AUGUST 2024

KUSTER ET AL.

Radar Signatures Associated with Quasi-Linear Convective System Mesovortices?

CHARLES M. KUSTER®,* KEITH D. SHERBURN,® VIVEK N. MAHALE,® TERRY J. SCHUUR,*"*
OLIVIA F. MCCAULEY,! AND JASON S. SCHAUMANN®

8 NOAA/OAR National Severe Storms Laboratory, Norman, Oklahoma
® Cooperative Institute for Severe and High Impact Weather Research and Operations, Norman, Oklahoma
¢ School of Meteorology, University of Oklahoma, Norman, Oklahoma
4 NOAA/National Weather Service, Rapid City, South Dakota
¢ NOAA/National Weather Service, Norman, Oklahoma
f Jowa State University, Ames, lowa
& NOAA/National Weather Service, Springfield, Missouri

(Manuscript received 16 August 2023, in final form 14 May 2024, accepted 11 June 2024)

ABSTRACT: Recent operationally driven research has generated a framework, known as the three ingredients method
and mesovortex warning system, that can help forecasters anticipate mesovortex development and issue warnings within
quasi-linear convective systems (QLCSs). However, dual-polarization radar data has not yet been incorporated into this
framework. Therefore, several dual- and single-polarization radar signatures associated with QLCS mesovortices were ana-
lyzed to determine if they could provide additional information about mesovortex development and intensity. An analysis
of 167 mesovortices showed that 1) Kpp drops precede ~95% of mesovortices and provide an initial indication of where a
mesovortex may develop; 2) midlevel Kpp cores are a potentially useful precursor signature because they precede a major-
ity of mesovortices and have higher magnitudes for mesovortices that produce wind damage or tornadoes; 3) low-level
Kpp cores and areas of enhanced spectrum width have higher magnitudes for mesovortices that produce wind damage or
tornadoes but tend to develop at about the same time as the mesovortex, which makes them more useful as diagnostic than
as predictive signatures; and 4) as range from the radar increases, the radar signatures become less useful in anticipating
mesovortex intensity but can still be used to anticipate mesovortex development or build confidence in mesovortex
existence.

SIGNIFICANCE STATEMENT: The purpose of this study is to look at weather radar features that might help fore-
casters predict the development and intensity of tornadoes and strong winds within linear thunderstorm systems. Our
results show that the intensity and trends of some radar features are helpful in showing when these hazards might de-
velop and how strong they might be, while other radar features are less helpful. This information can help forecasters
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focus on the most useful radar features and ultimately provide the best possible warnings.

KEYWORDS: Convective storms; Mesoscale processes; Radars/Radar observations; Nowcasting

1. Introduction

Quasi-linear convective systems (QLCSs) are responsible
for about 21% of all tornado reports and 28% of all severe
wind reports across the United States, and these percentages
are even higher across the southeastern United States, espe-
cially during the cool season (Ashley et al. 2019). Due to this
high prevalence of reports, scientists are currently working
to understand more about QLCSs through numerical simu-
lations, observations, and field projects (e.g., Atkins and
St. Laurent 2009; Davis and Parker 2014; Marion and Trapp
2021; Goodnight et al. 2022). Mesovortices, which are storm-
scale, low-level circulations that can be associated with damaging
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winds, tornadoes, or both (e.g., Przybylinski 1995; Weisman and
Trapp 2003; Atkins et al. 2004), are an important aspect of
QLCSs. To increase mesovortex predictability, research led by
forecasters within the National Weather Service (NWS) devel-
oped the three ingredients method (Schaumann and Przybylinski
2012; Gibbs 2021), which combines environmental and radar in-
formation to help forecasters anticipate the development of mes-
ovortices. Building on this research, recent work done within the
NWS Central Region Convective Warning Improvement Project
added 14 radar-based and environmentally based factors, known
as confidence builders and nudgers, to the three ingredients
method to create the mesovortex warning system (NWS 2023,
summary at https://www.weather.gov/media/sgf/research/TWIP_
QLCS_Reference_Sheets.pdf). One goal of the mesovortex warn-
ing system is to provide forecasters with guidance on whether
a severe thunderstorm or tornado warning is best suited for an
anticipated or ongoing mesovortex. While some questions re-
main regarding how best to determine environmental vertical
wind shear values for the mesovortex warning system (e.g.,
Ungar and Coniglio 2023), Gibbs (2021) found that applying
the mesovortex warning system was skillful in anticipating
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mesovortex development and provided a starting point for a
tornado warning decision threshold. As a result, elements of
the mesovortex warning system have been incorporated into
existing training provided by the Warning Decision Training
Division (WDTD 2020).

Despite recent progress in understanding and predicting
QLCS tornadoes, they remain a significant forecast challenge.
Currently, tornado warnings issued for QLCS tornadoes have
a lower probability of detection when compared to supercell
tornado warnings and what might be expected from a baseline
using near-storm environmental conditions (Brotzge et al.
2013; Anderson-Frey and Brooks 2021). In addition, Gibbs
and Bowers (2019) found that while velocity signatures in
supercells can help distinguish between weak and significant
tornadoes (rated at least EF2 on the enhanced Fujita scale),
the same does not apply to QLCSs. One potential opportunity
to address these challenges is to further incorporate dual-
polarization (dual-pol) radar data into the warning decision pro-
cess through the mesovortex warning system. Dual-pol data can
provide important information about processes that impact
mesovortex development and strength, such as descending rear-
inflow jets, downdraft characteristics, and updraft characteris-
tics. The associated dual-pol signatures may be able to provide
additional information about mesovortex tornado potential and
possibly increase confidence in the issuance of a tornado warn-
ing. However, most dual-pol radar signatures, as well as some
potentially helpful single-polarization signatures, are not cur-
rently incorporated into the mesovortex warning system.

Therefore, the purpose of this study is to examine the evo-
lution of two single- and four dual-pol radar signatures—with
the primary focus being on the dual-pol signatures—that
might provide useful information to forecasters regarding
mesovortex development as well as severe wind and tornado
potential. Specifically, we aim to explore which, if any, radar
signatures are commonly present with tornadic and nontornadic
mesovortices, precede mesovortex development, or provide an
indication of mesovortex strength and impacts. A special focus
was placed on the last point since anticipating if a given meso-
vortex will produce wind damage and/or a tornado is one of the
biggest challenges facing warning forecasters during QLCS
events. If any radar signature does provide information regard-
ing these factors, it could be added as a confidence builder to
the mesovortex warning system. To address these questions, we
first considered dual-pol data in the context of conceptual mod-
els and the mesovortex warning system (section 2) and then
quantified the evolution of various dual-pol radar signatures of
167 QLCS mesovortices (section 4). We also quantified the evo-
lution of two single-polarization radar signatures that can be
used by NWS forecasters (section 5) and compared all radar sig-
natures to near-storm environmental information (section 6), as
well as the range from the nearest radar (section 7).

2. QLCS conceptual models, the mesovortex warning
system, and dual-pol radar signatures

QLCS conceptual models are based on years of research
and are a key part of successful warning decision-making (Andra
et al. 2002). Previous works examining potential sources of
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vertical vorticity and mechanisms of mesovortex formation help
provide information that can guide the development of such con-
ceptual models (e.g., Wheatley and Trapp 2008; Atkins and
St. Laurent 2009; Conrad and Knupp 2019; Flournoy and
Coniglio 2019; Marion and Trapp 2021; Fischer and Dahl 2022).
However, uncertainty remains regarding what mechanisms are
most important for mesovortex development, and these mecha-
nisms might vary across environments and at different times dur-
ing storm evolution (e.g., Sherburn and Parker 2014; Flournoy
and Coniglio 2019; Fischer and Dahl 2022; Goodnight et al. 2022).
This uncertainty motivates recent research, such as the Propaga-
tion, Evolution, and Rotation in Linear Storms (PERILS) field
project, that could support even stronger scientific conceptual
models. For now, our understanding points toward several fea-
tures that likely play a role in mesovortex development, including
rear-inflow jet surges, tilting of vorticity by a downdraft, tilting
and stretching of vorticity by an updraft, and horizontal shearing
instability.

Weather radar can provide insights into many of these pro-
cesses and is critical to the mesovortex warning system (NWS
2023). For example, one important feature within the meso-
vortex warning system is a surge or bow in the convective line
observed via radar reflectivity and velocity data. Atkins and
St. Laurent (2009) found that a surge in the gust front enhances
low-level convergence and updraft strength, which increases
low-level stretching of vorticity. Additionally, Flournoy and
Coniglio (2019) found that a rear-inflow jet surge caused more
rapid tilting of horizontal vorticity within mesovortex air parcels
that originated in the storm inflow. Radar confidence builders
and nudgers within the mesovortex warning system, such as a
reflectivity tag or cell merger, can indicate the potential for a lo-
cally stronger updraft, while others, such as a rear inflow notch
or reflectivity line break, can indicate the existence of a de-
scending rear-inflow jet and downdrafts (WDTD 2020; NWS
2023). Many previous studies mentioned above discuss the im-
portance of downdrafts and updrafts in mesovortex develop-
ment. Indeed, the presence of more confidence builders, such as
those described above, has been shown to increase skill in pre-
dicting tornadic mesovortex development (Gibbs 2021).

Many of the existing radar signatures within the mesovortex
warning system are connected to previous QLCS work and ex-
isting conceptual models. If any dual-pol signature were incorpo-
rated into the system, it should also be connected to processes
identified in previous work and existing conceptual models that
are relevant to mesovortex development and strength. Potential
signatures identified for our analysis include localized reductions
in specific differential phase (Kpp) referred to as Kpp drops,
mid- and low-level Kpp cores, and differential reflectivity (Zpgr)
columns. For review, Zpg is an indicator of the shape of the
dominant hydrometeors and is generally higher for increasing
raindrop sizes, while Kpp is an indicator of the liquid water con-
tent within a radar volume (e.g., Kumjian 2013). Each radar sig-
nature and its possible connection to important processes are
described in more detail below.

a. Kpp drops

A Kpp drop is an area of reduced (<0.5° km™') Kpp be-
hind the leading edge of the QLCS and is collocated with
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FIG. 1. Example of (a) a Kpp drop roughly divided into left and right halves, (b) corresponding reflectivity (Z) drop
and rear-inflow notch, (c) corresponding mesovortex depicted in ground-relative 0.5° elevation angle radial velocity,
and (d) a midlevel Kpp core all occurring on 1 Mar 2017 in middle Tennessee. The white dot in (a) marks the approxi-
mate location of the mesovortex shown in (c). Reflectivity, Kpp, and velocity color bars are included at the top. North

is toward the top of each image.

the rear-inflow jet (Fig. 1a; see the animation in the online
supplemental material). It likely develops in response to evapora-
tion (e.g., Sachidananda and Zrni¢ 1987; Kumjian and Ryzhkov
2008) caused by a descending rear-inflow jet and is similar in
idea and location to the rear-inflow notch and reflectivity drop
(Fig. 1b) within the mesovortex warning system. Since Kpp drops
are likely associated with descending rear-inflow jets and rear-
inflow jet surges, they could provide forecasters with another way
to identify and even anticipate localized surges in the convective
line, which are likely indicative of increased mesovortex potential
(e.g., Atkins and St. Laurent 2009; Schaumann and Przybylinski
2012; Flournoy and Coniglio 2019). This idea could be especially

true when the orientation of the rear-inflow jet is not favorable to
the radar viewing angle, which makes the rear-inflow jet harder
to identify using velocity data alone. The Kpp drops can also be
clearer, more distinct, and potentially easier to identify than the
related features in reflectivity because the dynamic range of Kpp
is nearly an order of magnitude less than reflectivity, and Kpp is
more sensitive to the evaporation of smaller raindrops than re-
flectivity (e.g., Kumjian and Ryzhkov 2008).

b. Mid- and low-level Kpp cores

A Kpp core is an area of =1.0° km ! Kpp located near
and below the environmental melting layer that is typically
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FIG. 2. Example of (a) a Zpgr column observed at the 8.0° elevation angle (~6.1 km above ground level), (b) a
—20°C reflectivity (Z) core as depicted by the —20°C reflectivity field, (c) an area of enhanced low-level (0.5° eleva-
tion angle) spectrum width (SW), and (d) a mesovortex depicted in ground-relative 0.5° elevation angle radial velocity
all occurring on 18 Jul 2015 in central Minnesota. North is toward the top of each image.

partially or completely surrounded by Kpp < 1.0° km™!
(Figs. la,d; see animations in the supplemental material)
and can be an indicator of processes controlling downdraft
intensity, such as precipitation loading and melting (e.g.,
Hubbert et al. 1998; Kumjian et al. 2019; Kuster et al. 2021).
A stronger Kpp core within or near a descending rear-inflow
jet could indicate the presence of a stronger localized down-
draft within that rear-inflow jet. A stronger downdraft
would likely cause stronger outflow when it reaches the sur-
face, which could result in a stronger rear-inflow jet surge
within the convective line. This surge may lead to stronger
low-level convergence along the updraft—-downdraft conver-
gence zone, a stronger low-level updraft, and enhanced tilt-
ing and stretching of existing vorticity (e.g., Atkins and
St. Laurent 2009; Flournoy and Coniglio 2019; Boyer and
Dahl 2020). These Kpp cores likely also indicate at least
some cooling within the downdraft and, therefore, a larger
low-level thermal gradient. Assuming the resulting outflow

is not too cold, this cooling would increase baroclinic vorticity
generation that could then be tilted and stretched by an updraft
(e.g., McDonald and Weiss 2021). Observational studies of
QLCSs have noted higher low- to midlevel (~0-4 km above
ground level) Kpp with tornadic mesovortices when compared
to Kpp in nontornadic mesovortices (Pardun 2023) and descent
of a Kpp core prior to increased rotation at the 0.5° elevation
angle or reports of severe wind (Loeffler 2017; Frugis 2020).

¢. Zpr columns

A Zpg column is a vertically continuous area of Zpg = 1.0 dB
above the environmental melting layer that is partially or
completely surrounded by Zpr < 1.0 dB (Fig. 2a; see the anima-
tion in the supplemental material) and, similar to —20°C reflec-
tivity cores (Fig. 2b, section 5a), is an indicator of updraft
location and strength (e.g., Tuttle et al. 1989; Snyder et al. 2015).
The Zpgr column characteristics, especially size, may provide in-
formation about tornado likelihood in supercells, with tornadic
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supercells having larger and deeper Zpgr columns than those
in nontornadic supercells (e.g., Van Den Broeke 2020;
Wilson and Van Den Broeke 2021; Healey and Van Den
Broeke 2023). Similarly, in QLCSs, the presence of a stronger
and larger updraft could result in increased tilting and
stretching of vorticity and an increased potential for meso-
vortex development (e.g., Boyer and Dahl 2020; Marion and
Trapp 2021).

3. Radar data analysis and QLCS events
a. ldentifying events and classifying mesovortices

We identified QLCS events for analysis using the Convec-
tive Warning Improvement Project’s training content (NWS
2023), PERILS cases, and recent QLCS events in central
Oklahoma. All events included multiple tornado and severe
wind reports. For all events, we defined a mesovortex as a ro-
tational signature that extended through a depth of at least
2.4 km (8000 ft), persisted for at least two Weather Surveil-
lance Radar-1988 Doppler (WSR-88D) volume scans (~8-10
min), and had a rotational velocity (sum of maximum inbound
and outbound velocity divided by two) of at least 10 m s *
(19.4 kt; e.g., Weisman and Trapp 2003; Thompson et al. 2012;
Gibbs and Bowers 2019; Sessa and Trapp 2020; Gibbs 2021).
Mesovortices also had to occur in an area of the QLCS
roughly consistent with the three ingredients method (cold
pool and ambient low-level shear are balanced or slightly
shear dominant, 0-3-km line-normal bulk shear = 15 m s~ !,
and surge/bow in the line) since mesovortices are far less
likely to occur in other areas of the QLCS and forecasters are
far less likely to consider such areas for a tornado warning
(Schaumann and Przybylinski 2012; Gibbs 2021; NWS 2023).
In total, we analyzed 92 tornadic and 75 nontornadic meso-
vortices that occurred across 25 different days, every season
of the year, varying instability and shear profiles (determined
via 13-km Rapid Refresh (RAP) model output; section 6),
and 16 states (Fig. 3, Table 1). All mesovortices and distin-
guishable radar signatures were within 165 and 177 km (89.1
and 95.6 n mi) of the nearest WSR-88D radar, respectively,
with a large majority of both being within 150 km (81.0 n mi).
For 22 of these days containing 157 mesovortices, radar data
from the operational WSR-88D radar network were down-
loaded. For the remaining 3 days containing 10 mesovortices,
S-band data from a research WSR-88D located in Norman,
Oklahoma (KOUN), were used. Since KOUN is a research ra-
dar, operators can use customized volume coverage patterns
(VCPs) and collect 90° sectors of data to obtain rapid-update
volume scan times of ~1.1-1.9 min. The sample size of available
data was too small to draw any meaningful conclusions regard-
ing rapid- and traditional-update data, but we still used these
data in our analysis because they represented the best available
data for this small set of cases. For all Kpp signature analyses,
Kpp was computed using the same method applied in NWS op-
erations (WDTD 2011).

About 90% (n = 150) of the analyzed mesovortices were
associated with “true” linear QLCSs as described in Gibbs
(2021). We did not exclude mesovortices that appeared to be
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FIG. 3. (a) Approximate locations of all analyzed tornadic (red
dots) and nontornadic (blue dots) mesovortices and (b) scatterplot
of 0—-6-km bulk shear vs MLCAPE for all mesovortices where envi-
ronmental data were available (n = 162).

associated with the other submodes described in Gibbs (2021)
or the two mesovortices that were likely associated with em-
bedded supercells. As long as the mesovortex was within a lin-
ear storm mode (i.e., not a super- or multicell cluster) with
features typically associated with QLCSs (e.g., rear-inflow
jet), it was included in our analysis. It is likely important to ac-
count for storm mode, submode, and mode history since they
are variables that could influence radar signature characteris-
tics. However, assessing storm mode information adds an-
other layer of potential subjectivity to any analysis, and the
number of events falling outside of “true” linear was small in
this study, so we decided not to subclassify our events.

We classified mesovortices based on information from the
National Centers for Environmental Information’s Storm
Data publication (available online at https://www.ncdc.noaa.
gov/stormevents/) and used these classifications as a basis for
our analysis in sections 4-6. For example, a mesovortex that
was associated (i.e., nearly collocated in space and time) with
a tornado report was classified as “tornadic,” whereas a meso-
vortex that was not associated with a tornado report was classi-
fied as “nontornadic.” Similarly, a mesovortex that was associated
with any severe wind report was classified as “damaging,” whereas
a mesovortex not associated with a severe wind report was classi-
fied as “nondamaging.” These nontornadic and nondamaging
mesovortices were considered the null events for this study, rather
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TABLE 1. Case dates, states, and the number of mesovortices occurring on each day. KOUN cases occurred on 21 Oct 2017, 3 May 2018,
and 11 Oct 2021.

Nontornadic
mesovortices

Tornadic

Date; states affected mesovortices

Damaging mesovortices
(wind or tornado report)

Nondamaging
mesovortices (no report)

7 Aug 2013; WI

17 Nov 2013; IN

21 Dec 2013; AR, MS
22 Jul 2014; ND, MN
18 Jul 2015; MN, WI
6 Jul 2016; MN, WI
30 Nov 2016; SC

14 Feb 2017; TX

20 Feb 2017; TX

1 Mar 2017; TN; KY
30 Apr 2017; MS

6 Aug 2017; OK

31 Oct 2017; OK

23 Oct 2017; SC, NC
3 May 2018; OK

18 May 2019; OK

21 May 2019; OK

26 May 2019; OK

16 Jun 2019; IL

20 Aug 2019; IA

11 Sep 2019; IA, MN, SD
31 Mar 2020; AL

11 Oct 2021; OK

31 Mar 2022; AL

5 Apr 2022; AL
Total mesovortices
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than radar signatures occurring without mesovortices, because an-
ticipating mesovortex impacts is a current operational challenge,
but this choice could limit conclusions about skillful mesovortex
prediction. Any mesovortex that was associated with a wind report
but not a tornado report was classified as “wind only.” We also cre-
ated classifications based on the reported enhanced Fujita (EF)
scale rating of a tornado. Of course, there are limitations with
Storm Data and the EF scale (e.g., Trapp et al. 2006; Edwards et al.
2013, 2021), but they do serve as the official record in the United
States. This limitation does create a caveat to many of our conclu-
sions since they depend on verification and it can be difficult to
know the true severity or intensity of any given mesovortex. To
avoid complete reliance on Storm Data, we also classified meso-
vortices based on the quartiles of radar-observed maximum 0.5°
elevation-angle rotational velocity for each mesovortex. This
method also has limitations, such as radar beam height and broad-
ening, but it provides a more objective, quantitative measure of
mesovortex intensity and potential impacts.

b. Radar signature analysis methods

We began radar signature analysis by identifying a meso-
vortex. All associated radar signatures were then located and
tracked backward in time to each signature’s initial develop-
ment. Only one mesovortex was associated with each radar
signature, except for Kpp drops, where a mesovortex could
occur on the left and right sides of a single Kpp drop.
We wanted all analysis methods to be readily available to

forecasters today, so to quantify radar signature evolution,
other than Kpp drops (section 4a), we used a cursor readout
tool to determine each signature’s maximum value at every
volume scan between signature development time and signa-
ture dissipation or mesovortex dissipation time, whichever oc-
curred first. The Kpp cores (section 4b) and Zpr columns
(section 4c) associated with four and three mesovortices, respec-
tively, appeared to be present and nearly steady state for over
an hour before the mesovortex developed (i.e., when rotational
velocity first reached =10 m s~ !). Since it is unlikely that storm-
scale processes specifically related to a single mesovortex would
persist for over an hour, we trimmed the radar signature analy-
sis time, to begin with the volume scan closest to 30 min prior to
mesovortex development time. Ultimately, we compared the
distributions of radar signature magnitudes using all volume
scans (multiple values per mesovortex) and the overall maxi-
mum value (one value per mesovortex). Results were similar
between the two methods, so here, we only show results for the
overall maximum values (one value per mesovortex), since
these values would likely be easiest to apply and most relevant
to real-time warning operations. We used the Kolmogorov—
Smirnov (K-S) test to determine if statistically significant differ-
ences existed between the full distributions of various classifica-
tions of mesovortices. Any p value < 0.05 was considered
statistically significant. Since melting layer height is important in
our analysis of Kpp cores and Zpr columns, we approximated
it using the height where Zpr began to increase and the
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TABLE 2. Number and percentage of all radar signatures associated with tornadic, nontornadic, and all mesovortices.

Number (%) for tornadic

Radar signature mesovortices

Number (%) for
nontornadic mesovortices

Number (%) for all
mesovortices

Kpp drop

Midlevel Kpp core

Low-level Kpp core

Zpr column

—20°C reflectivity core

Area of enhanced low-level
spectrum width

86 (93.5%)
72 (78.3%)
77 (83.7%)
69 (75.0%)
42 (45.7%)
82 (89.1%)

72 (96.0%)
58 (77.3%)
63 (84.0%)
60 (80.0%)
34 (453%)
58 (77.3%)

158 (94.6%)
130 (77.8%)
140 (83.8%)
129 (77.3%)
76 (45.5%)
140 (83.8%)

correlation coefficient began to decrease (e.g., Zrnic et al. 1993;
Giangrande et al. 2008) and used wet-bulb zero height from
nearby (as close as possible in time and space) observed sound-
ings as additional verification.

For Kpp drops, we primarily performed a qualitative analy-
sis because we expect the presence of the signature rather
than its magnitude to be more important in an operational
setting, especially since the minimum Kpp value within a Kpp
drop is frequently at or near 0° km ™. In addition, the identifi-
cation and tracking of Kpp drops is more subjective than the
other radar signatures. Its presence is easiest to identify by
looping Kpp, reflectivity, and velocity images and searching
for an area within the rear-inflow jet where Kpp decreases
with time and “cuts into” the higher values of Kpp within the
main convective line (Fig. 1a). This process, combined with an
understanding of storm structure and evolution (e.g., location
of rear-inflow jet and anticipation of bowing segments), helps
in identification of the signature, but determining an exact
start and end time is challenging, especially since Kpp natu-
rally decreases everywhere behind the main convective line
where lower rain rates typically exist.

We quantified the evolution of Kpp cores at the elevation
angle closest to but below the environmental melting layer
(referred to as midlevel Kpp cores) and at the 0.5° elevation
angle (referred to as low-level Kpp cores). Beam height is im-
portant to consider for this distinction, since depending on
melting layer height, the low-level Kpp core may not be sam-
pled at farther ranges where the beam height is too high. For
two mesovortices at long ranges, the 0.5° elevation angle was
also the elevation angle closest to the melting layer, so we
only quantified midlevel Kpp cores in those instances.

We quantified Zpgr column magnitude using multiple meth-
ods: 1) maximum Zpgr on the highest elevation angle with
Zpr = 1 dB, 2) maximum height of Zpgr = 1 dB above
ground level (referred to as Zpg column height), 3) maximum
Zpr on a constant-altitude plan position indicator (CAPPI)
5 km above ground level, and 4) maximum Zpr on a CAPPI
2 km above the height of the environmental melting layer.
For Zpr column height, we measured height above ground
level for ease of calculation during real-time warning opera-
tions, but height above the melting layer could also be used.
However, this measurement would be easiest to make with
the aid of an automated calculation (e.g., Snyder et al. 2015;
Wilson and Van Den Broeke 2021), and such an algorithm is
not currently operational. Similarly, we did not calculate Zpg
column area, despite previous work showing its utility in

supercells (e.g., Van Den Broeke 2020; French and Kingfield
2021), because this quantity would be difficult to determine in
real time without the aid of an algorithm, and we chose to fo-
cus our work on what can currently be applied in operations.

An area of enhanced low-level spectrum width consists of
spectrum width = 7 m s~ (13.6 kt), is located at the 0.5° ele-
vation angle, persists for at least two scans, and is nearly collo-
cated with a mesovortex (Figs. 2c,d in the supplemental
material). We considered lower values of spectrum width
than Spoden et al. (2012) suggested from their analysis of tor-
nadic storms to capture the weaker, nontornadic mesovortices
in our dataset. Enhanced spectrum width collocated with meso-
vortices is not surprising since we expect this in areas where
the turbulent motions within storm-scale circulations result in
greater variance in the Doppler velocity values (e.g., Istok and
Doviak 1986; Spoden et al. 2012).

4. Dual-pol radar signatures
a. Kpp drops

The Kpp drops preceded 94.6% of all mesovortices in this
study (Table 2). There also was a preferred mesovortex devel-
opment location relative to the Kpp drop. Mesovortices al-
ways developed on the periphery of the Kpp drop, not within
it. This observation makes sense as we would not expect mes-
ovortices to develop within the sinking air of a descending
rear-inflow jet. In addition, when roughly dividing the Kpp
drop in half, based on a five-volume-scan, radar-reflectivity
estimate of storm motion, 75.4% of all mesovortices devel-
oped on the left side of the Kpp drop near the low-level Kpp
core (section 4b), 19.2% of all mesovortices developed on the
right side of the Kpp drop, and 5.4% of all mesovortices oc-
curred without a Kpp drop (Fig. 1a, Table 3). This result may
relate to previous observations of tornadoes typically occur-
ring north of a bow echo’s apex (e.g., Fujita 1981; Przybylinski
1995; Atkins et al. 2004). Since many mesovortices in this da-
taset were associated with Kpp drops and commonly devel-
oped in a similar location relative to the Kpp drop, this radar
signature could increase forecaster confidence regarding the
placement of warning polygons prior to mesovortexgenesis.

b. Mid- and low-level Kpp cores

Midlevel Kpp cores preceded 77.8% of all mesovortices in
this dataset (Table 2). In general, midlevel Kpp cores tended
to have higher magnitudes for tornadic mesovortices than
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TABLE 3. Number and percentage of mesovortices developing on the left and right halves of a Kpp drop.

Kpp drop-relative Number (%) for tornadic

Number (%) for Number (%) for all

position mesovortices nontornadic mesovortices mesovortices
Left 72 (78.3%) 54 (72.0%) 126 (75.4%)
Right 14 (15.2%) 18 (24.0%) 32 (19.2%)

nontornadic mesovortices, damaging mesovortices than non-
damaging mesovortices, and mesovortices with higher rota-
tional velocities (Fig. 4). Statistically significant differences
(i.e., p < 0.05) existed between the midlevel Kpp core distri-
butions of tornadic and nontornadic mesovortices, damaging
and nondamaging mesovortices, and mesovortices with rota-
tional velocities > 22.63 m s~ ! (44.0 kt; 75th percentile) and
those with rotational velocities =< 15.0 m s™! (29.2 kt; 25th
percentile; Fig. 4, Table 4). In this dataset, these rotational ve-
locities are close to the observed median rotational velocities
of mesovortices associated with EF1+ tornadoes and nontor-
nadic mesovortices, respectively. To introduce a rough first
look at an operationally relevant threshold for distinguishing
mesovortex impacts, we used the 75th percentile of midlevel
Kpp cores associated with nondamaging and nontornadic
mesovortices as a starting point. In this dataset, those values
are 4.89° and 5.24° km !, respectively. Therefore, if a midlevel
Kpp core reaches a maximum value of about 4.90° or 5.25°
km™!, a forecaster could have increased confidence that an
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existing mesovortex will produce wind damage or a tornado,
respectively. These thresholds also fall below the median Kpp
core magnitude for damaging and tornadic mesovortices, which
would help minimize the number of missed events (Fig. 4).

We used maximum values of Kpp to set a potential founda-
tion for rough operationally relevant thresholds that can help
in anticipating mesovortex impacts, but Kpp core magnitude
trends over time are another crucial piece of information. We
therefore quantified trends by grouping Kpp core magnitudes
for all tornadic and nontornadic mesovortices into half-minute
intervals, relative to mesovortex development, extending from
when the signature developed to when it dissipated (and not ex-
ceeding 30 min before or after mesovortex development).
These bins of Kpp core evolution were then plotted using a roll-
ing average of seven half-minute intervals (3.5 min). This rolling
average was chosen to reduce short-term variability while pre-
serving data that forecasters might be likely to revisit once or
twice during a volume scan (i.e., every 3-5 min). We also pro-
duced box plots at 5-min intervals to provide more information
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FI1G. 4. Violin plots of midlevel Kpp core maximum values for (a) tornadic and nontornadic mesovortices, (b) damag-
ing and nondamaging mesovortices, (c) mesovortices classified by their associated severe weather reports or tornado EF
scale ratings, and (d) mesovortices classified by the quartiles of their maximum observed 0.5° elevation angle rotational
velocities. The red area shows the probability density with a greater width indicating a higher frequency of occurrence.
Associated box plots are included within each violin plot for reference. Box edges are the lower (Q1) and upper (Q3)
quartiles, the horizontal black line is the median, and outliers are indicated by black dots. K-S test p values and a num-
ber of mesovortices (1) used to create each violin plot are also included. In (c), no p values are included, and in (d), the
p value is for the highest and lowest category of rotational velocity.

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/

25 06:57 PM UTC



AUGUST 2024

KUSTER ET AL.

1151

TABLE 4. Statistical significance for each radar signature and various measures of mesovortex intensity and impacts. The p values less
than 0.05 are considered statistically significant and are in bold; p values < 0.0001 are indicated as <<0.001.

Tornadic vs Damaging vs EF2+ vs EFO >22.63 vs =150 m s~ !
Radar signature nontornadic p value nondamaging p value p value rotational velocity p value
Midlevel Kpp core <0.001 <0.001 0.26 <0.001
Low-level Kpp core <<0.001 <<0.001 0.02 <0.001
Zpr column height 0.65 0.26 0.99 0.13
—20°C reflectivity core 0.15 0.04 0.84 0.13
Area of enhanced low- <0.001 0.03 0.50 <0.001
level spectrum width
Rotational velocity <<0.001 <0.001 <0.001 —

about how the Kpp core magnitude distribution changed over
time. One caveat for all of the trend analyses is that sample sizes
are relatively small (i.e., <5-10), especially at times greater
than 20 min from mesovortex development. For midlevel Kpp
cores, there were no obvious differences in the trends of torna-
dic and nontornadic mesovortices (Fig. 5a). The clearest differ-
ences between tornadic and nontornadic mesovortices over
time were confined to the Kpp core magnitudes. The median
Kpp core magnitude of tornadic mesovortices nearly matched
or exceeded the upper-quartile Kpp core magnitude of nontor-
nadic mesovortices beginning 20-25 min prior to mesovortex
development and continuing to 25-30 min after mesovortex de-
velopment (Fig. 5b). The median time between midlevel Kpp
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core development and mesovortex development was 14.3 min,
so not all events had a Kpp core 20-25 min before mesovortex
development. However, in general, when the Kpp core devel-
oped and as it evolved, it was stronger for tornadic mesovortices
than nontornadic ones.

Low-level Kpp cores were associated with 83.8% of all mes-
ovortices in this dataset (Table 2). Similar to midlevel Kpp
cores, low-level Kpp cores tended to be stronger for tornadic
mesovortices than nontornadic mesovortices, damaging meso-
vortices than nondamaging mesovortices, mesovortices associ-
ated with tornadoes rated higher on the EF scale, and
mesovortices with stronger rotational velocities (Fig. 6). Sta-
tistical significance was observed for the same categories as
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FIG. 5. Time series of maximum (a) midlevel Kpp core magnitude and (c) low-level Kpp core magnitude and box
plots of maximum (b) midlevel Kpp core magnitude and (d) low-level Kpp core magnitude over time. In (a) and (c),
the red line indicates tornadic mesovortices, and the black line indicates nontornadic mesovortices. The larger marker
sizes in (a) and (c) indicate a sample size of =5 and 10 scans, respectively. A seven-time-step rolling average is plotted
for each 0.5-min interval (dots). In (b) and (d), red boxes indicate tornadic mesovortices, and light blue boxes indicate
nontornadic mesovortices. Box edges are the lower (Q1) and upper (Q3) quartiles, the horizontal black line is the me-

dian, and outliers are indicated by black dots.
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FIG. 6. As in Fig. 4, but for low-level Kpp cores.

midlevel Kpp cores, but statistically significant differences
also existed between the low-level Kpp core distributions of
tornadoes rated EF2+ and those rated EF0 (Table 4). Using
the same method as midlevel Kpp cores, a rough threshold
for discriminating between damaging and nondamaging meso-
vortices and tornadic and nontornadic mesovortices for low-
level Kpp cores is 4.3° and 4.5° km ™!, respectively. Low-level
Kpp cores are also the only radar signature we analyzed
where this threshold (i.e., 4.5° km ') also lies above the me-
dian for EF0 tornadoes and below the 25th percentile of
EF2+ tornadoes (Fig. 6). Therefore, low-level Kpp cores may
be one of the more helpful radar signatures in distinguishing
between mesovortices that produce stronger and weaker tor-
nadoes as well as stronger and weaker mesovortices overall
though additional studies with larger sample sizes are needed
to verify this result.

Unlike midlevel Kpp cores, low-level Kpp cores generally
developed much closer to the time of mesovortex develop-
ment, with a median time between low-level Kpp core devel-
opment and mesovortex development of 2.1 min. However,
distinctly different trends existed between tornadic and non-
tornadic mesovortices. In general, for tornadic mesovortices,
low-level Kpp core magnitude increased from about —8 to
+15 min around mesovortex development time, but for non-
tornadic mesovortices, it generally decreased from about —10
to +20 min around mesovortex development time (Fig. 5c).
One caveat to this idea is the smaller sample sizes that exist at
longer times prior to mesovortex development since 75% of
low-level Kpp cores developed 5.7 min or less prior to meso-
vortex development. However, an intensifying low-level Kpp
core could help build forecaster confidence in the likelihood
of a tornadic mesovortex whereas a weakening low-level Kpp

core could build confidence in a nontornadic mesovortex.
While low-level Kpp cores would be sampled several times
before mesovortex and especially tornado development, as-
suming Supplemental Adaptive Intravolume Low-Level Scan-
ning (SAILS; Chrisman 2013) was running, the ability to see
these trends in real time could be limited by slower radar up-
date times. In addition to trends, the magnitude of the low-
level Kpp core could also increase confidence, especially
around and after mesovortex development time, during which
period the median Kpp core magnitude of tornadic mesovorti-
ces exceeded the upper-quartile Kpp core magnitude of non-
tornadic mesovortices (Fig. 5d).

¢. Zpr columns

The Zpg columns preceded 77.3% of all mesovortices by a
median time of 16.6 min in this dataset, but unlike Kpp cores,
we found no statistically significant differences between the
Zpr columns of various mesovortex classifications for any of
the methods used to measure Zpr column magnitude, so we
only show Zpgr column height for simplicity (Fig. 7; Tables 2
and 4). The lack of statistically significant differences did not
change even when we accounted for the range from the radar
and environmental instability or used Zpr column height above
the melting layer rather than above ground level (not shown).
We also did not see any clear differences in the trends of Zpg
column height between tornadic and nontornadic mesovortices,
and the distributions of each mesovortex classification were rela-
tively similar at nearly all time steps (Figs. 8a,b).

The lack of differences in Zpr column magnitude across
mesovortex classifications may relate to what Zpgr columns
can tell us about updraft characteristics. Low-level (i.e., below
2 km) updraft strength is likely most important in QLCS
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FIG. 7. Asin Fig. 4, but for Zpg column height.

mesovortexgenesis (e.g., Marion and Trapp 2021), whereas
Zpr columns may be more related to thermodynamically
driven midlevel updraft strength (e.g., Kumjian et al. 2014;
Snyder et al. 2015). Therefore, we expect that Zpr columns
may be useful in building confidence in which portions of the
QLCS have the strongest updrafts and may be most likely to
produce mesovortices but likely cannot be used to anticipate
mesovortex strength or help distinguish which warning type,
if any, is most appropriate.

5. Single-polarization radar signatures

‘We also examined single-polarization radar signatures not ex-
plicitly referenced within the mesovortex warning system using
the same analysis methods used with dual-pol radar signatures.

a. Reflectivity cores at the —20°C altitude

Forecasters frequently use upper-level reflectivity cores to
diagnose a storm’s relative updraft strength, so they are also
potentially relevant in anticipating mesovortex development
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(e.g., Witt et al. 1998; Kumjian et al. 2014). In this study, we
used a reflectivity threshold of 50 dBZ to identify and quan-
tify high-reflectivity cores at the —20°C altitude (Fig. 2b;
supplemental material). We found that 50+ dBZ —20°C re-
flectivity cores were not a reliable mesovortex precursor sig-
nature, at least in this dataset. Only 45.5% of all mesovortices
were associated with a 50+ dBZ —20°C reflectivity core
(Table 2). There were no statistically significant differences
between the reflectivity cores of tornadic and nontornadic
mesovortices, but there were between damaging and nonda-
maging mesovortices (Fig. 9; Table 4). The much lower sam-
ple sizes compared to other radar signatures also prevented
us from making any conclusions regarding trends over time.
The use of 50 dBZ as a threshold for —20°C reflectivity cores
likely led to the small percentage of mesovortices having this
radar signature, and we expect that a lower threshold would
result in a higher percentage. Investigation of lower thresh-
olds may be worthy of future work, but with our focus on
dual-pol signatures and the expectation that lower thresholds
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FI1G. 9. As in Fig. 4, but for —20°C reflectivity cores.

would very likely not result in statistical significance near that
seen with Kpp cores, we decided to not investigate lower thresh-
olds here.

b. Area of enhanced low-level spectrum width

We found that areas of enhanced low-level spectrum width
were associated with 83.8% of the mesovortices in this dataset
(Table 2). In general, low-level spectrum width tended to be
statistically significantly higher for tornadic mesovortices than
nontornadic mesovortices, damaging mesovortices than nonda-
maging mesovortices, and mesovortices with stronger rotational
velocities (Fig. 10; Table 4). However, unlike Kpp cores, maxi-
mum spectrum width was not greater for wind only versus non-
damaging mesovortices and did not increase as tornado EF
scale rating increased (Fig. 10c). These less pronounced differ-
ences in the distributions across different mesovortex classifica-
tions prevented us from suggesting a rough threshold to use for
areas of enhanced low-level spectrum width.

As expected, the median time between the development of
the area of enhanced low-level spectrum width and the meso-
vortex was 0.0 min. Spectrum width trends between tornadic
and nontornadic mesovortices were also similar, with both in-
creasing quickly in the few minutes before and after mesovor-
tex development and then slowly decreasing with time after
reaching the peak magnitude (Fig. 11a). Spectrum width was
higher for tornadic mesovortices than nontornadic mesovorti-
ces at all times, but those differences were less pronounced
than those observed with Kpp cores (Figs. 5 and 11b).

6. Environmental data and radar signatures

Another important aspect of anticipating storm mode, storm
intensity, and mesovortex development is the consideration

of near-storm environmental conditions (e.g., James and
Markowski 2010; Schaumann and Przybylinski 2012; Thompson
et al. 2012). We therefore used 13-km RAP model output to
compare the magnitudes of various environmental parameters
used in operations [e.g., mixed-layer convective available
potential energy (MLCAPE), 0-3-km bulk shear, 0-3-km
storm-relative helicity] to the magnitudes of the analyzed ra-
dar signatures. When available (n = 162), we extracted RAP
data from a single point in time and location that was in prox-
imity to each analyzed mesovortex and ahead of the cold pool
(i.e., generally about 20 km to the east or east southeast of the
mesovortex). In general, we did not find many significant dif-
ferences or obvious relationships between radar signature
magnitude and the analyzed near-storm environment parame-
ters in this dataset. It is possible that radar signature magni-
tude is not strongly connected to environmental shear or
instability. It is also possible that convective contamination in
the RAP data affected the observed lack of relationships
though we also did not observe many differences when look-
ing at RAP data for 1 and 2 h prior to mesovortex presence.
More studies with larger sample sizes are needed to investigate
potential connections between near-storm environment and
radar signature magnitude.

There were two exceptions to the limited number of rela-
tionships between environmental parameters and radar signa-
tures. We observed stronger and taller Zpgr columns in
environments with larger buoyancy (e.g., higher mixed-layer
CAPE and higher 0-3 km CAPE). This result is not surprising
given that previous work has noted a relationship between
Zpr columns and updraft strength (e.g., Kumjian et al. 2014),
but it might have limited operational utility since Zpg column
magnitude does not appear to be related to mesovortex intensity
or impacts (Fig. 7). We also observed stronger mesovortex
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FIG. 10. As in Fig. 4, but for maximum low-level spectrum width.

rotational velocity in environments with stronger shear (e.g.,
higher 0-1-km bulk shear and effective storm-relative helicity).
This result is also consistent with previous work (e.g., Thompson
et al. 2012; Smith et al. 2015).

7. Range from the nearest radar

As the range from the radar increases, what can be resolved in
radar data changes because beam height and width increase with
range. For example, at longer ranges, the radar beam is higher
above the ground, and the resolution is coarser, so observing
small-scale features close to the ground becomes more challeng-
ing or impossible. We therefore examined the impact of range
on radar signature magnitude by comparing tornadic and non-
tornadic mesovortices that occurred only beyond various range
thresholds.

For midlevel Kpp cores, statistically significant differences
between tornadic and nontornadic mesovortices always ex-
isted for mesovortices at closer ranges (i.e., within 90 km,
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48.6 n mi). As we removed these close-range mesovortices,
statistical significance began to decrease and disappear. For
midlevel Kpp cores, when we only considered mesovortices
beyond 90 km in range, statistically significant differences be-
tween tornadic and nontornadic mesovortices were nearly
present (i.e., p value just above the 0.05 threshold) and
clearly no longer present when looking only at mesovortices
beyond 100 km (54.0 n mi) in range (Fig. 12). For low-level
Kpp cores, statistically significant differences between torna-
dic and nontornadic mesovortices were present at all ranges
though sample sizes were small beyond 100 km in range (not
shown). For areas of enhanced low-level spectrum width, sta-
tistically significant differences were no longer present when
we only considered mesovortices beyond 70 km (37.8 n mi;
not shown). This observation suggests that spectrum width
magnitude within mesovortices is sensitive to changes in ra-
dar beam height and width and may only be a useful radar
signature for storms within ~70 km of the nearest radar. For
Zpr columns and —20°C reflectivity cores, we found no
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11. As in Fig. 5, but for maximum low-level spectrum width. The larger marker sizes in (a) indicate a sample size

of =10 scans.
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FIG. 12. Violin plots of midlevel Kpp core maximum values for mesovortices only at ranges greater than (a) 70 km
(37.8 n mi), (b) 80 km (43.2 n mi), (c) 90 km (48.6 n mi), and (d) 100 km (54.0 n mi). The violin and box plot conven-

tion is the same as in Fig. 4.

statistically significant differences regardless of the range
threshold used.

Range from the radar did not significantly affect the likeli-
hood that a given signature was present with a mesovortex.
For example, a low-level Kpp core was associated with 83.8% of
all mesovortices (Table 2), 86.3% of all mesovortices = 70 km
(37.8 n mi) from the nearest radar, and 80.8% of all mesovorti-
ces = 100 km (54.0 n mi) from the nearest radar. These results
suggest that several of the radar signatures analyzed here can
help a forecaster anticipate that a mesovortex is about to de-
velop or is ongoing regardless of range (at least up to 150 km)
from the nearest radar, but they become less useful at helping
a forecaster anticipate the potential strength and impacts of
a mesovortex as range increases, especially beyond 90 km
(48.6 n mi). Since many mesovortices occur beyond a range of
90 km from the nearest radar, more work is needed to expand
upon our relatively small sample size (n = 40) of mesovortices
beyond 90 km and determine if any relationships exist between
radar signature magnitude and mesovortex strength at these lon-
ger ranges.

Another consideration is the varying beam heights for a
given elevation angle as the range from the radar changes.
This effect may be especially relevant for radar signatures ob-
served at the 0.5° elevation angle where beam height can
range from less than 0.5 km for mesovortices close to the ra-
dar to over 1.5 km for mesovortices farther from the radar.
For example, the ability to accurately determine mesovortex
rotational velocity may be limited at greater ranges since max-
imum mesovortex strength tends to occur in the lowest 1 km
above ground level (e.g., Atkins et al. 2004; Wheatley and
Trapp 2008). In addition, tornadic mesovortices tend to be

deeper than nontornadic mesovortices (e.g., Atkins et al.
2004), so it may be easier to detect tornadic than nontornadic
mesovortices at longer ranges. To examine the potential impact
of range on radar signature magnitude, we compared the maxi-
mum radar signature magnitude to the median radar signature
range from the radar. In this dataset, there were no significant
range impacts for any analyzed signature (not shown). However,
additional research with a larger sample size that quantifies radar
signature magnitude at various heights above ground level is
needed to investigate the impacts of range on QLCS radar
signatures.

8. Summary

Our research goals include identifying radar signatures, espe-
cially in dual-pol data, that can build upon and potentially be in-
corporated as additional confidence builders in the mesovortex
warning system, to ultimately help forecasters anticipate meso-
vortex development and potential impacts. Through an analysis
of 167 mesovortices across 25 different days and 16 states, we
offer the following conclusions:

1) The Kpp drops likely precede a majority of mesovortices
and provide an initial indication of where a mesovortex
might develop if one were to develop. In our dataset,
94.6% of mesovortices are preceded by a Kpp drop, and
75.4% of mesovortices developed on the left half of the
Kpp drop. They are similar in location and concept to the
reflectivity drop and rear-inflow notch in the mesovortex
warning system but tend to be more easily detectable
than comparable features in reflectivity.
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2) Midlevel Kpp cores likely provide useful predictive infor-
mation about mesovortex development and intensity. In
our dataset, 77.8% of mesovortices are preceded by midle-
vel Kpp core development by a median time of 14.3 min.
Midlevel Kpp cores are also stronger for tornadic and dam-
aging mesovortices as well as for mesovortices with higher
low-level rotational velocities. In general, for this dataset, a
midlevel Kpp core magnitude of =4.9° km™! may be a
good starting point for distinguishing between mesovortices
that are more likely to produce damage (Fig. 4).

3) Low-level Kpp cores provide less predictive information
than midlevel Kpp cores but still likely provide helpful di-
agnostic information about mesovortex intensity and po-
tential impacts. In our dataset, low-level Kpp cores are
stronger for all categories of more impactful mesovortices
(e.g., tornadic vs nontornadic) but develop at about the
same time as the mesovortex. In general, for this dataset,
a low-level Kpp core magnitude of =4.3° km™! may be a
good starting point for distinguishing between mesovorti-
ces that are more likely to produce damage (Fig. 5).
Trends in low-level Kpp core magnitude were also differ-
ent between tornadic and nontornadic mesovortices, so a
consistently strengthening low-level Kpp core could build
forecaster confidence in mesovortex tornado potential.

4) The Zpg columns likely do not provide much useful infor-
mation about mesovortex intensity. In our dataset, there
are no significant differences in Zpgr column magnitude
for any of the mesovortex intensity classifications. It is
possible that Zpg columns do not provide information
about low-level updraft strength, which is probably most
relevant for mesovortex development and intensity.

5) Reflectivity cores at the —20°C level may provide limited
information about mesovortex intensity (i.e., differences
existed between damaging and nondamaging mesovorti-
ces), but our reflectivity threshold of 50 dBZ is likely too
high for QLCS events, so more work on this radar signa-
ture is needed.

6) Areas of enhanced low-level spectrum width probably
provide some diagnostic information about mesovortex
intensity when located within 70 km (37.8 n mi) of a radar
but provide less information about mesovortex intensity
than low-level Kpp cores. We suggest using this signature
to help identify developing mesovortices, since 83.8% of
mesovortices in our dataset are associated with this signa-
ture, but relying more on low-level Kpp cores and rota-
tional velocity to diagnose mesovortex intensity.

7) Radar signature range from the nearest radar is impor-
tant. In our dataset, as range increases, especially beyond
90 km (48.6 n mi), there are fewer notable differences be-
tween the radar signature magnitudes of tornadic and
nontornadic mesovortices. However, the frequency of ob-
serving the radar signatures is much less impacted by in-
creasing range. A larger sample size is needed, but this
result suggests that these radar signatures may be helpful
in anticipating mesovortex development and/or existence
regardless of range from the radar (at least up to 150 km)
but might be less helpful in anticipating mesovortex inten-
sity at longer ranges.
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8) The following is a characteristic timeline of radar signa-
tures observed in this dataset: the midlevel Zpr column
and Kpp core develop first, typically around 15 min prior
to the mesovortex (Figs. 13a,b). Several minutes later, the
first low-level signature, the Kpp drop, develops (Fig. 13c).
The low-level Kpp core then develops but only typically
0.5-5 min before the area of enhanced low-level spectrum
width and mesovortex develop (Figs. 13c,e,f). For tornadic
mesovortices, the tornado develops about 4.2 min after
mesovortex development (median time in our dataset).

Our results suggest that several of these radar signatures,
especially Kpp cores, can increase forecaster confidence in an-
ticipating mesovortex development and intensity especially if
incorporated into conceptual models such as the mesovortex
warning system. Specifically, Kpp drops and Kpp cores appear
to be related to localized surges in the convective line, which
are a key component of the mesovortex warning system and
in anticipating mesovortex development (e.g., Flournoy and
Coniglio 2019; Gibbs 2021; Ungar and Coniglio 2023).

It is important to remember that none of these radar signa-
tures can act as stand-alone indicators for a warning decision
and the Kpp core thresholds mentioned above are simply ini-
tial starting points for consideration. In addition, the radar
signatures studied here can occur without a mesovortex (i.e.,
null event). Though an initial look at our dataset suggests
these null events are not common in areas where the three in-
gredients are met, their presence does limit how much we can
conclude about the effectiveness of using these radar signa-
tures to anticipate mesovortexgenesis. Future work, including
the development of a robust sample of null events and an as-
sessment of their characteristics relative to the three ingre-
dients method, is needed to appropriately consider null
events. Ultimately, the radar signatures should be considered
as another piece of evidence—another confidence builder
pointing either toward or away from potential mesovortex
and tornado development—that can help a forecaster make
the best possible decision when it comes to issuing a severe
thunderstorm or tornado warning. It is essential to combine
information provided by these radar signatures with concep-
tual models, environmental information, satellite data, storm
spotter reports, and other radar signatures, such as those
within the mesovortex warning system when issuing warnings.

Additionally, inherent limitations with Storm Data, radar
data, and this study’s relatively small sample size should also
be considered when applying these results. Radar update time
may also limit the ability to adequately observe some of these
radar signatures, especially at mid- and upper levels where up-
date times are frequently greater than 5 min. To illustrate this
idea, we plotted rapid-update KOUN data for every volume
scan and every third volume scan (e.g., removed two out of
three volume scans to approximate update times provided by
current WSR-88D radars) for a mesovortex that produced an
EF0 tornado to show midlevel Kpp core evolution (Fig. 14).
In this case, the maximum value of Kpp occurred in between
the slower scans and would have made the Kpp core appear
to be weaker than it actually was. This underestimate could have
implications for accurately anticipating mesovortex intensity. In
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FIG. 13. Example progression of analyzed radar signatures on 20 Feb 2017 in south Texas for
(a) midlevel Kpp core, (b) Zpr column, (c) Kpp drop and low-level Kpp core, (d) associated re-
flectivity (Z) drop/rear-inflow notch, (e) area of enhanced low-level spectrum width (SW area),
and (f) mesovortices depicted in ground-relative 0.5° radial velocity. Labeled radar signatures in
(a)—(e) are associated with the mesovortex labeled “Mesovortex” in (f). Black curves are range
rings every 25 km and are annotated in (a). Color bars for Kpp, Zpgr, Z, SW, and velocity, re-
spectively, are at the top. North is toward the top of each image.

this example, the maximum midlevel Kpp core magnitude of update data falls just under the median for tornadic mesovorti-
just under 4.5° km™! depicted by the traditional-update data  ces (Figs. 4a and 14). Despite the limitations outlined here, we
falls just above the median for nontornadic mesovortices, while  believe incorporating dual-pol radar signatures into QLCS mes-
the maximum magnitude of 5.25° km™! depicted by the rapid- ovortex conceptual models and as new confidence builders
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FIG. 14. Comparison of midlevel Kpp core maximum value evo-
lution depicted by rapid-update (1.8-min volumes; red line) and
traditional-update (5.4-min volumes; blue line) KOUN data associ-
ated with a tornadic mesovortex on 11 Oct 2021 in central
Oklahoma.

within the mesovortex warning system could aid in warning
decision-making by increasing confidence in potential mesovor-
tex development and intensity.
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