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ABSTRACT: On 28 May 2019, a tornadic supercell, observed as part of Targeted Observation by UAS and Radars of
Supercells (TORUS) produced an EF-2 tornado near Tipton, Kansas. The supercell was observed to interact with multiple
preexisting airmass boundaries. These boundaries and attendant air masses were examined using unoccupied aircraft
system (UAS), mobile mesonets, radiosondes, and dual-Doppler analyses derived from TORUS mobile radars. The cool-
side air mass of one of these boundaries was found to have higher equivalent potential temperature and backed winds
relative to the warm-side air mass; features associated with mesoscale air masses with high theta-e (MAHTEs). It is
hypothesized that these characteristics may have facilitated tornadogenesis. The two additional boundaries were produced
by a nearby supercell and appeared to weaken the tornadic supercell. This work represents the first time that UAS have
been used to examine the impact of preexisting airmass boundaries on a supercell, and it provides insights into the influ-
ence environmental heterogeneities can have on the evolution of a supercell.

KEYWORDS: Supercells; Storm environments; In situ atmospheric observations; Unpiloted aerial systems;
Microscale processes/variability

1. Introduction

a. Background

The interaction between preexisting airmass boundaries
and supercells is known to support storm intensification,
storm longevity, and tornadogenesis (Maddox et al. 1980;
Markowski et al. 1998; Atkins et al. 1999; Johns et al. 2000;
Rasmussen et al. 2000; Groenemeijer et al. 2011; Laflin and
Houston 2012; Honda and Kawano 2016). Mesoscale variabil-
ity within air masses that occur along synoptic fronts or with
remnant thunderstorm gust fronts can be particularly favor-
able for tornadic supercells with conditions such as high
boundary layer relative humidity and enhanced vertical and
horizontal vorticity (Maddox et al. 1980). Maddox et al. (1980)
developed a theoretical model of boundary layer vertical wind
profiles across typical synoptic-scale airmass boundaries asso-
ciated with severe weather in which a favorable zone for tor-
nadic supercells exists along a boundary (Fig. 1a; Maddox
et al. 1980). Previous research has highlighted robust associa-
tive relationships between preexisting airmass boundaries and
tornadic supercells (Markowski et al. 1998; Rasmussen et al.
2000; Honda and Kawano 2016) with nearly 70% of significant
tornadoes intercepted during the Verification of the Origins of
Rotation in Tornadoes Experiment (VORTEX) occurring near
boundaries (Markowski et al. 1998).

At mesoscales, as storms interact with airmass boundaries
they encounter additional baroclinic horizontal vorticity gen-
erated from buoyancy gradients on the immediate cool side
of the boundary (Markowski et al. 1998; Atkins et al. 1999;
Rasmussen et al. 2000; Laflin and Houston 2012). This hori-
zontal vorticity is considered the predominant means by
which storms interacting with boundaries obtain or strengthen
low-level rotation and increase the likelihood for tornadogen-
esis (Markowski et al. 1998; Atkins et al. 1999; Rasmussen
et al. 2000; Laflin and Houston 2012).

The likelihood of tornadogenesis and the track length of torna-
does generally depend on the orientation of the boundary relative
to the storm’s motion. When a storm moves parallel to a bound-
ary, tornadogenesis is more likely (Atkins et al. 1999; Magee
and Davenport 2020) and longer-lived tornadoes tend to occur
(Magee and Davenport 2020). It is hypothesized that storms
propagating along boundaries have sustained access to the bar-
oclinic horizontal vorticity associated with the boundary allow-
ing for more persistent rotation to be maintained (Markowski
et al. 1998). Moreover, direct augmentation of the deep convec-
tive updraft by forced ascent at the boundary can amplify low-
level vertical vorticity (Laflin and Houston 2012). It is further
hypothesized that storms that continue farther into the cool air
mass “behind” a boundary and interact with increasingly stable
air weaken as parcels become less buoyant, suppressing vertical
motion over time (Markowski et al. 1998). This would explain
why tornadoes are often shorter lived when the parent storm
crosses the boundary instead of moving along it.Corresponding author: KristenAxon, kristenaxon14@gmail.com
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A mesoscale air mass with high theta-e (MAHTE; Hanft
and Houston 2018) can be found in association with some pre-
existing airmass boundaries and may be locally favorable for
storm intensification and tornadogenesis (Rasmussen et al. 2000).
A MAHTE forms on the immediate cool side of boundaries and
is characterized by higher low-level moisture and higher equiva-
lent potential temperature (Qe) relative to the warm-side envi-
ronment which can yield larger convective available potential
energy (CAPE) (Rasmussen et al. 2000; Guyer and Ewald 2004;
Groenemeijer et al. 2011; Hanft and Houston 2018). Geostrophic
adjustment in the cool-side air mass (Maddox et al. 1980) along
with baroclinic generation of horizontal vorticity can elongate ho-
dographs away from the boundary resulting in greater low-level
vertical wind shear.

As an example, on 2 June 1995 in northwest Texas during
VORTEX, many supercells were observed, including those
that crossed into the cool side of an outflow boundary or
initiated off the boundary and remained on the cool side
(Rasmussen et al. 2000). The supercells within the cool air
mass developed the strongest low-level rotation, even when
moving 50 km into the cool side, in comparison to supercells
that occurred on the warmer side of the outflow boundary.
The 2 June 1995 cool-side air mass was characterized by
higher low-level moisture and enhanced CAPE, compared to
the warm-side air mass (Gilmore and Wicker 2002). Another
example of a MAHTE was observed on 22 June 2003 in asso-
ciation with an outflow boundary in southeast Nebraska
(Guyer and Ewald 2004). A supercell in close proximity to
this MAHTE produced F0 tornadoes and hail up to 7 in. in
diameter (1 in. 5 2.54 cm). Another MAHTE was ob-
served on 28 July 2005 in association with a warm front
near Birmingham, United Kingdom where three tornadoes

occurred (Groenemeijer et al. 2011). In this case, the environment
on the immediate cool side of the warm front had higher dew-
point temperatures relative to the warm side resulting in greater
Qe and higher surface-based CAPE (SBCAPE) and backed sur-
face winds resulting in greater 0–1-km bulk shear (Fig. 1b from
Groenemeijer et al. 2011).

The characteristics of MAHTEs can be important for super-
cell development and tornadogenesis. Hanft and Houston
(2018) explored the processes that lead to their initial forma-
tion by using the Advanced Research Weather Research and
Forecasting (WRF-ARW)Model to simulate the development
and evolution of a MAHTE that occurred on 20 June 2016
along a cold front in northwest Kansas. They determined that
a MAHTE can form due to differences in the stability of air
masses across a boundary which result in the differential verti-
cal advection of moisture. The cooler side, which is initially
more stable earlier in the day, becomes more resistant to mix-
ing from daytime heating. On the warm side, drier air aloft ad-
vects down into the planetary boundary layer reducing the
overall moisture content in this air mass. MAHTEs are consid-
ered meso-g scale (Rasmussen et al. 2000; Groenemeijer et al.
2011) so current observation networks and numerical models
usually lack sufficient spatial resolution to discern MAHTEs.

During the 2019 field phase of Targeted Observation by
Radars and UAS of Supercells (TORUS; Houston et al.
2020b), a tornadic supercell was sampled by instrumented in
situ and remote platforms on 28 May 2019 near Tipton, Kansas.
Also sampled was a synoptic-scale warm front that extended
across northeast Kansas into northern Missouri. Mobile meso-
nets measured a modest increase (2–3 K) in dewpoint on the
immediate cool side when crossing this boundary. It is hy-
pothesized that this preexisting airmass boundary (referred

FIG. 1. (a) Schematic of the boundary layer wind profiles across boundaries typical for severe weather setups taken
from Maddox et al. (1980). The region across points B (characterized as a hot and conditionally unstable air mass)
and C (characterized as cool and stable thunderstorm outflow) represent a region with cyclonic vorticity, convergence,
and a mixing zone that generally support rotating thunderstorms. (b) A north–south cross section from Fig. 15 in
Groenemeijer et al. (2011) at 1300 UTC across a warm front. Parameters include temperature at 1000 hPa (continu-
ous line; top; 8C), dewpoint temperature (dashed line; 8C), wind direction at 10 m AGL (dotted; 8), 0–1-km bulk shear
(continuous line; m s21), SBCAPE (light shading), and CIN (dark shading).
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to as the front henceforth) and accompanying cool air mass,
with characteristics of a MAHTE, provided an optimal, but
spatially limited, environment for tornadic supercells. Two
other boundaries were sampled near the Tipton supercell as-
sociated with stable air masses hypothesized to be outflow
boundaries from a nearby nontornadic supercell that caused
the demise of an EF2 tornado and prevented more tornadoes
from developing.

To gain a more detailed perspective into the air masses
ahead of and behind the boundaries of this case, observations
collected by unoccupied aircraft systems (UAS) operating in
conjunction with mobile mesonets, mobile ground-based ra-
dar, and mobile sounding systems were examined. Previous
observational studies of tornadic supercells in proximity to
boundaries primarily relied on in situ observations near the sur-
face and vertical profiles taken by radiosondes (e.g., Markowski
et al. 1998; Rasmussen et al. 2000; Groenemeijer et al. 2011).
Major benefits to using UAS involve their ability to target spe-
cific regions of interest and flexibility in sampling strategy. UAS
can characterize the horizontal and vertical distributions of state
variables across airmass boundaries in a way that is difficult
or impossible using ground-based instrumentation and radio-
sondes (Elston et al. 2011). Since supercell evolution is a func-
tion of the storm’s local environment, projects such as TORUS
that sample these environments with a dense network of obser-
vations resolve local conditions well. No prior study has specifi-
cally examined the impact of a preexisting airmass boundary on
a supercell using UAS observations.

b. Case overview

The synoptic environment on 28 May 2019 over northeast
Kansas supported the potential for severe storms (NOAA
2019). A brief discussion focusing on the period from 1200 UTC
28 May to 0000 UTC 29 May 2019 is provided for context.
Beginning at 1200 UTC, a 500-hPa trough was situated over
the western United States and slowly drifted eastward.
Heights fell by approximately 30 m over northeast Kansas
from 1200 to 0000 UTC, but the trough remained west of the
TORUS domain during the 28 May. At the same level, an
upper-level jet was present on the eastern side of the trough
oriented from southwest to northeast with the jet axis initially
over western Kansas. By 0000 UTC, the jet had moved east
northeast to a position over the central and eastern regions of
the state and weakened but still had maximum wind speeds
around 70 kt (1 kt ’ 0.51 m s21) by 0000 UTC. The tempera-
tures at 500 hPa decreased minimally (by ;18C) during this pe-
riod but dewpoints decreased more substantially (by ;258C)
indicating drying in the mid- and upper levels. At 700 hPa, the
temperatures also decreased (by ;28C) while the dewpoints ex-
perienced a small increase of;28C.

Figure 2 provides an overview of the region of interest in-
cluding the EF2 tornado track and the general location of syn-
optic fronts. Early morning convection over central and
northeastern Kansas gave way to clearing south of the zonally
oriented front and residual cloud cover north of this front. A
line of cumulus developed along the front around 1820 UTC
indicating its location across Kansas (Fig. 3a). At 1931 UTC, a

TORUS sounding (see yellow star in Fig. 3a for location)
showed MLCAPE of 3746 J kg21 and mixed-layer convective
inhibition (MLCIN) of 20.87 J kg21 within the warm sector
(Fig. 4). The 0–6-km bulk wind differential was 52 kt, and
thus conditionally supportive of supercells (Thompson et al.
2003). However, the vertical wind profile indicates weak
low-level shear resulting in 0–1-km storm relative helicity
(SRH) of 79 m2 s22, which is below values typically considered
conditionally supportive for tornadic supercells (Thompson et al.
2003).

Around 2018 UTC, towering cumulus began developing
(Fig. 3b) and would evolve into the supercell that later pro-
duced an EF2 tornado near Tipton, Kansas (referred to as the
Tipton supercell henceforth; Fig. 3b). By 2108 UTC, a second
storm initiated to the northeast of the developing Tipton
storm (Fig. 3c), later becoming a nontornadic supercell.1

Both storms displayed overshooting tops around 2218 UTC
(Fig. 3d) when a second TORUS sounding was launched in
the far field environment (see orange star in Fig. 3d for location).
The 2219 UTC sounding (Fig. 5) indicated that the 0–1-km SRH
remained virtually unchanged. The environment remained sup-
portive of supercell storm modes, but the low-level environmen-
tal shear remained small relative to values typically observed in
tornadic supercell environments.

FIG. 2. Summary graphic using the Severe Storm Prediction
(SPC) Interactive Local Storm Reports (SPC 2022a) from 28 May
2019. The approximate location of the EF2 tornado track associ-
ated with the Tipton supercell is the outlined yellow rectangle
(NWS 2021b). Also shown is the location of the warm front (red
solid curve), cold front (blue solid curve), and low pressure center
(red L) at 1800 UTC according to the Weather Prediction Surface
Analysis (WPC 2022). The 500-hPa geopotential height contours at
1200 UTC (Plymouth State Weather Center 2022) are the black
solid curves (in m), and the orange box is the approximate domain
of the satellite image in Fig. 3.

1 The SPC preliminary storm reports for 28 May 2019 in north-
central Kansas show two tornado reports associated with the nontor-
nadic supercell (SPC 2022b). Upon surveying, the NWS Hastings,
NE, found no damage to verify these two reports (M. Moritz 2023,
personal communication).
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It is clear that the proximity TORUS soundings (within
75 km of the Tipton storm) did not fully capture the low-level
environment that may have influenced the Tipton supercell.
Moreover, the existing meteorological surveillance network is
generally too sparse to resolve this local environment, particu-
larly in the presence of small-scale environmental heteroge-
neities like those associated with airmass boundaries. The
parameters deemed to best differentiate tornadic from non-
tornadic environments relate to boundary layer moisture and
low-level winds, e.g., lifting condensation level (LCL), and
low-level SRH (Thompson et al. 2003). Heterogeneities in
these parameters are typical of airmass boundaries. Antici-
pating how a storm may evolve when interacting with envi-
ronmental heterogeneities is crucial to improving warning
lead times for severe hazards and reducing false alarm rates
(NWS 2021a).

The purpose of this work is to characterize environmental
heterogeneities associated with observed boundaries near (in
both space and time) a supercell. The 28 May 2019 Tipton
supercell had a relatively dense network of observations from
TORUS with the unique addition of UAS providing infor-
mation farther aloft on the thermodynamics and kinematics
of the air masses influencing this storm. A more complete
characterization of the low-level environment in relation to
storm evolution is revealed with insights into the influence
environmental heterogeneities can have on the evolution of
a supercell.

The principal objectives of this study are as follows:

1) Characterize the thermodynamic and kinematic proper-
ties of the warm and cool air masses associated with the
front and two outflow boundaries.

2) Use storm-scale analysis to infer the possible role of the
different preexisting airmass boundaries on the tornadic
supercell evolution.

2. Methodology

a. In situ observations

A timeline showing the operation period of each TORUS
instrument used in this analysis on 28 May 2019 is presented
in Fig. 6. The University of Nebraska–Lincoln (UNL) oper-
ated three Combined Mesonet and Tracker (CoMeT) vehicles
(denoted CoMeT-1, CoMeT-2, and CoMeT-3; Houston et al.
2020a, 2021a,b). Similarly, the NSSL operated two dedicated
mobile mesonets (Probe-1 and Probe-2, see Waugh 2020a) and
two mobile mesonets equipped to launch soundings (FarField or
FFld, seeWaugh 2020a,b; lidar, see Smith and Coniglio 2019).

Two Robust Autonomous Aerial Vehicle-Endurant Nimble
(RAAVEN) UAS were operated by the University of Colorado,
Boulder (Frew et al. 2020) for this case (Fig. 7). The fixed-wing
aircraft included a multi-hole probe (MHP) primarily used to de-
rive the three-dimensional (3D) wind but also capable of measur-
ing pressure, temperature, and relative humidity. Temperature

FIG. 3. GOES-16 visible satellite imagery over north-central Kansas overlaid with Kansas mesonet surface station
plots with temperature in Fahrenheit (dewpoint in Fahrenheit) in the top (bottom)-left corner in red (green) at
(a) 1820, (b) 2018, (c) 2108, and (d) 2218 UTC. Wind barbs are in knots. In (a), the red arrows highlight the line of
cumulus clouds developing along the front. In (b)–(d), the red circle highlights towering cumulus associated with the
Tipton supercell and the blue circle highlights towering cumulus associated with the nontornadic supercell. The yellow
(orange) star demarcates the location of a TORUS sounding at 1931 UTC (2219 UTC).
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and relative humidity sensors within the MHP were found to ex-
hibit a;11 s 63% response timewhich has been corrected assum-
ing a first-order sensor, similar to the approach of Miloshevich
et al. (2004). MHP temperature and humidity measurements can
also be impacted by heating from full sun and evaporative cooling
in rain. However, visible satellite imagery reveals considerable an-
vil shadowing during data collection on 28May 2019, and radar re-
flectivity overlaid with the UAS locations indicates neither
aircraft flew within precipitation. 3D winds were calibrated in
postprocessing using the calibration procedure described by

van Den Kroonenberg et al. (2008) and Wildmann et al. (2014).
UAS observations used in vertical profiles were sorted by height
and subsampled using themedian value every 6.75m.

RAAVEN-3 (referred to as the LF UAS) primarily exe-
cuted horizontal transects while following the positions of
CoMeT-1 and CoMeT-3 north/northeast of the Tipton super-
cell’s mesocyclone while RAAVEN-4 (referred to as the
NI UAS) performed vertical profiles in the near-inflow envi-
ronment generally 13–30 km east of the mesocyclone. The first
ascent of the NI UAS (at 2254 UTC) provided thermodynamic

FIG. 5. As in Fig. 4, but at 2219 UTC. Note that the MLCAPE was not calculated due to data termination before the
equilibrium level.

FIG. 4. 1931 UTC NSSL sounding on 28 May 2019. Hodograph rings are at 10 m s21 intervals. Storm motion vector
is based on the Tipton supercell’s observed storm motion of 16.5 m s21 from 2358. SRH values were calculated using
the storm’s observed motion.
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observations nearest to the surface and occurred closest in time
to vertical profiles taken by the LF UAS (at 2240 UTC) and a
sounding launched by the lidar mobile mesonet (at 2255 UTC).
However, the wind sensor required additional adjustment time
after turning on, so wind observations from the second ascent
of the NI UAS (at 2300 UTC) were used in the vertical profile
discussed in a later section.

b. Mobile radars

Three mobile radars were operated on 28 May 2019: The
NOAAX-band dual-polarimetric Doppler radar (NOXP; Burgess
et al. 2020) and two Ka-band radars from Texas Tech University
(denoted as TTUKa-1 and TTUKa-2; Weiss and Schueth
2019) (Table 1). (Only TTUKa-2 is used for this analysis
presented here.) NOXP performed deep planned-positioned-
indicator (PPI) scans while the TTUKa radars implemented
shallow PPI scans and range–height indicators. PPIs from
NOXP and TTUKa-2 are analyzed in this study given their lo-
cation and timing relative to the front, and the 08–18 elevation
tilts captured the front making these levels the focus for

analysis. Radial velocities for all radars were de-aliased using
the Python Atmospheric Radiation Measurement Radar Tool-
kit (Py-ART; Helmus and Collis 2016), and NOXP had some
noise removed for gates with a normalized coherent power
value below 0.3 (A. Reinhart 2022, personal communication).

For the dual-Doppler analysis, radars were gridded to the
same Cartesian coordinate system in Py-ART using a single-
pass Barnes objective analysis scheme (Barnes 1964) follow-
ing the recommendation of Pauley and Wu (1990) where
k 5 1.33d and d is the coarsest grid spacing in the analysis do-
main for NOXP. This yielded a radius of influence of 776 m,
which was set to be constant given the proximity of both radars
to the front (;5–10 km). The grid size was 65 km3 65 km hori-
zontally while the vertical grid levels started at 100 m above
NOXP radar level since the beam height near the boundary
was around this height and extended up to 6 km above ground
level (AGL). This shallow vertical depth was chosen since the
preexisting airmass boundaries and not the storm itself were the
focus of the analysis and the associated air masses were discern-
ible in the lowest scans of each radar (well below 6 km). NOXP

FIG. 6. Timeline of TORUS instrument operations on 28 May 2019. TS represents the Tipton
(tornadic) supercell and NT represents the nontornadic supercell. The gray rounded rectangles
demarcate when mobile mesonet vehicles were stationary. TORUS soundings (stars), the time
when the front was crossed by mobile mesonets (red dashed line), the time when the first outflow
boundary was crossed by mobile mesonets (black dashed line), the time when the second outflow
boundary was crossed by mobile mesonets (green dashed line), the times when the Tipton
(orange box) and nontornadic (teal box) storms initiated, the time when a landspout and non-
EF2 tornado were reported (red triangles labeled LS and T, respectively), the lifetime of the
EF2 tornado (filled red triangle connected to red outlined triangle labeled EF2), and the dura-
tion of the Tipton storm being tornado warned (orange box with red outline) are shown. Note
that some platforms operated outside of the time period shown.
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served as the grid center and grid spacing was 250 m in both the
horizontal and vertical dimensions.

During operations on 28 May 2019, NOXP and TTUKa-2
had overlapping scans that included a portion of the front
between 2255 and 2302 UTC. NOXP was located around 5–8 km
south of the front during this period placing the beam approxi-
mately 100 m AGL relative to the surface position of the bound-
ary while TTUKa-2 was 8–10 km north of the front also placing
the beam around 100 m AGL relative to the boundary’s surface
position. Using the open-source Pythonic Direct Data Assimila-
tion (PyDDA; Shapiro et al. 2009; Potvin et al. 2012; Jackson et al.
2020) package, a dual-Doppler analysis was performed to deter-
mine the two-dimensional horizontal winds across the front (the
shallow elevation scans of TTUKa-2 did not permit accurate ver-
tical motion estimates).

PyDDA uses the three-dimensional variational (3DVAR)
technique to derive the 3D wind field from multiple radars by

minimizing a cost function that is comprised of radial velocity
observations, mass continuity, and smoothness constraints
that users can customize to enhance the resultant wind field
(Jackson et al. 2020). Users can also set an initial first-guess
wind field using sounding data. The TORUS sounding
launched at 2219 UTC (Fig. 5) was the closest to the Tipton
supercell in space and time, so it was used to initialize the
wind field. Constraints used for the calculations are shown in
Table 2 and follow those used in Potvin et al. (2012).

While the typical beam crossing angles used in a dual-
Doppler analysis range from 308 to 1508 to minimize errors
(Davies-Jones 1979), this case was further limited to 588–1208
to omit unrealistic winds near the edges. This resulted in a
smaller domain, but the dual-Doppler lobes still contained
the boundaries and the wind fields of the air masses across
them (Fig. 8). The National Oceanic and Atmospheric Ad-
ministration (NOAA) P-3 dual airborne tail Doppler ra-
dars were also examined for boundary identification early
in the storm evolution, but clear air returns in the lowest
several hundred meters AGL were insufficient to resolve
the front.

c. Storm-scale analysis

To capture the entire evolution of the Tipton supercell,
data from the KUEX WSR-88D radar, located in Blue Hills,
NE, were examined in GR2Analyst. This radar is 106 km
from Tipton, KS, which places the lowest elevation (0.58)
sweep at approximately 2 km above radar level (ARL) near
the Tipton supercell during the TORUS operations on 28 May
2019. NWS warnings and local storm reports are included in
this software providing additional details for the timing of tor-
nadogenesis. GOES-16 visible satellite imagery and 5-min
Kansas Mesonet data (Kansas State University 2019) were
also used to extrapolate the location and evolution of the synoptic-
scale front based on a subjective analysis to aid in interpret-
ing the evolution of the preexisting airmass boundaries and
the supercells.

3. Results

a. Front evolution

Using GOES-16 visible satellite imagery from 1815 to
2200 UTC, the location of the front was subjectively ana-
lyzed. At 1815 UTC, the cloud field exhibited a distinct line
of cumulus (Cu) disclosing the location of the front at this

TABLE 1. NOXP and TTUKa-2 radar specifications on 28 May
2019 and nominal operational characteristics during the 2019 field
phase of TORUS.

Specification NOXP TTUKa-2

Latitude 39.34998N 39.49578N
Longitude 98.11638W 98.11668W
Altitude 458 m MSL 448 m MSL
Band X Ka
Half-power beamwidth 0.888 0.338
No. of sweeps per

volume
18 (0.58–208) 2 (0.08–0.58 or 0.58–18)

Nyquist velocity 19.14 m s21 15.05 m s21

Maximum unambiguous
range

62.46 km 21.41 km

TABLE 2. PyDDA parameters.

Parameter Setting

Co (radar) 1
Cm (mass continuity) 30
Cx, Cy, Cz (smooth) 1024

Cy (vertical vorticity) 1024

Cb (background) None
Ut (storm u) 13.5 m s21

Vt (storm y) 9.4 m s21

u, y , w initialization Sounding u, sounding y , 0 m s21

FIG. 7. RAAVEN schematic with a photo of the multi-hole
probe sensor (labeled as MHP PTH in a red oval). The MHP sen-
sor measures pressure, temperature, relative humidity, and the
three-dimensional winds.

A XON E T AL . 103JANUARY 2024

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/02/24 05:04 PM UTC



time (see Fig. 3a for example of Cu line). Around 1900 UTC,
the line of Cu became less pronounced, particularly in the
more eastern section of the domain (not shown), reducing
the accuracy of the subjective analysis in this area. Since

mobile mesonets crossed the front at 2152 UTC, these di-
rect observations in combination with the front’s earlier
movement guided the analysis for times between 1900 and
2200 UTC.

FIG. 9. GOES-16 visible satellite imagery at 2200 UTC over north-central Kansas overlaid
with dashed lines of different colors representing the subjectively determined locations of the
front from 1815 to 2200 UTC. Kansas mesonet surface stations plots at 2200 UTC (white circles)
are also overlaid with temperature in Fahrenheit in the top left (red), dewpoint in Fahrenheit in
the bottom left (green), and wind barbs in knots. A red box gives the approximate region
TORUS mobile mesonets crossed the front at 2152 UTC. Last, the boldface TS indicates the
location of the Tipton supercell.

FIG. 8. Domain for the dual-Doppler analysis. NOXP and TTUKa-2 (dark blue and dark red
squares, respectively), TORUS soundings (yellow stars), all mobile mesonet tracks (light blue
solid lines), the 588–1208 beam crossing area of the dual-Doppler analysis domain between
NOXP and TTUKa-2 (dark purple rings), storm centroid track for the Tipton supercell (black
dotted curve), the front based on NOXP reflectivity observations (red dashed curve), the first
outflow boundary (OFB1) based on the 2259 UTC dual-Doppler analysis (black solid curve),
and the second outflow boundary (OFB2) based on the 2259 UTC dual-Doppler analysis (green
dashed curve) are shown. NOXP and TTUKa-2 are 16.21 km apart. The striped region indicates
where data between the radars were not used for the dual-Doppler analysis. The projection used
is Plate Carrée that can distort shape, area, and scale away from the equator, which is why the
lobes are elliptical.
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Figure 9 shows traces of the location of the front at 15–30-min
intervals between 1815 and 2200 UTC. The general front orienta-
tion gradually transitioned to more zonally oriented farther to the
east. The Tipton supercell initiated south of the front and ahead

of a cold front, while the nontornadic supercell initiated on
the front near the region where it became more zonally ori-
ented (Figs. 3b–d). The front’s impact on both supercells will
be discussed later in this section following a discussion of the

FIG. 10. CoMeT-1 wind barbs and (a) temperature, (b) dewpoint, (c) equivalent potential tem-
perature in latitude and longitude coordinates (light gray solid lines) from 2145 to 2248 UTC
(this short time period was selected to best represent the front crossing, and the mobile mesonets
backtracked over the same roads later in time resulting in overlapping observations). The black
arrow highlights where the front was crossed at 2152 UTC, stars represent the location of vertical
profiles taken by UAS later in time, the Windsond launched by Purdue University (denoted
P Windsond), and the sounding launched from the lidar mobile mesonet vehicle’s location
(denoted lidar MM). Towns are also included (black squares).
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characteristics of the air mass associated with the front and
other preexisting air masses.

b. MAHTE and warm airmass characteristics

The Kansas mesonet surface observing stations in north-
central Kansas at 2200 UTC revealed the general presence of
the front (Fig. 9) and indicated that dewpoints on the cool
side were generally higher than on the warm side, but there
was a considerable gap between stations that introduces un-
certainty in these results. The dense observation network pro-
vided by TORUS was needed to better characterize these two
air masses particularly close to the front and Tipton supercell.

At 2152 UTC, mobile mesonets crossed the front and ob-
served higher moisture on the cool side and a wind shift from
southerly to northeasterly (Fig. 10b). Altogether, there was a
1–3-K decrease in temperature (Fig. 10a) associated with a
2–3-K increase in dewpoint temperature (Fig. 10b) resulting
in a Qe increase of 3–7 K (Fig. 10c) on the immediate cool
side of the front. These observations support the hypothesis
that the cool air mass had characteristics of a MAHTE. More
specifically, CoMeT-1 observations measured a max Qe within
the MAHTE around 357 K and the temperature and dew-
point at the max Qe were 301 and 295 K, respectively. Within
the warm air mass immediately ahead of the front, Qe was ob-
served to be around 350 K associated with a temperature of

302 K and dewpoint of 293 K. The full extent of the MAHTE
along the front is unknown given sparse Kansas mesonet sur-
face stations, but mobile mesonet observations from TORUS
support its presence along the portion of the front near the
Tipton and nontornadic supercells. The development of the
MAHTE is not examined in this work.

To best estimate the boundary-normal width of the MAHTE,
Probe-2 observations of Qe between 2150 and 2154 UTC were
examined (Fig. 11), since this mobile mesonet continued farther
north than the CoMeTs with less time parked in Beloit, Kansas.
The distance between where Probe-2 crossed the front and
where Qe decreased to below the Qe of the warm-side environ-
ment (;350–352 K) was calculated. Figure 11 demarcates these
two points, and the approximate distance between them was
estimated to be 12 km. While the initial movement of
the front was to the north, observations from NOXP later in
time (2249 UTC) indicated the MAHTE, and therefore front,
was moving to the south. This southward movement was esti-
mated to be around 3 km h21 and resulted in an actual esti-
mated width of 13 km. From these observations by Probe-2,
the max Qe was 356 K and the temperature and dewpoint at
the location of maximum Qe were 300 and 295 K, respec-
tively. Immediately ahead of the front in the warm air mass,
Qe was observed to be around 350 K associated with a tem-
perature of 301 K and dewpoint of 292 K.

FIG. 11. Probe-2 wind barbs and equivalent potential temperature in latitude and longitude
coordinates (light gray solid lines). The equivalent potential temperature is labeled at different
points along the path, and the times when Probe-2 crossed into the MAHTE (2152 UTC) and
out of the MAHTE (2217 UTC) are demarcated by black lines and labels. Towns are also
included (black squares).

FIG. 12. 2241 UTC (2254/2300 UTC) LF UAS (NI UAS) sounding on 28 May 2019. The black (gray) wind barbs
were observed by the LF UAS (NI UAS). The black dashed line denotes the top of the MAHTE. CoMeT-1 and lidar
MM surface observations are denoted by circles and stars, respectively, to compare the UAS observations to the near-
est surface observations. LF UAS and CoMeT-1 observations are from north of the surface position of the front and
the NI UAS and lidar MM are from south of the front.
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To further investigate the MAHTE and air mass on the
warm side of the front, observations collected by UAS were
examined. The LF UAS and NI UAS were launched within
14 min of each other (2241 and 2254 UTC, respectively, with
NI UAS winds provided from a second ascent at 2300 UTC)
and obtained vertical profiles of the MAHTE and warm air
mass, respectively (Fig. 12). Near the surface, there is a strong
inversion in the warm air mass seen in both the temperature
and dewpoint profiles (Fig. 12). This inversion suggests there
was a decoupling of the near-surface atmosphere from the at-
mosphere aloft which is likely attributable to anvil shading
(Frame and Markowski 2010; Nowotarski and Markowski
2016). This inversion can be seen in a TORUS sounding
launched in the warm sector ;2 km north of the NI UAS
(Fig. 10) at 2255 UTC (Fig. 13). Above this inversion, condi-
tions are closer to what is expected for a MAHTE with cooler
temperatures and higher moisture relative to the warm air
mass (Fig. 12). Within the MAHTE, two inversions were evi-
dent up to 900 hPa before temperatures began decreasing at a
similar rate to the warm air mass. The top of the second inver-
sion is considered the height of the MAHTE and was around
840 m MSL (mean sea level; ;400 m AGL). Several meters
above the MAHTE, the dewpoint decreased to the same
value as the warm air mass also signifying the vertical depth
of the MAHTE.

The NI UAS in the warm air mass observed southerly
winds in the low levels that increased in speed with height
(Fig. 12). The MAHTE also exhibited increasing speeds with
height but had backed winds relative to the warm airmass
profile in the lowest levels that transitioned to southerly
above the MAHTE (Fig. 12) resulting in greater vertical wind
shear in this air mass. These results align with the model
of boundary layer vertical wind profiles expected across

boundaries associated with tornadic supercells (Maddox et al.
1980, Fig. 1a). While this model was developed for meso-
a-scale to synoptic-scale flow patterns, they compare well to
the UAS observations measuring meso-g-scale winds.

FIG. 14. 2241 UTC (2254 UTC) LF UAS (NI UAS) vertical pro-
file of equivalent potential temperature. The black dashed line de-
notes the estimated top of the MAHTE. CoMeT-1 and lidar MM
surface observations are denoted by a red circle and orange star,
respectively, to compare the UAS observations to the nearest sur-
face observation. Recall that the LF UAS and CoMeT-1 are on the
cool side of the front and the NI UAS and lidar MM are on the
warm side of the front.

FIG. 13. 2255 UTC NSSL sounding on 28 May 2019. Hodograph rings are at 10 m s21 intervals. Storm motion vector
is based on the Tipton supercell’s observed storm motion of 16.5 m s21 from 2358. Note that the MLCAPE was not cal-
culated due to data termination before the equilibrium level. This profile sampled the air mass south of the front.
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Looking at vertical profiles of Qe in both air masses, the hy-
pothesis that the cooler air mass was a MAHTE is supported
above the near-surface inversion (Fig. 14), but near the sur-
face, Qe was higher within the warm sector air mass until
around 540 m MSL (120 m AGL). Aloft, Qe was 1–3 K
greater throughout the vertical depth of the MAHTE relative
to the warm air mass. There was also a “spike” in Qe of 2 K
from around 700–750 m MSL (Fig. 14) that corresponded to a
brief increase in dewpoint at that same level (Fig. 12). Hanft
and Houston (2018) found a region of higher Qe in their simu-
lated MAHTE that extended from the surface rearward into
the cooler air aloft, and it is possible the LF UAS transited a
similar feature in this case.

These results highlight the challenge in capturing small-scale
environmental changes and the importance of observations
above the surface for characterizing air masses, especially
when near-surface changes occur. For this case, by the time
the UAS were launched, the surface conditions no longer indi-
cated a MAHTE was present, but above the surface, the signal
remained evident.

In an effort to assess the proclivity of the MAHTE to con-
ditionally support supercells and tornadoes, the two vertical
profiles collected by UAS, which represented only the lowest
;600 m of the atmosphere, were combined with full environ-
mental profile data. The sounding released nearest in space
and time to the UAS launches occurred at 2219 UTC (Fig. 5).
This sounding was launched 43 km (33 km) south of where
the LF UAS (NI UAS) was launched and within the far field
environment of the warm sector. Since this profile is not com-
plete, the upper-level environment observed by an earlier sound-
ing at 1931 UTC (Fig. 4) was combined with the 2219 UTC
profile above 9275 m MSL. The LF UAS and NI UAS profiles
were embedded at the bottom of the sounding and up to 969 m
MSL and 965 mMSL, respectively. In addition to these modified
soundings, a Windsond sounding, launched by Purdue University
at 2227 UTC (D. Dawson 2021, personal communication)
4 km north of the LF UAS, provides a profile farther into the
MAHTE (Fig. 10 for position of the launch and Fig. 15 for the
vertical profile). Table 3 shows all sounding derived variables
between the warm air mass and MAHTE from different

FIG. 15. As in Fig. 13, but at 2227 UTC from a Purdue University Windsond sounding.

TABLE 3. Sounding derived variables for the warm air mass (2219/1931 UTC, 2255 UTC, and NI UAS 1 2219/1931 UTC soundings)
and MAHTE/cool air mass (LF UAS 1 2219/1931 UTC and 2227 UTC P Windsond soundings).

Sounding variable 2219/1931 UTC 2255 UTC
NI UAS 1 2219/

1931 UTC
LF UAS 1 2219/

1931 UTC
2227 UTC P
Windsond

MLCL height (m AGL) 1504 1366 1419 1260 894
MLCAPE (J kg21) 2686 } 2768 2745 }

MLCIN (J kg21) 22.28 21.40 25.14 223.18 220.87
0–1-km bulk shear (m s21) 6.7 8.2 6.3 19.5 14.9
0–3-km bulk shear (m s21) 18 12.9 18 31.4 24.7
0–6-km bulk shear (m s21) 34.5 } 32.9 46.8 38.6
0–0.5-km SRH (m2 s22) 54 113 60 278 175
0–1-km SRH (m2 s22) 80 108 84 302 296
0–3-km SRH (m2 s22) 148 157 155 373 461
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sounding profiles in space and time. All sounding derived vari-
ables in this study were calculated using SHARPpy (Blumberg
et al. 2017).

It is unknown if the conditions above 300 hPa in the 1931 UTC
sounding represent the conditions in this layer at 2219 UTC. It is
evident that the midtroposphere evolved over this time: the
2219 UTC sounding is dryer in the 700–500-hPa layer and 2–4 K
cooler in the 800–500-hPa layer. Moreover, the nearest National
Weather Service sounding site to Tipton, Kansas, and at a similar
latitude (Topeka, Kansas, which is nearly 300 km away) featured
upper-tropospheric moistening from 1800 UTC 28 May to
0000 UTC 29 May 2019 (not shown). However, the 1931 (Fig. 4)
and 2219 UTC (Fig. 5) soundings are supportive of a supercell
storm mode based on the 0–6-km bulk wind differentials. More-
over, the focus of this work is comparing the low-level environ-
ments of the MATHE and warm air mass and by embedding the
UAS observations into the same sounding, changes between the
near-surface environments are emphasized. The table of sounding
variables is for general comparison purposes with the most impor-
tant comparisons being made between the combined soundings.

Comparing the UAS embedded soundings, the MAHTE had
an LCL height ;160 m lower than the warm-airmass environ-
ment. The MLCAPE was similar between the air masses. Both
the bulk shear and SRH at all levels were greater in the
MAHTE than the warm air mass (all SRH values are based on
the Tipton supercell’s observed storm motion of ;16.5 m s21

from 2358). These results are similar to those in Groenemeijer
et al. (2011) (Fig. 1b).

Overall, both the warm sector environment and the MAHTE
had environments supportive of supercells. However, the greater
low level SRH within the MAHTE would theoretically promote
a stronger and more organized updraft. This, in combination
with a lower LCL, suggests that the MAHTE may have been
more likely to support tornadogenesis. On the other hand, the
nontornadic supercell, which formed within the MAHTE, was
never observed to produce strong rotation at the surface. This is
potentially due to the MAHTE having higher CIN than the
warm air mass. Whether or not tornadogenesis would have been
less likely if the MAHTE did not form is not a question this
work can answer, but a deeper investigation into the role the
boundary may have played is carried out using mobile research
radars and a dual-Doppler analysis.

A dual-Doppler analysis was performed using TTUKa-2
and NOXP data from 2255 to 2302 UTC, to investigate the 2D
winds associated with the airmass boundaries of this event.
Figure 16 shows the analysis at 2255, 2259, and 2302 UTC at
100 m AGL of the wind field east of the Tipton supercell. In
situ wind observations from mobile mesonets within or near
the dual-Doppler domain are included for comparison.

FIG. 16. Dual-Doppler analysis using NOXP and TTUKa-2 at
(a) 2255, (b) 2259, and (c) 2302 UTC. NOXP and TTUKa-2 scans
are from 08 to 18 with the analysis height at 100 m AGL. Overlaid
are surface wind observations from mobile mesonets (red wind
shaft and barbs; a circle indicates calm winds), a dashed red curve

$−
to demarcate the front, a dashed black curve to demarcate the first
outflow from the nontornadic supercell, and a dashed green curve
to demarcate a second outflow boundary from the nontornadic
supercell. Note that the boundaries extend beyond what is anno-
tated and by 2259 UTC, CoMeT-1 had traveled west of the
domain.
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At 2255 UTC (Fig. 16a), winds within the warm sector were
southerly and around 10 kt, which compared well with Kansas
mesonet observations south of the front. The NSSL far-field ve-
hicle also observed southerly surface winds around 5 kt in the
warm sector just outside of the dual-Doppler lobes. Farther
north, near the front, winds turned cyclonically and weakened.
Within the MAHTE, winds were east-northeasterly around

5–10 kt. CoMeT-2, located just east of the analysis domain and
immediately behind the front, also observed easterly to north-
easterly winds around 5 kt at this time (Fig. 16a).

c. Other preexisting airmass boundaries

The horizontal wind pattern described above remained per-
sistent for both the warm sector environment south of the

FIG. 17. NOXP reflectivity between 2250 and 2259 UTC overlaid with 5 min of mobile mesonet observations of
equivalent potential temperature and wind barbs for the last observation in the 5-min period. Number labels repre-
sent the equivalent potential temperature value for the last observation in the 5-min period. The front [first outflow
boundary (OFB1)] is annotated by a red (black) dashed curve. Black arrows in (a), (b), and (d) highlight important
thermodynamic changes ahead of and within the air mass behind the outflow boundary. The solid gray lines are asso-
ciated with the latitude and longitude points, and the thin solid black lines are county lines.
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front and the MAHTE immediately north of it at 2259
(Fig. 16b) and 2302 UTC (Fig. 16c). However, other areas
within the wind field showed distinct wind shifts that became
more apparent in later analysis times. In the western portion
of the dual-Doppler lobes, there is a region of southwesterly
winds (Fig. 16a). These southwesterly winds become more ev-
ident at 2259 (Fig. 16b) and 2302 UTC (Fig. 16c) as this air
mass and associated boundary pushed eastward. Closer to the
surface, in situ observations from CoMeT-1 showed calm to very
light northwesterly winds immediately behind this secondary
boundary around 2255 UTC (Figs. 16a and 17c) which shifted to
light northeasterly 2–3 km behind it (Fig. 17d). Aloft, the LF UAS

observed a change in winds from south-southeasterly around
15–20 kt above the MAHTE at ;975 m MSL (;550 m AGL,
Figs. 12 and 18a) to southwesterly as it passed over the sec-
ondary boundary (Figs. 18c,d).

The hypothesis for the origin of this boundary is that it was
an outflow boundary from the nontornadic supercell. Probe-1,
CoMeT-1, CoMeT-3, and the LF UAS all crossed the outflow
boundary (henceforth denoted OFB1) but at varying loca-
tions. Probe-1 crossed the OFB1 farther south than the other
platforms and closer to the Tipton supercell’s mesocyclone
(Fig. 17b). Both CoMeTs and the LF UAS transected OFB1
near where it intersected with the front (Figs. 17c,d; Figs. 18c,d

FIG. 18. As in Fig. 17, but with the LF UAS equivalent potential temperature and wind barbs plotted around 550 m
AGL.
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and 19). All mobile mesonets observed a decrease in Qe of
;4 K around 2–3 km after passing the reflectivity fine line. Im-
mediately behind OFB1, a corridor of Qe around 350 K was
present before Qe decreased to 344 K (see black arrow in
Fig. 17d and the nearly constant Qe west of OFB1 in Fig. 19a).
CoMeT-1 observed northwesterly winds in the narrow region of
higher Qe (Figs. 17c and 19a) and as Qe decreased to 344 K,
winds shifted to a northeasterly direction (Figs. 17d and 19a).

Since the LF UAS was vertically stacked with CoMeT-1
and CoMeT-3 at this time, observations aloft were also ob-
tained (Figs. 18 and 19). The Qe did not noticeably change
aloft as the LF UAS passed over the near-surface position of
OFB1, but the winds shifted from southerly to southwesterly
farther rearward providing a kinematic indication that the
UAS passed over OFB1. The virtual potential temperature
(Qy) was also analyzed (Fig. 19b) and maintained a steady
value of;309 K until the LF UAS crossed OFB1 and then be-
came variable but did not decrease considerably from observa-
tions over the MAHTE. The variability in Qe, Qy, and winds
after the LF UAS passed over the OFB1 is likely a manifesta-
tion of turbulence expected to exist above storm outflow.

Probe-1 observations indicate a narrow region of higher Qe

immediately between OFB1 and the front (see black arrow in
Figs. 17a,b and region labeled “MAHTE” in Fig. 20a). Qy de-
creased north of the front (Fig. 20b). It is thought that the out-
flow boundary was trailing the front ahead of the Tipton
supercell and the small region of higher Qe before the outflow
boundary is remnants of the MAHTE behind the front.

In summary, in situ observations at the surface showed a
;8 K (;3 K) decrease in Qe (Qy) (full deficit amount as

mobile mesonets continued farther into the first outflow air
mass) associated with wind shifts typical of outflow bound-
aries and a distinct fine line in NOXP reflectivity observations.
The narrow region of nearly constant Qe directly behind the
outflow boundary where CoMeT-1 crossed was possibly a
mixing zone between the outflow air mass and MAHTE and/
or warm sector air mass as the more stable air overtook part
of the front that was ahead of the Tipton supercell. Farther to
the south, OFB1 likely was still trailing the front and had not
yet overtaken the part of the MAHTE in this region. OFB1 in
NOXP could be the front that has been modified by the out-
flow boundary, but the available observations most likely sup-
port the hypothesis described previously. Observations aloft
indicated no systematic thermodynamic changes over the
OFB1 air mass.

In the northwest portions of the dual-Doppler lobes (Fig. 16a),
northwesterly winds were observed immediately south of the pre-
sumptive rear-flank downdraft (RFD) of the nontornadic super-
cell. At 2259 (Fig. 16b) and 2302 UTC (Fig. 16c), the air mass
associated with these northwesterly winds moved southeast indi-
cating a third airmass boundary near the Tipton supercell. Based
on the northwesterly wind direction in this air mass and its loca-
tion relative to the nontornadic supercell’s RFD, it is presumed to
be a second surge of outflow (OFB2) from the nontornadic super-
cell. Examining in situ data from mobile mesonets CoMeT-1,
CoMeT-2, CoMeT-3, and the LF UAS at;270 m AGL between
2310 and 2319 UTC (Figs. 21 and 22), a considerable drop in Qe

around 10–12 K was observed indicating a very stable air mass
was present. The front also deformed by 2319 UTC (Fig. 21d) as
the strong outflow merged with it. It is likely that this stable

FIG. 19. CoMeT-1 (blue) and LF UAS (red) at 550 m AGL tracks of (a) equivalent potential
temperature and wind vectors and (b) virtual potential temperature (Qy) based on longitude.
Both are moving to the west, initially within the MAHTE, and then cross the front (black dashed
line labeled Front) and then cross the first outflow boundary (black dashed line labeled OFB1).
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outflow air mass prevented the Tipton supercell from producing
more tornadoes after the demise of the EF2 tornado. Section 4d
will discuss the evolution of the Tipton supercell relative to the
different outflow boundaries.

d. Boundary interactions and storm evolution

To infer relationships between the different preexisting air-
mass boundaries and the Tipton and nontornadic supercells, an
analysis of the subjective location of the boundaries relative to
KUEX WSR-88D observations of the two storms was per-
formed. Boundary positions are based on analysis described
previously. Beginning at 2102 UTC (Fig. 23a), the Tipton storm
was still south of the front (recall it initiated south of the front,
likely ahead of a cold front) and producing moderate precipita-
tion (40 dBZ) which intensified by 2131 UTC (Fig. 23c) as the
storm moved northeast. The first tornado warning was issued
around this time prompted by a landspout report. As a south-
west–northeast-oriented boundary with northeast winds in the
cool air and generally southerly winds in the warm air, the front

was likely coincident with vertical vorticity. As such, it is possi-
ble that the occurrence of a landspout around 2131 UTC indi-
cated that the storm was interacting with the front near this
time. There is also indication of the nontornadic storm develop-
ing to the northeast of the Tipton storm where a small region of
301 dBZ is apparent immediately north of where the front was
located (Fig. 23c). By 2159 UTC , the Tipton storm showed
signs of becoming supercellular with cyclonic rotation indicated
in the velocity data at multiple elevation angles (Figs. 23e,f;
multiple scan heights not shown). (By this time, mobile meso-
nets had crossed the front into the MAHTE ;105 km to the
northeast of the Tipton storm.) A tornado was also reported on
the Tipton supercell not long after at 2204 UTC (Fig. 6), but it
was not the EF2 tornado which formed 20 min later. The non-
tornadic storm did not show signs of rotation (supercell storm
mode) in the velocity data until;2215 UTC. Both storms con-
tinued to move northeast, and the EF2 tornado associated
with the Tipton supercell formed near Waldo, Kansas, around
2223 UTC (NWS 2021b).

FIG. 20. Probe-1 track of (a) equivalent potential temperature and wind vectors and (b) virtual potential tempera-
ture and wind vectors based on latitude. This is from 2242 to 2248 UTC with Probe-1 moving south and crossing the
outflow boundary (black dashed line labeled OFB1) into the MAHTE air mass and then crossing the front (black
dashed line labeled Front) into the warm sector air mass.

A XON E T AL . 113JANUARY 2024

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/02/24 05:04 PM UTC



By 2250 UTC (Fig. 24a), the Tipton supercell had crossed
the section of the front that had been overtaken by the first
outflow boundary, OFB1, associated with the nontornadic storm.
MAHTE air was possibly still present closer to the Tipton storm
on this boundary. The nontornadic storm continued to move far-
ther behind the front into the cooler air mass and maintained a
mesocyclone as seen through radial velocity data.

The EF2 tornado track ended around 2302 UTC just south of
Tipton, KS (NWS 2021b), possibly because of stable air entering
the updraft from the air mass behind OFB1. By 2309 UTC,
OFB2 began to undercut the mesocyclone of the Tipton storm

(Fig. 21, refer to Fig. 24c for the boundary position relative to the
WSR-88D representation of the storm at 2316 UTC). The low-
level mesocyclone (exhibited through the radial velocity data) be-
came disorganized after this time. Meanwhile, the nontornadic
supercell maintained an organized low-level mesocyclone from
2250 to 2326 UTC (Figs. 24a,c,e) and after the analysis period.

4. Conclusions and discussion

A tornadic supercell interacted with multiple preexisting
airmass boundaries on 28 May 2019 in north-central Kansas

FIG. 21. As in Fig. 17, but between 2309 and 2319 UTC. A green dashed curve is used to demarcate the second (and
stronger) outflow boundary (OFB2) from the nontornadic supercell.
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and was observed by the 2019 TORUS field campaign. The
primary airmass boundary was a synoptic-scale warm front as-
sociated with a MAHTE. Data from mobile mesonets, UAS,
environmental soundings, mobile radars, GOES-16 visible
satellite imagery, and Kansas mesonet surface stations were
used to investigate the characteristics of the MAHTE and ex-
amine the front’s influence on the tornadic (Tipton) supercell.
The MAHTE boundary-normal width and vertical depth
were estimated to be ;13 km and ;400 m, respectively. The
higher Qe in the cooler air mass was characterized by similar
instability, greater vertical wind shear, and a lower LCL rela-
tive to the warm sector environment providing a relatively

small region in which conditions were more favorable for tor-
nadic supercells.

The warm air mass showed signs of stabilization in the
shadow of the storm’s anvil. The inferred decoupling likely re-
duced mixing allowing for moisture and Qe to increase near the
surface, rendering the MAHTE more difficult to distinguish
from the warm-side air mass. However, observations above the
near-surface inversion still showed a MAHTE was present,
underscoring the importance of above-surface observations for
characterizing air masses in severe storm environments.

Analysis of the front location showed that the Tipton super-
cell initiated south of the front potentially just ahead of a cold

FIG. 22. As in Fig. 18, but between 2309 and 2319 UTC and around 270 m AGL. A green dashed curve is used to
demarcate the second (and stronger) outflow boundary (OFB2) from the nontornadic supercell.
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FIG. 23. KUEX WSR-88D 0.58 scans of the base reflectivity and de-aliased radial velocity fields at
(a),(b) 2102; (c),(d) 2131; and (e),(f) 2159 UTC 28 May 2019. The red dashed curve represents the
front location, TS denotes the Tipton supercell, and NT denotes the nontornadic supercell. In (e) and
(f) the black circle highlights the location of the mesocyclone associated with the Tipton supercell
based on several scan heights.
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FIG. 24. As in Fig. 23, but at (a),(b) 2250; (c),(d) 2316; and (e),(f) 2326 UTC 28 May 2019. The dashed
black (green) curve demarcates OFB1 (OFB2).
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front, moved northeast throughout its lifetime, and ap-
proached the front from the warm side. The storm became
tornadic as it moved along the boundary suggesting it had in-
tensified and was likely ingesting parcels from the MAHTE.

The evolution of a nontornadic supercell was also investi-
gated as it modified the environment of the tornadic super-
cell after producing two outflow boundaries. This supercell
formed north of the front in the MAHTE and progressed
into the cool air throughout its life. The nontornadic super-
cell then produced a weak outflow boundary that gradually
moved southeast and collided with the front replacing the
MAHTE with a cooler and drier air mass. This first outflow
from the nontornadic supercell began interacting with the
Tipton storm around the time the EF2 tornado dissipated
(2302 UTC). Around 10 min later, the nontornadic supercell
produced a second outflow boundary that pushed a very
stable air mass ahead of the Tipton supercell into its inflow
region, and this stable air mass likely prevented other torna-
does from forming. Figure 25 provides a conceptual illustra-
tion of the interaction of the Tipton storm with the multiple
preexisting boundaries.

The primary difference between the tornadic Tipton storm
and the nontornadic storm is that the nontornadic supercell
formed on the front and moved into the cool air mass early
on in its lifetime. While prior work indicates that tornadic
supercells can still form or maintain themselves when moving
to the cool side of a boundary (Rasmussen et al. 2000;
Gilmore and Wicker 2002; Guyer and Ewald 2004; Groenemeijer
et al. 2011), the shallow depth and width of the MAHTE likely
kept the favorable conditions restricted mostly south of the non-
tornadic storm.

Residence time is also important when considering where
the nontornadic storm formed along the boundary. The non-
tornadic supercell developed closer to where the front had a
more zonal orientation while the Tipton supercell interacted
with the front where it had a southwest-to-northeast orienta-
tion. Both supercells moved to the northeast meaning the
Tipton supercell moved more parallel to the boundary than
the nontornadic supercell. Studies have found that supercell tor-
nadogenesis is more likely with supercells that move along bound-
aries (Atkins et al. 1999; Magee and Davenport 2020). The
nontornadic supercell also potentially ingested stable parcels

FIG. 25. Conceptual schematic summarizing the evolution of the 28 May 2019 tornadic and nontornadic supercell
interactions with the front (red dashed curve) and the two outflow boundaries from the nontornadic supercell (black
dashed curve represents the OFB1 and the green dashed curve represents OFB2). The black arrows represent the
general flow field within each air mass. The colored regions represent the general airmass characteristics based on Qe

with red, beige, light blue, and dark blue corresponding to the MAHTE, warm air mass, first outflow air mass, and
second outflow air mass, respectively. Two supercells are outlined in black. Note that the more southern (northern)
storm represents the Tipton (nontornadic) supercell.
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farther northeast of the MAHTE while the Tipton supercell
ingested parcels from both the warm air mass and MAHTE.

Several of the conclusions from this work must be qualified
as a result of limited data. It is unknown if the MAHTE actually
extended down the length of the front to the Tipton storm. By
the time the Tipton storm could have ingested parcels from the
MAHTE, environmental changes could have occurred due to
the effects of anvil shading or microscale processes not captured
in the data or available observational tools. Even if a MAHTE
was in place, the exact nature of the interaction of the boundary
and MAHTE with the storm is not known. Future work on this
case should involve a modeling-based examination of the im-
pact of a similar boundary and MAHTE on simulated storms.
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