughout the first supercell’s lifetime (Fig. 7d).

Relatively few in situ observations are available for the
time between when TORUS left the first supercell and when
intensive observations began on the second storm. How-
ever, RAP analyses and observations from TORUS after
2330 UTC show that the environment in which the second
supercell intensified differed in subtle but important ways
from that experienced by the first storm. The TORUS far-
field sounding collected at 2357 UTC (Fig. 3) displayed stron-
ger low-level flow, more low-level hodograph curvature, and
increased values of SRH and low-level storm-relative flow, es-
pecially when calculated with the supercell’s motion after its no-
table right turn after 0000 UTC. In addition, greater boundary
layer moisture in this sounding means that the second storm

encountered a slightly lower LCL and greater values of
MLCAPE than its predecessor. The 0052 UTC far-field sound-
ing (Fig. 3) continues these trends, with stronger low-level
storm-relative flow and 0–1-km SRH 2.5 times greater than on
the 2357 UTC hodograph, as well as lower LCL heights. While
the first storm encountered values of 0–2-km storm-relative flow
below the threshold considered favorable by Peters et al. (2020)
for supercells, and surface–1-km SRH and MLLCL values unfa-
vorable for tornadoes, by 0052 UTC the second supercell en-
countered 0–2-km storm-relative flow well above the Peters
et al. (2020) threshold, and low-level SRH and MLLCL heights
much more favorable for tornadoes (Figs. 7a,b,d). Examining
RAP hodographs and 0–1-km SRH across the central Plains
(Fig. 8) shows that the changes in the low-level wind profile
observed by TORUS occurred across much of western Kansas
between 0000 and 0002 UTC 9 June, indicating that the in-
creased low-level SRH experienced by the second supercell
was likely a consequence of stronger low-level flow as the
boundary layer began to decouple during the EET, rather than
an enhancement to the low-level wind fields caused by the
supercell itself. These rapid environmental changes likely

FIG. 5. Time series of (a) 10 m s21 updraft areas at 7 (solid lines), 2 (dotted lines), and 1 km AGL (dashed lines), (b) maximum vertical
velocities at the same levels, and (c) maximum 1 km AGL vertical vorticity from P-3 dual-Doppler analyses for both 8 Jun 2019 supercells.
For storm 2, values of each quantity are plotted separately for its new and old updrafts during the storm interaction that occurred from
0020 to 0100 UTC. The timing of the storm interaction, sharp right turn, and outflow surge observed with storm 2 are indicated with blue,
gray, and green shaded rectangles, respectively.
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contributed to sustained supercell convection capable of pro-
ducing tornadoes after 0100 UTC. Examining time series of up-
draft size (Fig. 5a), maximum vertical velocity (Fig. 5b), and
1 km AGL vertical vorticity (Fig. 5c) shows that the mid- and
low-level updrafts of storm 2 markedly expanded and intensi-
fied from 0000 to 0100 UTC, and 1 km AGL vertical vorticity
values rapidly increased as well. These changes are in line with
what would be expected based on the simulations conducted by
Coffer and Parker (2015), who found that mid- and low-level
mesocyclones strengthened in simulated supercells when they
encountered increases in low-level shear and SRH during the
EET and that their low-level updrafts intensified due to up-
ward-directed vertical perturbation pressure gradient forces from
the strengthening mesocyclones above.

b. Storm–boundary interactions

The second 8 June 2019 supercell interacted with two
mesoscale boundaries over the course of its life cycle. The first
of these boundaries was initially observed in the wake of
storm 1 through mobile mesonet transects collected around
2200 UTC (Fig. 9a). This boundary was characterized by
cooler temperatures and higher dewpoints to its north, as well
as a notable wind shift from southerly south of the boundary
to easterly north of the boundary. The increase in moisture to
the north of the boundary resulted in a small region where uE
was higher north of the boundary than in the warmer air to its
south. Thus, this boundary may be an example of a mesoscale
air mass with high uE (MAHTE; Hanft and Houston 2018).
Given its location directly behind storm 1, the MAHTE likely

FIG. 6. Dual-Doppler analyses at (a),(b) 7 and (c),(d) 1 km AGL for (left) storm 1 at the time of its maximum 7 km
AGL updraft speed and (right) storm 2 at the time of its maximum updraft speed. In each panel, reflectivity is plotted
as a color fill, vertical velocities are contoured in black every 5 m s21 starting at 5 m s21, and horizontal winds are plot-
ted as vectors.

TABLE 1. Table of tornado reports from the second 8 Jun 2019 supercell. EFU denotes tornadoes that are not found to impact any
damage indicators and thus cannot be given a rating on the enhanced Fujita scale.

Time (UTC) Magnitude NCEI? Notes

0104–0114 } No Several tornado reports from TORUS teams in this window
0157–0201 EFU Yes Brief anticyclonic tornado
0210–0226 EFU Yes Cyclonic tornado
0305–0307 EFU Yes Cyclonic tornado
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originated as modified outflow from storm 1 which began to
warm as it emerged into the clearing behind the storm.

A shallow UAS profile was collected by the right flank UAS
team as they landed their aircraft just after 2200 UTC within the
MAHTE (pink star in Fig. 9), enabling further study of the con-
ditions within the MAHTE. To examine how commonly used
convective parameters differ within the MAHTE, data from the
UAS sounding were used to replace data from the 2126 UTC
far-field sounding from the surface to 850 hPa. At the surface,
the lowest-altitude UAS observation was replaced by averaged
mobile mesonet observations from within the gray box in Fig. 9,
to better represent average surface characteristics within the
MAHTE. The resulting composite sounding is plotted alongside
the original far-field sounding in Fig. 10. Surface-based CAPE
calculated from the composite sounding is 500 J kg21 higher
than SBCAPE from the far-field sounding and the LCL is
619 m compared to 2227 m on the far-field sounding. However,
surface parcels from within the MAHTE have substantial
CINH, with 2155 J kg21 compared to the uncapped air mass
sampled by the far-field sounding.

The UAS sounding reveals that the MAHTE is extremely
shallow, with temperatures and dewpoints nearly returning to

the values in the far-field sounding by 100 m AGL. Thus, us-
ing a mixed-layer calculation has a major effect on the ther-
modynamic parameters, with MLCAPE from the composite
MAHTE sounding being slightly lower than from the far-field
sounding, and the LCL on the composite sounding only being
159 m lower than in the far-field. The shallowness of the
MAHTE air mass also may explain why it does not show up on
the P-3 dual-Doppler analyses of storm 2 discussed in section 3d,
which have limited data in the lowest several hundred meters.
Kinematics within the MAHTE air mass also differ from the far-
field, with surface–1-km SRH increasing from 39 to 120 m2 s22

and surface–3-km SRH increasing from 87 to 172 m2 s22. Much
of this additional shear is also located in the lowest 100 m of
the composite sounding. Since UAS observations within the
MAHTE are not available between when the rear-flank UAS
landed just after 2200 UTC and the second supercell began
to track along the edge of the MAHTE around 2300 UTC
(Fig. 9b), it is unclear how much mixing modified this air
mass before the second supercell interacted with it. If mixing
was limited, it is possible that the more-favorable low-level
kinematics, lower LCLs, near-surface vertical vorticity, and
slightly higher instability within the MAHTE allowed the

FIG. 7. Time series of observed values of (a) surface–2-km storm-relative flow, (b) surface–1-km storm-relative
helicity, (c) surface–6-km bulk shear, and (d) MLLCL height from TORUS far-field soundings on 8 Jun 2019. (a) The
storm-relative flow threshold found by Peters et al. (2020) is used to differentiate well between supercells and non-
supercells plotted for reference, and (b)–(d) the median and quartiles of their respective parameters from the weakly
tornadic (“wktor”) dataset from Thompson et al. (2003) are plotted for comparison. As in Fig. 5, the timing of the
storm interaction is marked with a blue box in (a) and (b), storm 2’s right turn with a gray box, and the outflow surge
with a green box.
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second supercell to intensify and develop a strong low-level
mesocyclone more quickly than it would have if that
MAHTE had not been present. However, since we do not
have observations to determine how much the MAHTE air
mass was modified between 2200 and 2300 UTC, it must be
stressed that this is just one possible hypothesis about how
this interaction may have played out. It is also possible that
the MAHTE did not destabilize enough to be ingested into
the inflow of storm 2, or conversely that much of the moisture
and more-favorable kinematics within the MAHTE was
mixed out if more destabilization occurred.

The second boundary which interacted with storm 2 ap-
proached from the NW and interacted with storm 2 between
2300 and 0000 UTC. It was observed as a fine line and wind
shift on base velocity data from KGLD and originated as out-
flow from a cluster of cells near St. Francis, Kansas, around
2200 UTC (Fig. 11a). As it began to interact with the devel-
oping storm 2 around 2300 UTC (Fig. 11b), it stalled out
oriented southwest–northeast with the southwest portion of

the boundary extending toward the developing supercell’s
updraft (Fig. 11b). The boundary then maintained this
storm-relative position while being absorbed into storm 2’s
cold pool (Figs. 11c,d). By 2346 UTC, the convergence asso-
ciated with the boundary has been replaced by divergence
within storm 2’s cold pool (Fig. 11d). Besides this boun-
dary’s evolution on radar, little is known about its thermo-
dynamic or kinematic characteristics, since the TORUS
armada did not sample this boundary directly. Thus, we
cannot assess whether this boundary would have provided
additional baroclinic streamwise vorticity or vertical vortic-
ity to strengthen the low-level mesocyclone of storm 2.

c. Differences in deep convection initiation

Visual observations from the field of the 8 June 2019 super-
cells showed that the first storm had a relatively narrow up-
draft with a ragged appearance, indicating that it may have
been struggling with entrainment while TORUS was observing
it (Fig. 12a). In contrast, visual observations from the TORUS

FIG. 8. RAP storm-relative hodographs and surface–3-km storm-relative helicity for 1800 to 0400 UTC 8–9 Jun
2019. Storm-relative hodographs are plotted using Bunkers et al.’s (2000) storm motions, and segments on the hodo-
graphs are colored as follows: surface–1 km (magenta), 1–2 km (red), 2–3 km (orange), 3–6 km (yellow), 6–9 km
(blue), and 9–12 km (green). Storm locations are marked with green (storm 1) and blue (storm 2) dots.
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teams approaching storm 2 from the south at 2325 UTC show
several indications that it had a broader updraft and was strug-
gling less with entrainment than storm 1, including a markedly
crisper updraft, a notably back-sheared anvil, and a broad
rain-free base (Fig. 12b). Since the second storm’s initiation
and early evolution occurred almost exactly where the first
storm had tracked previously, this difference may in part be
due to preconditioning of the second storm’s environment by

detrained moisture from the first storm, which would make en-
trainment less impactful for the second storm.

It was also hypothesized that storm 2 developed from a
larger, more vigorous area of initial CI than storm 1 and that
its larger initial updraft allowed it to better resist entrainment
and allowed it to become stronger and deviate further to the
right, as in the results of Flournoy and Rasmussen (2023). To
test this hypothesis, an attempt was made to use overshooting

FIG. 9. Maps showing (a) mobile mesonet data from 2145 to 2215 UTC as TORUS sampled
the MAHTE air mass and KGLD radar data from 2215 UTC, along with the manually analyzed
outflow boundary at 2200 UTC and (b) P-3 TDR reflectivity and vertical velocity from
2313 UTC at 1.25 km AGL. In (a), mobile mesonet transects are colored by equivalent potential
temperature and the thickness of the plotted mobile mesonet data decreases with increasing
time after 2215 UTC. Station plots along the mobile mesonet traces are plotted from mobile
mesonet data and are thinned for readability, with temperature plotted in black, dewpoint in
green, and equivalent potential temperature in blue. A station plot for the closest KGLD obser-
vation to 2200 UTC is also shown. All temperature and dewpoint values are in degrees Celsius.
In (b), the 2200 UTC boundary location, MAHTE region, and UAS sounding location are
marked as in (a).
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top areas and ZDR columns as proxies for initial updraft size
for both storms, since dual-Doppler analyses created from the
NOAA P-3 TDR data were not available until 30 min after
CI. Unfortunately, the top of storm 2 was obscured by anvil
cirrus from the remnants of storm 1 during its initial develop-
ment, and the close proximity of storm 2 to the Goodland,
Kansas, WSR-88D site around CI meant that its ZDR column
was above the radar’s highest tilts. Thus, the lack of usable
observational proxies for both storm’s initial updrafts unfor-
tunately prevented a robust comparison of their sizes and
strengths.

d. Storm interactions

From 0020 to 0100 UTC, storm 2 underwent an interaction
with a new updraft which developed over its rear-flank out-
flow, rapidly intensified as it dove southeastward, and took
over as the primary updraft by 0105 UTC (Fig. 13). New up-
drafts and associated echoes first appeared west of storm 2
on dual-Doppler analyses constructed using data from the
NOAA P-3’s tail Doppler radars at 0012 UTC (Fig. 13a), and
by 0027 UTC, a strong new updraft is analyzed west of storm 2
(Fig. 13b). Between 0027 and 0045 UTC, this new updraft
rapidly intensifies and dives southeast, while the original
updraft maintains its intensity and slowly drifts eastward
(Fig. 13c). By 0054 UTC, the new updraft displays a prominent
bounded weak echo region (BWER) (Fig. 13d) and has sur-
passed the old updraft in strength, with maximum vertical

velocities between 40 and 50 m s21 compared to 30 m s21

in the original updraft. Moreover, precipitation from the
new updraft, if transported to the east-northeast by the
mean wind, would be falling near the location of the old
updraft at this time. By 0114 UTC, the new updraft has
become dominant and the old updraft has nearly dissipated
(Figs. 13d,f).

In the lower levels, the changes observed during this inter-
action are even more dramatic. Prior to the interaction,
storm 2’s low-level (1 km AGL) mesocyclone appeared rela-
tively weak and disorganized, with no well-defined area of
strong vertical velocities or strong vertical vorticity at 1 km
AGL (Figs. 14a,b and 15a,b). At 0045 UTC, a better-defined
area of convergence has developed below the midlevel up-
draft, and vertical velocities there increase as the storm dives
southeast by 0054 UTC (Figs. 14c,d and 15c,d). By 0105 UTC,
a well-defined mesocyclone has emerged at 1 km AGL, with a
compact circulation collocated with vertical velocities of up to
15 m s21 (Figs. 14e and 15e). A tight low-level couplet also
appears on KGLD velocity at 0104 UTC (not shown).
Around this time, several members of the TORUS team re-
ported brief tornadoes (http://catalog.eol.ucar.edu/torus_
2019/reports), and video footage taken by the Texas Tech
Ka radar teams shows dust whirls beneath the low-level me-
socyclone (A. Schueth 2020, personal communication). How-
ever, the NCEI Storm Events Database (https://www.ncdc.
noaa.gov/stormevents/) does not note a tornado at this point.

FIG. 10. Comparison of the 2126 UTC TORUS far-field sounding with a composite sounding created by replacing
the data from the surface up to 850 hPa on the far-field sounding with data collected by the rear-flank UAS as it de-
scended into the MAHTE. The original far-field sounding, hodograph, and parcel profile are plotted in blue, and the
same things are plotted in red for the composite sounding. Where the two soundings overlap exactly, the blue far-field
sounding is shown. Surface conditions on the composite sounding were obtained by averaging mobile mesonet obser-
vations within the gray box enclosing the core of the MAHTE in Fig. 9. Sections of the composite sounding and hodo-
graph below 100 m AGL are colored purple. Mixed-layer (ML) parcels in this figure are created by mixing the lowest
50 hPa of a given profile, and the mixed-layer parcel profile for the composite sounding is plotted in green.
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The low-level mesocyclone weakens somewhat on the 0114 UTC
dual-Doppler analysis (Fig. 14f), and it is not until 0157 UTC
that NCEI records the next tornado from storm 2 (a brief anticy-
clonic tornado near Winona, Kansas) and 0210 UTC that it pro-
duces its next cyclonic tornado.

While the changes in storm 2 observed during this interaction
were impressive, it is important to note that these changes were
also occurring during the EET as low-level shear and SRH rap-
idly increased (Figs. 7a,b), leading to an increased likelihood of
a given supercell present in that environment intensifying and

FIG. 11. (left) Radar reflectivity (dBZ) and (right) storm-relative velocity (kt) for the second 8 Jun 2019 supercell at
(a) 2234, (b) 2303, (c) 2332, and (d) 2346 UTC. The white dashed lines on the velocity images and white dashed lines
on the reflectivity images represent the third boundary discussed above.
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becoming tornadic. Thus, it is possible that a marked increase in
the intensity of the mid- and low-level mesocyclones of storm 2
would have occurred without this interaction over the same
time frame, or that the observed intensification of the new up-
draft as it interacted with the old updraft of storm 2 is just the
intensification which would be expected from a new supercell
updraft developing in this increasingly favorable environment.

e. Internal storm processes

Within storm 2, an outflow surge was noted on KGLD imag-
ery, which may have played a role in both the rapid formation
and intensification of the new updraft discussed in section 3d and
the rightward deviation of the new updraft and the storm after
the merger. This surge may originate in part from outflow (visible
as a fine line on KGLD imagery in Fig. 16a) that emerges from a
small cell which appears to be a short-lived left split1 on the
northern flank of storm 2 around 0018 UTC. This surge appeared
superficially similar to a rear-flank internal surge (RFIS; Skinner
et al. 2014; Lee et al. 2012); however, it does not quite meet the
definition of an RFIS since it does not originate entirely from
within the ongoing rear-flank downdraft. Between 0020 and
0029 UTC, this outflow rapidly expands and passes beneath
the developing new updraft to the west of storm 2, possibly
providing additional low-level convergence to encourage its
rapid strengthening and deviant southeast propagation (Fig. 16b).
By 0035 UTC, the outflow surge has caught up with the leading
rear-flank gust front (RFGF) and is located beneath the south-
east-diving new updraft, as seen in Fig. 16c. Between 0035 and
0104 UTC, the primary RFGF west of the new updraft surges
southward while the section of the boundary beneath the updraft

becomes anchored to the updraft, creating a cusp along the
boundary at the location of the low-level mesocyclone (Fig. 16d).
As the boundary continues to surge southward, storm 2 takes on
the deviant southeast motion of the dominant new updraft. By
encouraging this deviant motion, the outflow surge may have
helped storm 2 take better advantage of its improving environ-
ment by allowing it to experience stronger storm-relative inflow
and higher SRH than it would have without the deviant southeast
motion (Figs. 7a,b).

4. Conclusions

In this work, we have used data from the TORUS project
to examine why, despite being located in close spatial and
temporal proximity, the two supercells observed during the
8 June 2019 TORUS IOP evolved quite differently. In our anal-
ysis, we focused on five potential factors which prior work indi-
cated may account for differences between proximate storms:
rapid temporal evolution of the environment, spatial heterogene-
ities in environmental conditions, differences in deep convection
initiation between storms, storm interactions, and internal storm
processes. Our main findings are as follows (Fig. 17):

1) The environment evolved rapidly between the demise of
storm 1 and the tornadic phase of storm 2 to become more
favorable for tornadogenesis, with storm 2 experiencing
low-level hodographs with greater curvature, more shear
and SRH, and lower LCLs than storm 1. Given the magni-
tude of these changes and the importance of these parame-
ters for low-level mesocyclone and tornado formation, we
have relatively high confidence that these rapid temporal
changes in the environment played an important role in the
differences between the two 8 June supercells and raised
the probability of storm 2 becoming tornadic.

2) Storm 2 encountered two preexisting airmass boundaries
that storm 1 did not interact with. The first of these
boundaries was formed from rapidly modifying outflow
behind storm 1 and contained higher equivalent potential
temperature, lower LCLs, and larger low-level SRH than

FIG. 12. Photographs of (a) the first 8 Jun 2019 supercell at 2147 UTC from the near inflow mission location and (b) the second 8 Jun 2019
supercell at 2325 UTC as the near inflow team was approaching the storm from the south.

1 While interaction with an outflow surge from convection in
the process of becoming a left split may be considered a storm in-
teraction rather than an internal process, since at the time the out-
flow surge originates the reflectivity footprint of the nascent left
split still substantially overlaps that of storm 2, we consider it to be
at most incompletely split from the main supercell. Thus, we con-
sider this outflow to be an internal process.
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air in the undisturbed environment to its south. However,
it was very shallow and included a fairly strong low-level
inversion, so the effect of this air mass on storm 2 likely
depended on how it evolved storm before 2 arrived. Un-
fortunately, we do not have measurements within this air
mass between TORUS’s departure from the storm just af-
ter 2200 UTC and storm 2’s arrival to determine how it
evolved during this time. Storm 2 also encountered a sec-
ond boundary which originated as outflow from cells to
the north and interacted with storm 2’s precipitation core
as it was rapidly developing between 2303 and 2346 UTC.
This boundary was not sampled by TORUS assets. Thus,

little can be said about its characteristics or whether it pro-
vided additional baroclinic streamwise vorticity or vertical
vorticity to aid in the intensification of storm 2. Overall,
given the lack of in situ observations of these boundaries just
before or during their interactions with storm 2, we have less
confidence in what the impact of each boundary was com-
pared to the rapid environmental changes discussed above.

3) Although storm 2’s initial updraft visually appeared larger
and more intense than that of storm 1, the limitations of the
available observations in this case prevented a definitive de-
termination of whether storm 2 emerged from a larger,
more vigorous area of deep convection initiation.

FIG. 13. P-3 dual-Doppler analyses at 7 kmAGL from (a) 0012, (b) 0027, (c) 0045, (d) 0054, (c) 0105, and (d) 0114 UTC.
Each panel shows reflectivity, dual-Doppler vertical velocities (contoured every 5 m s21 starting at 5 m s21), and horizontal
wind vectors.
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4) Storm 2 interacted with a new updraft that formed on its
right flank, rapidly intensified and deviated rightward, and
took over as the primary updraft of storm 2 by 0054 UTC.
This interaction resulted in a much stronger midlevel
updraft and low-level mesocyclone than were present be-
forehand. While it is unknown whether storm 2 would
have ended up undergoing a similar process of intensifica-
tion without this interaction, given prior work (Rogers
and Weiss 2008; Hastings and Richardson 2016; Fischer
and Dahl 2022) that has found a propensity for rear-flank
mergers to precede tornadogenesis compared to mergers
elsewhere, and the stark difference in the structure of
storm 2 before and after this interaction, we have relatively

high confidence that this interaction made it stronger and
more likely to produce a tornado than it would have been
otherwise.

5) Just before and during the aforementioned interaction, a
notable outflow surge was observed sweeping around the
western side of storm 2. This outflow surge originated in a
section of storm 2 that was splitting from the main storm
to become a short-lived left-moving supercell, and swept
beneath the developing rear-flank cell just before it rap-
idly intensified and merged with storm 2, possibly assisting
the new updraft’s development with additional low-level
convergence. In addition, the marked rightward deviation
of the new updraft (and storm 2 as a whole) began in

FIG. 14. P-3 dual-Doppler analyses at 1 km AGL from (a) 0012, (b) 0027, (c) 0045, (d) 0054, (c) 0105, and
(d) 0114 UTC. Each panel shows reflectivity, dual-Doppler vertical velocities (contoured every 5 m s21 starting at 5 m s21),
and horizontal wind vectors.
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tandem with this outflow surge wrapping around the rear
of the storm and may have been influenced by propaga-
tion of the new updraft to the southwest along this bound-
ary. Given the changes associated with the passage of this
outflow surge, we have relatively high confidence it played
a role in storm 2’s intensification and raised its probability
of producing a tornado.

The results presented here provide evidence (albeit from one
case) for several ways that environmental heterogeneities or
storm-scale processes can impact a given supercell’s likelihood of
becoming tornadic. Storm 2 had notably more deviant motion
than storm 1, consistent with the observed tendency for tornadic

supercells to deviate more to the right than their nontornadic
neighbors (Bunkers et al. 2022). It survived long enough to expe-
rience a rapidly improving low-level shear profile later in the eve-
ning while its counterpart did not (e.g., Klees et al. 2016). Finally,
it experienced a constructive storm interaction resembling a
rear-flank merger, which is more likely to lead to intensification
compared to mergers in other storm quadrants (e.g., Rogers and
Weiss 2008; Hastings and Richardson 2016).

Our analysis also highlights the need for denser, more fre-
quent observations in severe storm environments. For exam-
ple, the shallowness of the MAHTE on the cool side of the
first boundary would have been difficult to ascertain without
data above the surface from UAS, and without TORUS data,

FIG. 15. P-3 dual-Doppler analyses at 1 kmAGL from (a) 0012, (b) 0027, (c) 0045, (d) 0054, (c) 0105, and (d) 0114 UTC.
Each panel shows vertical vorticity (contoured in gray every 0.005 s21 starting at 0.005 s21) and convergence (contoured in
dashed black every 0.005 s21 starting at 0.005 s21).
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its presence may have gone unnoticed entirely. In situ obser-
vations of the second mesoscale boundary could have also al-
lowed for a better characterization of its impacts on storm 2,
and more-favorably placed WSR-88D observations would
have allowed for an estimate of each storm’s initial updraft
size using ZDR columns. Future work by the lead authors

involving this case will focus on assimilating TORUS data
into a storm-scale ensemble to determine if it improves the
model’s ability to represent some of these mesoscale features
and the resulting short-term ensemble forecasts.

Finally, none of the mesoscale influences which led to the
differences between the first and second 8 June 2019 supercells

FIG. 16. (left) Radar reflectivity (dBZ) and (right) storm-relative velocity (kt) for the second 8 Jun 2019 supercell at
(a) 0018, (b) 0029, (c) 0035, and (d) 0104 UTC. The white dashed line represents the edge of the outflow surge dis-
cussed above.
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operated in isolation from each other. Rather, they often over-
lapped in time and space (Fig. 17), and interactions between
them may have played an important role in the evolution of
storm 2. A larger initial updraft on storm 2 may have allowed
it to better take advantage of its interactions with the two me-
soscale boundaries in its environment and may have primed it
for a more favorable outcome from the cell interaction it
underwent after 0000 UTC. The rapidly intensifying new up-
draft that interacted with storm 2 between 0020 and 0100 UTC
before becoming the primary updraft may have been enhanced
by convergence from the strong outflow surge which swept be-
neath it beginning around 0030 UTC. The production of this
outflow surge may have been more likely with storm 2’s
larger initial updraft, which may have been further enhanced
by its interaction with the two mesoscale boundaries. Finally,
all of these interactions occurred as the near-storm environ-
ment was rapidly changing, with a rapid increase in low-level
SRH and storm-relative flow making conditions more favor-
able for strong low-level mesocyclones and tornadoes, and
also possibly making conditions more favorable for these in-
teractions to result in intensification of storm 2. Further work
examining how interactions between environmental hetero-
geneities, rapid environmental changes, cell interactions, and
internal storm processes influence storm evolution (espe-
cially involving numerical simulations combining two or

more of these elements) would be helpful in better under-
standing cases like this where proximate storms have very
different evolutions and outcomes.
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