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ABSTRACT: Landfalling tropical cyclones (TCs) contain highly sheared environments that are conducive for supercell thun-
derstorm development. These TC supercells can produce tornadoes, often with little warning. In this study, dual-polarization
radar signatures of tornadic and nontornadic TC supercells are examined in the context of known extratropical supercell radar
signatures. Prior studies have only presented dual-polarization characteristics of TC supercells using a case study approach.
Therefore, this paper aims to create a more comprehensive picture with a larger sample of cases, and an attempt is made to dis-
tinguish differences between tornadic and nontornadic TC supercells that may hold operational promise. The environments
and characteristic structures of these supercells are notably different from prior conceptual models of supercells developed.
Differential reflectivity Zpr columns are shallower in TC supercells when compared to their extratropical counterparts. The
ZpR columns are also less common in TC cases. The Zpg arc is more pronounced in TC supercells, with maximum and mean
Zpr values within the arcs being larger. Separation angle between the specific differential phase Kpp foot and Zpg arc is larger
in TC supercells than in extratropical supercells. Tornadic TC supercells had significantly stronger low-level mesocyclones than
nontornadic TC supercells as measured by normalized rotation (NROT). The observed differences may help operational
meteorologists use these signatures more effectively in warning decisions and motive further research into the evolution
of dual-polarization signatures in tornadic and nontornadic TC supercells.

SIGNIFICANCE STATEMENT: Supercell thunderstorms are supported in the highly sheared environments of trop-
ical cyclones. Recurring dual-polarization radar signatures can provide insight into the vertical motion and size-sorting
processes occurring in supercells which might be beneficial for operational meteorologists. In this study, dual-polarization
signatures are compared between tornadic and nontornadic tropical cyclone supercells and examined against their extra-
tropical counterparts. Various differences were discovered between these signatures in tropical cyclone versus extratropi-
cal supercells, which could be attributed to differences in their thermodynamic and kinematic environments. Statistically
significant differences were not found between dual-polarization signatures in tornadic and nontornadic tropical cyclone
supercells.
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1. Introduction from a WSR-88D. The limitations of radar resolution can make
issuing severe thunderstorm and tornado warnings more chal-
lenging compared to traditional extratropical supercells.

TC supercell environments typically differ from those com-
monly present in extratropical environments and are charac-
terized by increased lower-tropospheric vertical wind shear
and limited buoyancy (McCaul 1991). Buoyancy in TC super-

Tropical cyclone (TC) rainbands often contain embedded
supercells. These TC supercells have been thoroughly described
in previous literature and have some features that contrast with
typical extratropical supercells (McCaul 1991; Spratt et al. 1997).
TC supercells may show similarities to extratropical “miniature”
supercells as they are smaller in horizontal and vertical extent . . . . .
(Davies 1990; Knupp et al. 1998; Edwards 2012). The small cell enylronments is substantially reduced_ EconYectwe available
size of TC supercells makes them difficult to sample with potential energy (CAPE) < 1000 J kg] with accumulated
Weather Surveillance Radar-1988 Doppler (WSR-88D) reso- CA_PE values maxm}lzed in the lowest 3_4 km, whereas Great
lutions (Spratt and Nash 1995)—their features appear much Plz?ms supercell enVlronments a}re mamm%zed close}r to 10-.krn
subtler compared to extratropical supercells, especially at greater al.tltude (McCaul 1991). A similar case Is seen with vertical
range as the beam broadens (e.g., Devanas et al. 2008) but are wind sl}ear as low—levelﬁrvmd shear' 1s.1ncreased (0-1-km §hear
typically still identifiable. TC supercells may have relatively weak ~ #PPT oximately 15.4 ms ) and maximized near 2—3.-km altitude
updraft rotation, and their lifespan can range from minutes to 1 TC supercell environments, whereas Great Plains supercell

several hours (McCaul et al. 2004; Edwards 2012). Poor radar ~cnvironments peak above 10 km (McCaul 1991). Supercells are
favored in the right-front sector (with respect to TC motion) of

the Northern Hemisphere TCs where storm-relative helicity
(SRH) is maximized downshear from the TC center in a region
collocated with maximum instability (Molinari and Vollaro
2010). Supercells are most common in the outer region of a TC

Corresponding author: Matthew S. Van Den Brocke, (>200 km from the center) within 48 h of landfall (McCaul
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resolution makes it difficult to distinguish tornadic vortex (or de-
bris) signatures in small-sized TC supercells at greater distances
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may also spawn tornadoes. Tornadoes associated with these
supercells are typically weak—of more than 1800 TC tornadoes
from 1950 to 2007, 81.1% were FO or F1 (Schultz and Cecil
2009). Even though TC tornadoes result in a small fraction of
TC damages, issuing appropriate warnings remains an important
challenge. Tornadic and nontornadic TC supercells often occur
in proximity, ruling out the use of large environmental differ-
ences to aid in the warning decision-making process (Spratt et al.
1997) and highlighting the value of radar observations (Healey
and Van Den Broeke 2023).

The operational Next Generation Weather Radar (NEXRAD)
network in the United States was upgraded to include dual-
polarization capabilities between 2011 and 2013, which provide
additional information about hydrometeor classification and
microphysical processes occurring in convective storms (e.g.,
Scharfenberg et al. 2005). Additional radar products are
generated since this upgrade includes correlation coefficient pyy,
differential reflectivity Zpg, and specific differential phase Kpp.
The ppy measures the diversity of scatterers in a sample volume
by quantifying the correlation between the received horizontally
and vertically polarized signals. Values of py,, near 1 indicate
scatterers with a consistent shape and orientation, such as
uniform raindrops, while values decreasing from 1 indicate in-
creasing variability. The Zpp is the difference between the hor-
izontally and vertically polarized reflectivity value and can give
insight into the mean shape of scatterers in a sample volume
(Seliga and Bringi 1976). Positive Zpy is associated with scat-
terers whose major axes are oriented horizontally. Raindrops
become more oblate as they grow (Pruppacher and Pitter
1971), giving larger raindrops higher positive Zpg values. The
Kpp is a measure of the phase shift per unit distance between
the horizontally and vertically polarized pulses and can give
insight into the concentration of droplets in a sample volume.
For more details of these variables, see Kumjian (2013).

Several recurring dual-polarization signatures may contain
beneficial information about a supercell’s tornadic potential.
A Zpr column is a region of enhanced positive Zpgr values
above the environmental 0°C level collocated (or almost so)
with a convective updraft (Herzegh and Jameson 1992; Kumjian
and Ryzhkov 2008; Kumjian et al. 2014; Wienhoff et al. 2018).
The Zpg columns are relatively narrow (4-8 km wide) and can
be more than 3 km deep (Kumjian and Ryzhkov 2008; Kumjian
et al. 2014). Environmental thermodynamic characteristics in-
cluding the lifting condensation level (LCL) height may play a
role in updraft depth and width (Mulholland et al. 2021). Van
Den Broeke (2016) also found that the LCL height and CAPE
may play a role in Zpr column size and depth. This Zpr en-
hancement is due to oblate liquid drops and water-coated hail-
stones lofted above the 0°C level by the updraft. The Zpgr
column can be used to infer updraft area and depth (Kumjian
et al. 2010, 2014). Observational and modeling studies suggest
that changes in the Zpgr column area and depth can provide in-
sights into updraft strength (Kumjian et al. 2010; Van Den
Broeke 2016), with the areal extent potentially helping to infer
a supercell’s tornadic potential (French and Kingfield 2021) and
peak tornado intensity (Trapp et al. 2017, 2018; Marion et al.
2019; Sessa and Trapp 2020). In prior modeling studies, it was
found that environments with higher LCLs produced wider,
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deeper, and stronger updrafts than those with lower LCLs
(Mulholland et al. 2021). Environmental kinematic factors in-
cluding storm-relative flow and deep-layer shear may also pro-
vide insight into updraft size and, therefore, Zpgr column
characteristics (Warren et al. 2017; Peters et al. 2019, 2020). Pre-
vious small-sample studies show potential for Zpg columns to
help distinguish tornadic and nontornadic supercells—tornadic
extratropical supercells tend to have wider Zpr columns than
nontornadic extratropical supercells (Van Den Broeke 2017,
2020; French and Kingfield 2021).

The Zpg arcs are elongated regions of enhanced Zpg val-
ues along a supercell’s forward flank (Kumjian and Ryzhkov
2008; Dawson et al. 2014). This low-level signature is typically
1-2 km in depth with values over 2 dB but may exceed 4-5 dB
(Kumjian and Ryzhkov 2008, 2009). Wind vectors typically in-
crease in magnitude and veer with height in right-moving super-
cell environments, allowing a size-sorting process that advects
smaller drops farther into the interior of the forward-flank pre-
cipitation region, while larger drops fall closer to the right edge
of the forward flank (Kumjian and Ryzhkov 2007). The mean
storm-relative wind in the sorting layer is an important variable
relating to this size-sorting process (Dawson et al. 2015). In
some cases, the life cycle of a supercell’s mesocyclone has been
linked to the structure and intensity of the Zpr arc (Kumjian
et al. 2010; Palmer et al. 2011). In a small set of cases, Zpgr arc
orientation and maximum value within the arc may help differ-
entiate tornadic and nontornadic supercells—tornadic super-
cells tend to have increased arc curvature and maximum Zpg
values within the arc (Ryzhkov et al. 2005; Palmer et al. 2011;
Crowe et al. 2012). Previous work using a small extratropical
supercell sample found larger mean Zpg arc values and a larger
areal extent of the 3.5-dB Zpp arc in tornadic supercells than in
nontornadic supercells (Van Den Broeke 2017, 2021).

Finally, the Kpp foot is a region of enhanced Kpp values in
the low levels of a supercell’s forward flank (Romine et al.
2008). The separation angle and horizontal separation dis-
tance between the storm motion vector and a vector between
the Zpg arc and Kpp maximum centroids give insight into ac-
tive size-sorting processes and mesocyclone strength (Kum-
jian and Ryzhkov 2009; Dawson et al. 2014). This separation
occurs as storm-relative winds carry smaller drops farther
than larger drops, due to the increased terminal velocity of
larger raindrops (Kumjian and Ryzhkov 2012; Dawson et al.
2015). Both the separation distance and separation angle of
these features are correlated with the mean storm-relative
wind and SRH in the sorting layer (Loeffler and Kumjian
2020; Loeffler et al. 2023). Connections have also been made
between the separation of these features and the low-level
wind shear within a supercell (Crowe et al. 2012). It has been
shown that increased values of SRH are correlated with in-
creased separation distance and increasingly orthogonal sepa-
ration angles when compared to the shear vector of the layer
(Loeffler and Kumjian 2020).

Separation between the Zpr arc and Kpp foot may give in-
sight into the tornadic potential of a supercell (Crowe et al. 2012;
Loeffler et al. 2020, 2023). Contrasting results have been found
in regard to effects of separation distance and tornadic potential
between modeling and observational work (Crowe et al. 2012;
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Martinaitis 2017; Loeffler et al. 2020, 2023). However, prior work
using both observations and modeling has found separation vec-
tors more orthogonal to the storm motion in tornadic cases,
while nontornadic cases exhibited a more parallel separation an-
gle (Crowe et al. 2009; Loeffler et al. 2020; Van Den Broeke
2008; Loeffler et al. 2023). Loeffler et al. (2020) used observa-
tions to investigate this difference, associating the Kpp foot
with enhanced precipitation and negative buoyancy (Carlin
and Ryzhkov 2019). The study concluded that the parallel
separation angle places this area of negative buoyancy in an
unfavorably close area to the updraft, while a perpendicular
angle is farther removed and, therefore, in a more favorable
location for tornadogenesis (Markowski et al. 2002; Markowski
and Richardson 2017). Similar results were also produced in
Loeffler et al. (2023), where modeling work was used to visual-
ize an unfavorable parallel separation angle of the Kpp foot.
This orientation resulted from enhanced rearward storm-
relative flow in the size-sorting layer, thereby reducing the
baroclinic production of circulation in nontornadic simulations
compared to tornadic simulations. Similar observational results
were seen in tropical cyclone supercells using a small sample
size (Crowe et al. 2009; Martinaitis 2017).

Relatively little work has described the dual-polarization
characteristics of TC supercells, with most studies using a case
study approach. A more detailed examination is needed to
determine if it will be possible to improve tornado warning
skill and decrease the relatively high false alarm ratio (FAR)
for these supercells (NWS 2012) using dual-polarization char-
acteristics. Previous work indicates that polarimetric character-
istics may help distinguish between tornadic and nontornadic
extratropical supercells. The goal of this study is to test several
hypotheses in order to establish similarities and differences
between the dual-polarization characteristics of TC and extratrop-
ical supercells and focus on potential use of the dual-polarization
signatures to distinguish tornadic from nontornadic TC supercells.
The hypotheses are listed below:

1) The Zpgr columns will be narrower and shallower in TC
supercells than extratropical supercells due to a combina-
tion of their higher environmental freezing levels (McCaul
1991; Davies 2006), lower LCLs (Davies 2006; Mulholland
et al. 2021), weaker deep-layer shear (McCaul 1991;
Davies 2006; Warren et al. 2017; Peters et al. 2019, 2020),
and shallower updrafts (Spratt et al. 1997; Schneider and
Sharp 2007; Edwards 2012).

2) Analogous with prior findings for extratropical supercells
(e.g., Van Den Broeke 2017, 2020; French and Kingfield
2021; Healey and Van Den Broeke 2023), we hypothesize
that tornadic TC supercells will have larger Zpr columns
than nontornadic TC supercells.

3) The increased low-level wind shear in TC environments
compared to extratropical supercell environments leads to
the hypothesis that Zpr arcs will often be present across
multiple radar volume scans and with a greater maximum
Zpr value within the arc in TC supercells (McCaul 1991;
Nowotarski et al. 2021).

4) Due to the increased low-level wind shear and enhanced
low-level SRH in TC environments (McCaul 1991; Davies
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2006), it is hypothesized that there will be an increase in
the separation angle and separation distance when nor-
malized by storm size between the Kpp foot and the Zpgr
arc in TC supercells when compared to extratropical
supercells.

5) Previous work investigating Zpg arc and Kpp foot separation
in extratropical supercells, alongside similar results with TC
supercells, suggests the hypothesis that tornadic TC supercells
will exhibit a greater (more orthogonal) separation angle and
distance between the Zpg arc and the Kpp foot compared to
nontornadic cases.

Establishing differences that may support or refute the
aforementioned hypotheses can be beneficial for operational
meteorologists in order to better understand storm-scale fea-
tures and help identify which supercells are more likely to
produce tornadoes in TC environments.

2. Data and methods

a. Tropical cyclone supercell identification and
classification

To create a large dataset of supercells associated with TCs,
a manual analysis was performed to find times with convec-
tion or widespread reflectivity = 35 dBZ with at least occa-
sional discrete elements (e.g., individual storm cells with
reflectivity = 40 dBZ rather than just widespread uniform
stratiform precipitation). These events were required to be
within 100 km of a dual-polarization WSR-88D and associ-
ated with a TC. This manual analysis was conducted between
the 2011 and 2021 TC seasons. Convection was required to be
300 km inland of the coast and during the 48 h following land-
fall to be included in this study. We identified 57 time periods
that satisfied our criteria (Table 1).

A modified version of the National Severe Storms Labora-
tory (NSSL) mesocyclone detection algorithm (MDA; Stumpf
et al. 1998) was used to identify supercells within these time
periods. The algorithm requires input of a specific radar location
and time to gather four-dimensional radial velocity data. Prepro-
cessing of the data includes the use of the WSR-88D system
velocity dealiasing scheme (Eilts and Smith 1990) with adapt-
able parameter modifications to improve its function (Conway
et al. 1995). The algorithm begins at the one-dimensional level
in which cyclonic azimuthal shear segments are identified.
These shear segments form horizontal associations for two-
dimensional features followed by vertical associations for
three-dimensional features. The fourth-dimensional level is
then completed as features are tracked in time (Stumpf et al.
1998). The MDA includes tunable parameters to adjust the sen-
sitivity of mesocyclone detections while removing false detec-
tions from nonmeteorological scatterers such as ground clutter.

The modified NSSL MDA was applied to each time period
identified during the manual analysis to consistently detect
TC supercells. The MDA detections were cross examined with
radar data. Time series of longitude and latitude produced by
the MDA for each detection were plotted to ensure that detec-
tions contain characteristic radar signatures of supercells as de-
scribed by Thompson et al. (2003). All false detections were
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TABLE 1. Manually identified time periods with TC supercells in close proximity to a WSR-88D radar after the dual-polarization
upgrade between the 2011 and 2021 TC season.

Time period Date(s) TC Radar Analysis period Supercells identified
1 27 Aug 2011 Irene KMHX 0000-1000 UTC 19
2 27 May 2012 Beryl KJAX 1630-2200 UTC 1
3 28 May 2012 Beryl KCAE 1430-2300 UTC 0
4 23-25 Jun 2012 Debby KTBW 1900-0300 UTC 15
5 25 Jun 2012 Debby KJAX 0630-1500 UTC 7
6 6 Jun 2013 Andrea KAMX 1000-1300 UTC 5
7 6 Jun 2013 Andrea KTBW 1430-1600 UTC 4
8 6 Jun 2013 Andrea KJAX 2000-2230 UTC 0
9 7 Jun 2013 Andrea KLTX 0500-1300 UTC 6
10 7 Jun 2013 Andrea KMHX 0630-1200 UTC 9
11 3 Jul 2014 Arthur KCLX 0600-0800 UTC 0
12 3 Jul 2014 Arthur KLTX 0900-2130 UTC 6
13 3 Jul 2014 Arthur KMHX 1730-0000 UTC 3
14 4 Jul 2014 Arthur KAKQ 0400-0900 UTC 3
15 8 May 2015 Ana KMHX 1500-2200 UTC 1
16 10 May 2015 Ana KAKQ 1700-2000 UTC 0
17 16 Jun 2015 Bill KHGX 1130-1930 UTC 2
18 31 May 2016 Bonnie KLTX 1300-2100 UTC 0
19 31 May-1 Jun 2016 Bonnie KMHX 1600-1500 UTC 0
20 7 Oct 2016 Matthew KJAX 0100-1200 UTC 2
21 8 Oct 2016 Matthew KLTX 1030-1430 UTC 5
22 8 Oct 2016 Matthew KMHX 1500-2130 UTC 4
23 21 Jun 2017 Cindy KLIX 0500-1430 UTC 6
24 22 Jun 2017 Cindy KLCH 0930-1430 UTC 1
25 25 Aug 2017 Harvey KCRP 0400-0800 UTC 0
26 25-26 Aug 2017 Harvey KHGX 0800-1200 UTC 14
27 9-10 Sep 2017 Irma KAMX 1500-1230 UTC 6
28 7 Oct 2017 Nate KMOB 1800-2330 UTC 7
29 28 May 2018 Alberto KTLH 0500-2000 UTC 1
30 28 May 2018 Alberto KMXX 1730-2030 UTC 0
31 10 Oct 2018 Michael KTLH 0700-1000 UTC 0
32 10 Oct 2018 Michael KIGX 1730-2130 UTC 2
33 13 Jul 2019 Barry KSHV 1900-2300 UTC 0
34 5 Sep 2019 Dorian KLTX 0630-1230 UTC 13
35 5 Sep 2019 Dorian KMHX 1230-2130 UTC 13
36 17-18 Sep 2019 Imelda KHGX 2330-0700 UTC 2
37 27 May 2020 Bertha KMHX 1745-1845 UTC 0
38 7 Jun 2020 Cristobal KMOB 1030-1400 UTC 9
39 25 Jul 2020 Hanna KCRP 0700-1400 UTC 3
40 25 Jul 2020 Hanna KHGX 1500-2300 UTC 3
41 2 Aug 2020 Isaias KMLB 1100-1700 UTC 0
42 2 Aug 2020 Isaias KJAX 1500-2200 UTC 0
43 4 Aug 2020 Isaias KMHX 0000-0630 UTC 8
44 16 Sep 2020 Sally KEVX 0800-1030 UTC 7
45 21-22 Sep 2020 Beta KHGX 1430-0700 UTC 0
46 10 Oct 2020 Delta KGWX 1600-2200 UTC 6
47 28-29 Oct 2020 Zeta KMOB 2230-0200 UTC 7
48 9 Nov 2020 Eta KAMX 0530-1100 UTC 3
49 19 Jun 2021 Claudette KLIX 0500-1500 UTC 0
50 19 Jun 2021 Claudette KBMX 1420-1600 UTC 0
51 28 Jun 2021 Danny KCLX 2200-2330 UTC 0
52 7 Jul 2021 Elsa KTBW 0230-1100 UTC 6
53 7 Jul 2021 Elsa KJAX 1800-2330 UTC 4
54 16 Aug 2021 Fred KLTH 1600-1800 UTC 2
55 29-30 Aug 2021 Ida KLIX 2130-0100 UTC 0
56 8 Sep 2021 Mindy KLTH 1830-2200 UTC 1
57 13 Sep 2021 Nicholas KHGX 2200-0000 UTC 0
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FIG. 1. Geographical location of all 216 TC supercell cases. The blue dots indicate NT cases at
the time of maximum NROT, and red dots indicate TOR cases at the time of the first tornado

report.

discarded. Detections associated with supercells were required
to be within 100 km of a WSR-88D over at least four succes-
sive base scans to improve the quantification of low-level
dual-polarization signatures (e.g., the Zpgr arc). Supercells
that met the aforementioned criteria but became undetected
at some point in their lifetime only to return as a detectable
supercell later are counted as the same supercell. Supercells
that underwent mergers or splits during the analysis period
were not included. Detected supercells must also be over
land since supercells over the ocean may be tornadic with no
report. A total of 216 supercells meeting these criteria make
up our TC supercell dataset. These supercells had a median
lifespan of 57 min with a range between 23 and 181 min
within the aforementioned criteria.

Supercells were classified as tornadic or nontornadic based
on tornado reports from the NCEI Storm Events Database
(https://www.ncdc.noaa.gov/stormevents/). Starting and end-
ing latitude and longitude for tornado reports were plotted to
find associated supercells in the TC supercell dataset. We iden-
tified 192 nontornadic and 24 tornadic TC supercells (Fig. 1),
four of which produced multiple tornadoes (Table 2). The tor-
nado reports included 18 EF0 tornadoes, 12 EF1 tornadoes,
and 1 EF2 tornado (Table 2). While the Storm Events Data-
base is the most accurate archive for severe weather reports, it
is possible that a “nontornadic” supercell was tornadic but
missing an official report. A missing report is possible if the tor-
nado causes little to no damage, occurs in conditions with lim-
ited visibility, and/or is embedded in strong straight-line winds
(Trapp et al. 2006).

The extratropical dataset, used for comparison with the TC
cases, contains 206 supercells from 2012 to 2020. This dataset in-
cludes 103 tornadic and 103 nontornadic supercells described

by Wilson and Van Den Broeke (2022). Supercells in this data-
set include typical supercell reflectivity structures (e.g., hook
echoes and bounded weak echo regions), a midlevel mesocy-
clone maintained for =30 min, and at least four successive radar
scans with the forward-flank region sampled <1 km above the
radar level.

b. Environmental data

Environmental data were gathered for each supercell in the
TC and extratropical dataset in order to identify environmen-
tal differences and compare environmental characteristics to
dual-polarization signatures. Proximity soundings from the
NCETI archive of Rapid Refresh (RAP; Benjamin et al. 2016)
model analysis were obtained for each supercell from the
Thematic Real-Time Environmental Distributed Data Serv-
ices (THREDDS) server. RAP model soundings include 51
vertical levels with a horizontal grid spacing of 13 km. Envi-
ronments for the 19 cases before 1 May 2012 were from the
Rapid Update Cycle (RUC) model which included 40 vertical
levels and a horizontal grid spacing of 40 km. For the nontor-
nadic cases, RAP model soundings were obtained at the clos-
est hour to the supercell’s maximum low-level rotation and
identified using normalized rotation (NROT). NROT is calcu-
lated using the range-normalized azimuthal shear value asso-
ciated with a rotation couplet. These values range from 0 to 5
for cyclonic cases and from 0 to —5 for anticyclonic cases. Val-
ues over 1 (<—1 for anticyclonic) indicate substantial cyclonic
rotation (Cooper and Vorst 2016). If maximum NROT oc-
curred 25-35 min after the hour, a RAP model sounding was
obtained from the bottom and top of surrounding hours and av-
eraged to estimate environmental conditions midway through
the hour. A similar procedure was followed to identify RAP
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TABLE 2. Information regarding tornado reports in the TC TOR supercell cases. Column one indicates the associated TC, column
two lists the date, column three lists the start and end times (UTC) of the tornado, columns four and five list the start longitude and
latitude of the tornado report, and column six lists the rating of the tornado.

TC Date Time period Start lon (°) Start lat (°) Rating
Debby 24 Jun 2012 1940-1943 UTC —82.844 27.878 EF1
Debby 24 Jun 2012 1923-1930 UTC —81.440 27.270 EF1
Debby 24 Jun 2012 2039-2041 UTC —82.375 28.151 EF0
Debby 24 Jun 2012 2117-2119 UTC —82.715 28.237 EF1
Debby 24 Jun 2012 0021-0025 UTC —82.740 27.700 EF1
Andrea 6 Jun 2013 1513-1516 UTC —82.414 27.027 EFO0
Arthur 4 Jul 2014 0540-0541 UTC —=76.270 36.920 EF0
Harvey 25 Aug 2017 1918-1919 UTC —94.770 29.310 EF0
Harvey 25 Aug 2017 2311-2320 UTC —95.545 29.146 EF0
Harvey 25 Aug 2017 0528-0537 UTC —95.305 29.299 EF0
Harvey 25 Aug 2017 0550-0557 UTC —95.450 29.438 EF0
Harvey 25 Aug 2017 0550-0552 UTC —95.452 29.438 EF1
Harvey 25 Aug 2017 0552-0553 UTC —95.460 29.448 EF1
Harvey 25 Aug 2017 0556-0559 UTC —95.517 29.487 EF1
Harvey 26 Aug 2017 0712-0714 UTC —96.760 29.700 EFO
Irma 9 Sep 2017 2235-2239 UTC —80.104 26.138 EF0
Nate 7 Oct 2017 1858-1859 UTC —87.693 30.246 EF0
Michael 10 Oct 2018 1932-1936 UTC —83.880 32.460 EF0
Michael 10 Oct 2018 1958-2007 UTC —84.027 32.653 EF1
Dorian 5 Sep 2019 0923-0926 UTC —78.265 34.062 EF1
Dorian 5 Sep 2019 0919-0925 UTC —77.940 33.969 EF0
Dorian 5 Sep 2019 1037-1041 UTC —78.247 34252 EF0
Dorian 5 Sep 2019 1017-1022 UTC —78.265 34.062 EFO
Dorian 5 Sep 2019 1039-1041 UTC —77.940 33.969 EF0
Dorian 5 Sep 2019 1145-1153 UTC —78.247 34.352 EF0
Dorian 5 Sep 2019 1302-1331 UTC —77.900 34.221 EF2
Dorian 5 Sep 2019 1830-1838 UTC —=77.120 35.350 EF0
Dorian 5 Sep 2019 2100-2101 UTC —77.038 35.106 EF0
Isaias 3 Aug 2020 0448-0449 UTC —76.801 35.644 EF1
Isaias 3 Aug 2020 0450-0451 UTC —=76.729 35.426 EF1
Elsa 7 Jul 2021 2045-2051 UTC —81.607 30.281 EF1

model sounding times for tornadic supercells, in which the sound-
ing time was the hour closest to the first tornado report.

The RAP model sounding was required to be =40 km from
the supercell in the inflow region, determined using radar
data from the NEXRAD archive at the time of the RAP
model sounding. A marker was placed on the reflectivity gra-
dient near the weak echo region (WER). This tight reflectivity
gradient is a proxy for the supercell updraft region and repre-
sents a region where air is being ingested into the supercell
(Potvin et al. 2010). From this marker, a RAP sounding loca-
tion was chosen 40 km from the supercell following the inflow
wind direction (Fig. 2). Extratropical RAP soundings were ob-
tained by Wilson and Van Den Broeke (2022) following the
same methodology, though these may be from up to 80 km
away from the supercell if needed to avoid contamination from
surrounding convection. Thermodynamic, kinematic, and de-
rived environmental variables were calculated using the Meteo-
rological Python (MetPy version 1.4; May et al. 2017) and
Sounding and Hodograph Analysis and Research Program in
Python (SHARPpy version 1.4; Blumberg et al. 2017) packages.

Care was taken to ensure that soundings were not con-
taminated by nearby overlapping updraft regions, defined

as being saturated through a majority of the atmosphere with
vertical motion exceeding those of a typical synoptic-scale en-
vironment, instead resembling speeds consistent with a con-
vective updraft (Durran and Snellman 1987) (Fig. 3). Out of
the 216 soundings obtained for all TC supercell cases, this
examination revealed 63 soundings with contamination. Many
of these cases proved challenging to find a suitable proximity
sounding location that was not affected by contamination, espe-
cially from saturation. Median values of environmental variables
calculated for cases with and without contamination showed
considerable differences in variables important for supercells
including CAPE, LCL height, and SRH (not shown); there-
fore, only uncontaminated environments are used hereafter.
Environments were also required to be spatiotemporally inde-
pendent, defined as no more than one representative sound-
ing for cases within 120 km and 3 h of each other (Thompson
et al. 2003). This requirement removed 89 soundings, leaving
50 nontornadic and 14 tornadic TC soundings.

Several thermodynamic and kinematic environmental varia-
bles are included in our analysis. Thermodynamic variables in-
clude mixed-layer (ML) CAPE, most unstable (MU) CAPE,
height of the freezing level, and height and temperature of the
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FIG. 2. (a),(b) Example of a NT TC supercell case at 1002 UTC 6 Jun 2013 and (c),(d) a TOR TC supercell case at
0522 UTC 26 Aug 2017. Radar data displayed with GR2Analyst. (a),(c) Base velocity at 0.5° elevation scan with an
example of how a RAP model sounding was obtained. The gray dot is located at the tight reflectivity gradient with
the red arrow representing the effective inflow layer mean wind direction. The black line follows the 40-km path
in the backward direction of the effective inflow layer mean wind, and the brown dot is the sounding location.

(b),(d) Base velocity at 0.5° elevation scan.

level of free convection (LFC) (Thompson et al. 2003). Kine-
matic environmental variables considered include 0-1-, 0-3-,
and 0-6-km shear. SRH values were also considered for the
0-1-km layer and 0-3-km layer calculated using Bunkers
sounding-derived storm motion (Bunkers et al. 2014). Bunkers
motion is a reliable estimate in supercells associated with land-
falling TCs (Bunkers et al. 2000; Nowotarski et al. 2021). Ob-
served storm motion was determined for a randomly selected
10% of cases in this study by tracking the distance and direction
of the supercell’s reflectivity centroid through time using the
storm motion tool in the Gibson Ridge Level II (GRLevel2)
Analyst software (http://www.grlevelx.com/grlevel2/). The ob-
served storm motion corresponded well with the Bunkers mo-
tion (mean absolute error of 5.2° and 2.4 m s~ ! for storm

direction and speed). The supercell composite parameter (SCP)
was used to highlight environments with supercell-favorable
stability and wind profile conditions. The significant tornado
parameter (STP) was also used to highlight favorable envi-
ronments for supercells with strong tornadoes (Thompson
et al. 2003).

¢. Quantifying dual-polarization radar signatures

Dual-polarization signatures in each supercell were identi-
fied and quantified with the Supercell Polarimetric Observa-
tion Research Kit (SPORK; Wilson and Van Den Broeke
2021, 2022). This automated algorithm ingests full volumetric
WSR-88D data from a single radar site to track and quantify
dual-polarization signatures for each individual radar scan.

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/25/25 05:05 PM UTC


http://www.grlevelx.com/grlevel2/

334

Uncontaminated
{\ S

Pressure (hPa)

Temperature (*C)

Contaminated

Pressure (hPa)

[
Temperature (*C)

MONTHLY WEATHER REVIEW

Pressure (hPa)

Pressure (hPa)

VOLUME 153

200

b)

allllfimn, it ..

1000
-2.0 -1.5

-1.0 -05
Omega (Pas ')

°
°

200

400

1000

ol|

°

=15

-1.0
Omega (Pas ')

FIG. 3. RAP model (a),(c) skew T soundings and (b),(d) omega values to demonstrate (top) a sounding uncontami-
nated by nearby overlapping updraft regions (0200 UTC 27 Aug 2011) and (bottom) a sounding that is contaminated
(1800 UTC 5 Sep 2019). The solid red line on the skew T is temperature, the solid green line is dewpoint, and the gold
line is the parcel lapse rate. Dashed red lines are dry adiabats, and blue dashed lines are moist adiabats. The omega di-
agram displays omega values by pressure, where negative values indicate rising motion.

The radar data are interpolated onto a 500-m horizontal by
250-m vertical grid. Additional details on preprocessing of
data can be found in Wilson and Van Den Broeke (2022). A
manually identified forward-flank downdraft (FFD) orienta-
tion direction was input for each case (Wilson and Van Den
Broeke 2021), allowing the algorithm to identify the inflow
side of the supercell for Zpgr arc calculations. Due to the
known calibration issues with Zpgr in the WSR-88D network
(Richardson et al. 2017), a Zpg calibration factor was also an
input to modify the Zpg field. The Zpg calibration was accom-
plished using the methodology of Picca and Ryzhkov (2012).
Due to the often small and varying nature of dual-polarization
signatures in TC supercells, we used the Thunderstorm Risk

Estimation from Nowcasting Development via Size Sorting
(TRENDSS; Kingfield and Picca 2018) version of the SPORK
algorithm. Rather than using a static threshold to identify and
contour size-sorting signatures (e.g., Zpgr arcs) as SPORK in-
tends to do (Wilson and Van Den Broeke 2021), TRENDSS
creates Zyy—Zpr relationships to identify positive Zpg outliers
indicative of size sorting. This algorithm is thought to be a more
reliable indicator of size-sorting signatures.

For comparisons between tornadic and nontornadic dual-
polarization signatures, the analysis period for tornadic supercells
is the 30 min prior to the first tornado report. For nontornadic
supercells, the analysis period is the 30 min prior to maximum
lowest elevation angle NROT (Cooper and Vorst 2016). Median
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FIG. 4. Radar data and SPORK output for (top) an extratropical TOR supercell at 2228 UTC 19 Jun 2013 and (bottom) TC TOR super-
cell at 1237 UTC 5 Sep 2019. Radar data displayed with GR2Analyst. (a),(f) Base reflectivity at 0.5° elevation scan. (b),(g) The Zpg field
at the 4.0° elevation scan and 15.5° elevation scan to display the Zpg column at approximately 1 km above the environmental freezing level.
Note that the TC TOR supercell case does not have a Zpg column. (c),(h) The Kpp field at the 0.5° elevation scan. (d),(i) The Zpr field at
the 0.5° elevation scan. (e),(j) SPORK output with the gray dots indicating the storm centroids with the storm ID to the northeast, gray
contour indicating reflectivity area greater than or equal to 40 dBZ, cyan blue contour surrounding the Zpr column, dark blue contour sur-
rounding the Zpp arc, green contour surrounding the Kpp foot, and the thick black line indicating the separation between the Zpg arc and

KDP foot.

values of the calculated metrics were examined for the given
analysis period. Cases without a consistent MDA detection for
the 30 min prior to maximum NROT or first tornado report are
excluded from these calculations, leaving 158 nontornadic and
23 tornadic cases. This methodology is consistent with the extra-
tropical comparison dataset (Wilson and Van Den Broeke
2022). Dual-polarization signatures quantified by the SPORK al-
gorithm for each radar scan include the Zpg arc maximum value,
Zpr arc mean value, Kpp—Zpr separation distance, Kpp—Zpgr
separation angle, Zpg column area, Zpg column maximum
depth, and Zpgr column mean depth (Fig. 4). The Zpg arc, Kpp
foot, and Kpp—Zpr separation signatures were calculated using
1-km above radar level (ARL) constant-altitude plan position

TABLE 3. Dual-polarization signatures recorded with the SPORK
algorithm and their corresponding units. The second column indicates
whether or not algorithm-reported zero values are removed, and the
third column indicates how many supercells exhibited each signature
out of the 216 TC cases.

Total No. of
Zero values occurrences in
Signature removed TC cases

Zpr arc maximum value (dB) Yes 116
Zpr arc mean value (dB) Yes 116
Kpp-Zpr separation distance (km) Yes 116
Kpp-Zpr separation angle (°) Yes 116
Zpr column area (km?) No 41
Zpr column maximum depth (km) No 41
Zpr column mean depth (km) No 41

indicators (CAPPIs). The Zpgr column signature was calculated
at the grid level closest to 1 km above the environmental 0°C
level obtained from RAP model soundings. Due to the small
size of TC supercells compared to their extratropical counter-
parts, normalized values were calculated for Zpg column area
and Kpp—Zpgr separation distance to provide additional compar-
ison on a normalized scale. These variables are normalized by
the area of the supercell using the reflectivity area > 35 dBZ at
the lowest elevation scan. These quantified variables were com-
pared between TC and extratropical supercells and between tor-
nadic and nontornadic TC supercells.

Postprocessing of SPORK output included a few additional
measures to ensure high data quality. SPORK outputs a value
of zero for very small nonzero values that may be a result of
poor WSR-88D resolution or may indicate the absence of a
detectable signature. Thus, for all signatures for which zero is
unrealistic (e.g., Kpp—Zpr separation angle and distance),
zero values were not used in statistical comparisons (Table 3).
The SPORK algorithm reports Zpgr arc and Kpp foot mean
and maximum values as zero if the signature is not present, so
zero values were also not used in statistical comparisons for
these signatures. Due to the small and relatively weak nature
of TC supercells, it was common for supercells to not exhibit
all dual-polarization signatures analyzed by SPORK. Of the
216 TC supercells, 116 had a Zpg arc, 119 had a Kpp foot, 41
had a Zpg column, and 9 had hailfall area (Table 3). Both the
Zpr arc and Kpp foot are required to obtain the Kpp—Zpr
separation angle and distance—therefore, values were calcu-
lated for 116 supercells.
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TABLE 4. Environmental variables associated with differences between TC and extratropical supercells (column 1). Median values
of TC environments without contamination (column 2) and median values of extratropical supercells (column 3) are shown with the

sample size noted in parenthesis, and the WMW p values from the median value comparisons (column 4) with boldface values

indicating statistical significance at the 5% level.

Variable Median, TC (n = 153) Median, extratropical (n = 206) WMW p value
LCL (m) 598.3 1035.0 <0.001
MLCAPE (J kg™ 1) 1121 1672 <0.001
MUCAPE (J kg™ ') 1978 2256 0.04
Freezing-level height (m) 4824.2 3639.1 <0.001
0-1-km SRH (m? s~ %) 176.0 147.8 0.05
0-3-km SRH (m? s~ %) 244.4 2292 0.38
0-1-km shear (m s~ ') 13.6 9.77 <0.001
0-3-km shear (m s~ ') 16.5 16.8 0.18
0-6-km Shear (m s~ 1) 15.9 243 <0.001
Storm-relative inflow (m s~ ') 6.7 12.3 <0.001

For the TC and extratropical supercell cases, median values
of SPORK metrics were calculated for each analysis period (i.e.,
30 min prior to tornadogenesis or the maximum base scan
NROT) to account for the noise that can be present in these
signatures. The median value was selected as it is more outlier
resistant than mean. Wilcoxon-Mann-Whitney (WMW) p values
were calculated for the comparison of two variables with a null
hypothesis that the metric median values could have come from
the same distribution. This test was used since distributions could
be non-Gaussian, and the WMW test does not require the under-
lying data to have any particular underlying distribution.

3. Environments of tropical cyclone supercells

This section provides a brief comparison between extra-
tropical and TC supercell environments (Table 4) and a com-
parison between tornadic and nontornadic TC supercell
environments (Table 5). Buoyancy is limited in TC supercell
environments since the lapse rate is typically moist adiabatic,
leading to lower values of sounding-derived thermodynamic
parameters such as MLCAPE and MUCAPE when compared
to extratropical supercell environments (Table 4), consistent

with prior studies (McCaul 1991; McCaul and Weisman 1996;
Davies 2006; Nowotarski et al. 2021). In this study, LCL heights
were typically lower in TC supercell environments, while freezing-
level heights are significantly higher (Table 4). In terms of ki-
nematic variables, extratropical supercell environments had
significantly larger 0—6-km shear (Table 4). TC supercell envi-
ronments displayed significantly larger 0-1-km shear and
SRH values than extratropical environments (McCaul 1991;
McCaul and Weisman 1996; Schneider and Sharp 2007; Molinari
and Vollaro 2010) (Table 4). However, there is more overlap be-
tween tornadic and nontornadic TC supercell cases with these
variables than extratropical cases, making it a less reliable indica-
tor of tornadogenesis in TC cases (Table 5).

Differences between tornadic and nontornadic TC environ-
ments were minimal (Table 5). Median MLCAPE was signifi-
cantly larger in tornadic cases (p = 0.03), though overlap
existed between the 25th percentile of tornadic cases and 75th
percentile of nontornadic cases. Contrasting with prior litera-
ture, no significant differences were found between 0-1-km
SRH and 0-6-km shear (Davies 2006; Nowotarski et al. 2021).
Median SCP and STP are significantly higher in tornadic cases,
though there is still overlap in the distributions (not shown).

TABLE 5. Environmental variables for TOR and NT TC supercells without contamination (column 1). Median values of NT cases
(column 2) and TOR cases (column 3) with the sample size in parentheses are shown as well as the WMW p values from the median
value comparisons (column 4) with boldface values indicating statistical significance at the 5% level.

Variable Median, NT (rn = 132) Median, TOR (n = 21) WMW p value
LCL (m) 602.8 586.1 0.89
Level of free convection (m) 731.8 678.2 0.40
MLCAPE (J kg™ ") 1037 1409 0.03
MUCAPE (J kg™ ") 1904 2428 0.11
SCP 5.9 10.4 0.03
STP 1.7 2.6 0.03
Freezing-level height (m) 4842.8 4800.1 0.69
0-1-km SRH (m?* s~?) 167.3 191.8 0.40
0-3-km SRH (m? s~2) 235.4 270.6 0.33
0-1-km shear (m s~ ') 13.6 13.4 0.99
0-3-km shear (m s~ ") 16.7 16.2 0.31
0-6-km shear (m s~ ') 15.4 17.9 0.37
Storm-relative inflow (m s~ ') 6.5 7.1 0.52
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TABLE 6. Extratropical and TC supercell median values of dual-polarization radar metrics (column 1) for NT cases (columns 2-3)
and TOR cases (columns 5-6) with the sample size notes in parentheses. Corresponding WMW p values between NT extratropical

and TC cases are displayed in column 4, while WMW p values for TOR cases are displayed in column 7 with boldface values

indicating statistical significance at the 5% level.

NT TOR
Variable Midlatitude TC WMW p value Midlatitude TC WMW p value

Zpr column area (km?) 23.153 (n = 79)  2.947 (n = 35) <0.001 33917 (n =91) 4.441 (n = 6) <0.001

Normalized Zpr 0.048 (n = 79)  0.010 (n = 35) <0.001 0.070 (n = 91) 0.033 (n = 6) 0.019
column area

Zpr column mean 1578 (n =79)  0.560 (n = 35) <0.001 1.717 (n = 91) 1.269 (n = 6) 0.004
depth (km)

Zpr column maximum  3.000 (n = 79)  1.500 (n = 35) <0.001 3.250 (n = 91) 1.563 (n = 6) <0.001
depth (km)

Zpr arcmean value (dB)  3.656 (n = 78)  4.018 (n = 96) <0.001 3.668 (n = 90)  3.977 (n = 20) <0.001

ZpRr arc maximum 4.635 (n = 78)  5.329 (n = 96) <0.001 4.578 (n = 90)  5.318 (n = 20) <0.001
value (dB)

Kpp-Zpr separation 7303 (n = 78)  5.246 (n = 96) <0.001 7.097 (n = 90)  5.180 (n = 20) <0.001
distance (km)

Normalized Kpp-Zpr ~ 0.016 (n = 78)  0.018 (n = 96) 0.060 0.013 (n = 90)  0.025 (n = 20) 0.006
separation distance

Kpp-Zpr separation 27.608 (n = 78) 115.892 (n = 96) <0.001 69.777 (n = 90) 101.927 (n = 20) <0.001

angle (°)

4. Comparing radar signatures of tropical cyclone and
midlatitude supercells

Establishing differences between dual-polarization signa-
tures in extratropical and TC supercells can improve under-
standing of how the extratropical model of supercell radar
signatures needs to be modified for application to TC super-
cells. Prior literature established that TC supercells are typi-
cally smaller in horizontal and vertical extent when compared
to their extratropical counterparts (Edwards 2012), and these
differences should be seen in their dual-polarization signa-
tures. Established environmental differences may also pro-
mote contrasting dual-polarization signature characteristics
between extratropical and TC supercells.

Median values of tornadic (TOR) and nontornadic (NT)
dual-polarization signatures in extratropical and TC cases and
their corresponding WMW p values are displayed in Table 6.
Both Zpgr column area and normalized Zpr column area were
significantly smaller in TC supercells than extratropical super-
cells, including both TOR and NT (p = 0.02 and p < 0.001, re-
spectively) (Table 6; Fig. 5). The Zpr columns were infrequent
in TC supercells compared to extratropical cases. Extratropical
cases had Zpgr columns in 94.0% and 95.8% of NT and TOR
cases, respectively. Meanwhile, TC cases had Zpg columns in
only 18.2% and 25.0% of NT and TOR cases, respectively. The
common absence of Zpr columns in TC cases leaves a small
sample size of only six TC TOR cases with a Zpg column for
the analysis. These results are investigated further in the next
section.

Mean and maximum Zpgr column depth were significantly
smaller in TC supercells than in extratropical supercells, and
only 41 TC cases had this signature. Median Zpr column maxi-
mum depth was nearly twice as large in extratropical supercells
than in TC supercells (Fig. 6). More variation was seen between

extratropical and TC cases with mean Zpg column depth; how-
ever, mean Zpr column depth in both nontornadic and torna-
dic extratropical supercells was found to be significantly larger
than in TC supercells (p < 0.001 and p = 0.01, respectively;
Table 6). The shallower Zpr columns in TC supercells likely
stems from the higher freezing levels in TC environments
(~1200 m; Table 4), requiring the air to be lofted to higher
levels in TC supercells to get a Zpg column. Additionally,
CAPE values were substantially larger in extratropical super-
cell environments (by 300-500 J kg™!; Table 4), suggesting
that updrafts in TC supercells are less driven by instability.
These environmental factors lead to the expectation that
Zpr columns will be shallower and weaker in TC supercells.
The drop size distributions (DSDs) in tropical environments
shift toward smaller drops compared to midlatitude cases
(Deo and Walsh 2016; Chen et al. 2017; Hopper et al. 2019),
which can reduce Zpg of lofted drops above the higher freez-
ing levels, ultimately leading to shallower and less prominent
Zpr columns.

The Zpg arcs are also less frequent in TC supercells than in
extratropical supercells. In extratropical supercells, Zpgr arcs
appeared in 92.9% and 94.7% of NT and TOR supercells, re-
spectively. However, only 50.0% and 83.3% of NT and TOR
TC supercells, respectively, featured this signature. The Zpgr
arc mean and maximum values were significantly larger in TC
cases than in extratropical cases (e.g., p < 0.001 for arc mean;
Table 6; Fig. 7). This result contrasts with what is known
about tropical DSDs when compared to extratropical DSDs.
Tropical DSDs typically contain a large concentration of
small drops corresponding to lower Zpg values (Tokay et al.
2008; Thompson et al. 2018). Since the concentration of par-
ticles does not affect Zpg, it may only take a small number of
large drops being advected by the stronger low-level wind
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FIG. 5. Violin plot displaying the distribution of Zpg column area (km?) for (left) extratropical NT supercells,
(middle left) extratropical TOR supercells, (middle right) TC NT supercells, and (right) TC TOR supercells. Valid
for 30 min prior to the maximum NROT for NT cases or the first tornado report for TOR cases. The number of
samples contributing to each violin is indicated on the axis labels. Box-and-whisker plots are embedded in violin
plots with boxes displaying the 25th and 75th percentile with the black horizontal line indicating the median value.
Whiskers indicate the 10th and 90th percentile with the outliers represented by black diamonds.

shear and higher 0-1-km SRH in TC cases to create and en- TC supercells. Normalized separation distance is significantly
hance the Zpg arc. larger in TOR and slightly larger in NT TC cases than in ex-

Differences are prominent between both Kpp foot and tratropical cases (p < 0.01 and p = 0.06, respectively; Table 6;
Zpr arc separation angle and distance in extratropical and Fig. 8). Separation angle remains significantly larger in TC

Zpr Column Maximum Depth
Extratropical vs Tropical Cyclone Supercells
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FIG. 6. As in Fig. 5, but for Zpg column maximum depth.
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FIG. 7. Asin Fig. 5, but for Zpg arc mean value.

supercells when compared to that in extratropical supercells.
The increased low-level wind shear and 0-1-km SRH in TC en-
vironments may be responsible for this larger normalized sepa-
ration distance and angle between the Kpp foot and Zpg arc.

5. Comparing radar signatures of tropical cyclone
tornadic and nontornadic supercells

Median values of dual-polarization signatures in TOR and
NT TC supercells are compared in this section (Table 7). This
analysis utilized the 30 min prior to the first tornado report
for TOR cases and 30 min prior to the maximum NROT for
NT cases. Neither Zpr column area nor normalized Zpg

column area displayed significant differences between NT and
TOR supercells (p = 0.59 and p = 0.27, respectively). The
Zpr column mean depth was only slightly larger in TOR
cases compared to that in NT cases (p = 0.07), and maximum
Zpr column depth was similar between NT and TOR cases
(p = 0.68). These results contrast with prior findings from ex-
tratropical supercells which found larger Zpr column area
and depth in TOR supercells when compared to that in NT
extratropical supercells (Van Den Broeke 2017, 2020; French
and Kingfield 2021). This difference may be due to tornadic
TC cases typically producing weak, short-lived EF0 or EF1
tornadoes. These distinctions may be more apparent in in-
tense tornadoes, rather than in comparisons between weakly

Normalized Kpp-Zpr Separation Distance
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FIG. 8. Asin Fig. 5, but for normalized Kpp—Zpg separation distance.
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TABLE 7. TC supercell dual-polarization radar metric (column 1)
median values for NT supercells (column 2) and TOR supercells
(column 3) from Table 6 and WMW p values for a comparison of the
NT and TOR distributions (column 4).

WMW

Variable NT TOR  p value
Zpbr column area (km?) 2.95 4.44 0.59
Normalized Zpgr column area 0.01 0.03 0.27
Zpr column mean depth (km) 0.56 1.27 0.07
Zpr column maximum depth (km) 1.50 1.56 0.68
Zpr arc mean value (dB) 4.02 3.98 0.70
Zpr arc maximum value (dB) 5.33 5.32 0.65
Kpp—Zpr separation distance (km) 5.25 5.18 0.41
Kpp—Zpr separation angle (°) 115.89 101.93 0.18

tornadic and nontornadic cases (Markowski et al. 2002). It is
also possible that the extratropical supercells analyzed in prior
studies were more discrete.

The lack of Zpr column signatures in TC cases (18.2% of
NT cases, 25.0% of TOR cases) warrants further investiga-
tion. As discussed previously, past work can be used to infer
that high freezing levels, lower values of CAPE, and low LCL
heights in TC environments may explain why these signatures
occur infrequently in TC supercells. TC environments exhib-
ited median freezing levels significantly higher (by nearly
1200 m) than their extratropical counterparts (p < 0.001;
Table 4). However, no significant difference was found between
the freezing levels of TC cases with Zpgr columns and those
without (p = 0.88). Additionally, median LCL heights in TC
environments were, on average, nearly 500 m lower than in
extratropical environments (p < 0.001; Table 4), supporting
the idea of Mulholland et al. (2021) that lower LCL heights
contribute to smaller updraft areas. The significantly weaker
0-6-km shear in TC environments (p < 0.001; Table 4)
further supports the hypothesis of smaller updrafts and, there-
fore, smaller Zpr columns in TC supercells (Warren et al.
2017; Peters et al. 2019, 2020).
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The Zpr arc maximum and mean values were similar be-
tween tornadic and nontornadic cases (p = 0.65 and p = 0.70,
respectively). However, prior work using a smaller sample
size found a larger Zpgr arc magnitude in tornadic TC super-
cells (Crowe et al. 2009). Median values of separation distance
between the Kpp foot and Zpg arc were approximately 5 km
in both NT and TOR cases (Table 7), with no significant dif-
ference between NT and TOR cases (p = 0.41). Separation
angle between the Kpp foot and Zpgr arc was large in TC
cases, with median values > 100° in both NT and TOR cases.
There were no significant differences in the Kpp—Zpg separa-
tion angle between NT and TOR cases (p = 0.18). These re-
sults reject our hypothesis that the Kpp—Zpr separation angle
and distance will be larger in TOR cases.

Spearman’s rank-order correlations between environmen-
tal parameters and dual-polarization variables metrics were
also calculated to determine if dual-polarization variables
vary by environment (Table 8). Spearman’s rank-order corre-
lation was chosen as it allows for a monotonic relationship,
i.e., a relationship between two variables in which one in-
creases or decreases in response to changes in the other.
Spearman’s rank-order correlation indicates that Zpr column
area and mean depth are associated with higher LCL and
LFC height (r = 0.30 and r = 0.32 for Zpg column area,
r = 0.38 and r = 0.30 for Zpr column mean depth, respec-
tively; Table 8). Low Spearman’s rank-order correlation was
found between Zpr column area/depth and MUCAPE/
MLCAPE. This contrasts with prior results for extratropical
supercells [e.g., Wilson and Van Den Broeke (2022) found that
ZpRr column area and depth have a moderate positive Spear-
man’s rank-order correlation with MUCAPE and MLCAPE].

Maximum NROT in the three lowest elevation angles per
volume scan can be used as a proxy for low-level mesocyclone
strength (Turnage 2014; Cooper and Vorst 2016). An initial
quality check was done to determine if NROT was correlated
with distance from the radar and radar elevation angle. This
quality check helps to ensure that NROT is a justifiable proxy

TABLE 8. Spearman’s rank-order correlations between uncontaminated RAP sounding environmental parameters and both NT and
TOR TC dual-polarization variables. Correlations with magnitude = 0.30 are bolded.

Zpr column Zpr column Zpr column Kpp—Zpr Kpp—Zpr
Environmental variable area mean depth maximum depth separation distance separation angle
LCL height (m) 0.30 0.38 0.13 0.02 —0.00
LFC height (m) 0.32 0.30 0.17 0.07 0.07
MLCAPE (J kg™ ) -0.12 0.18 -0.12 —0.03 0.06
MUCAPE (J kg™ ) -0.19 0.14 —0.18 —0.01 0.08
CIN (J kg™h —-0.32 -0.31 —0.28 —0.06 —0.05
SCP 0.11 0.04 0.20 —0.04 0.03
STP 0.11 0.06 0.24 —0.03 0.00
Freezing-level height (m) —0.03 —0.05 —0.08 0.08 0.07
Effective SRH (m? s~2) 0.19 0.03 0.18 —0.04 0.04
0-1-km SRH (m? s~ %) 0.27 0.03 0.24 0.03 0.03
0-3-km SRH (m? s2) 0.33 0.08 0.32 0.01 0.06
0-1-km shear 0.14 —0.04 0.27 —0.13 0.18
(kt; 1kt =~ 051 ms 1)
0-3-km shear (kt) 0.34 0.8 0.41 —0.07 0.13
0-6-km shear (kt) 0.04 —-0.16 0.01 —0.03 —0.24
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FIG. 9. Violin plots displaying the maximum NROT for (left) NT
and (right) TOR TC supercells. The number of samples contribut-
ing to each violin is indicated on the horizontal axis label. Box-and-
whisker plots are embedded in violin plots with boxes displaying
the 25th and 75th percentile and the black horizontal line indicating
the median value. Whiskers convey the 10th and 90th percentile
with the outliers represented by black diamonds.

for low-level mesocyclone strength. For both TOR and NT
cases, low Pearson’s correlation was found between NROT
and distance from the radar (r = 0.05 and r = 0.02, respec-
tively). Low correlation was also found between NROT and
radar elevation angle for both TOR and NT cases (r = 0.28
and r = 0.35, respectively), explaining approximately 10% of
the variation in NROT. Through this analysis, it was deter-
mined that NROT values were not strongly correlated with dis-
tance from the radar and radar elevation angle and, therefore,
are a justifiable proxy for low-level mesocyclone strength.

Maximum NROT was obtained for all 192 NT and 24 TOR
TC supercells. These values were obtained from the time of
peak NROT for NT cases or the time closest to the first tor-
nado report for TOR cases. Tornadic TC supercells had sig-
nificantly larger maximum NROT values (p = 0.01; Fig. 9).
Median NROT value for NT TC supercells was 0.810, while
this value increased to 0.992 for TOR cases, a statistically signifi-
cant difference (p = 0.005). This result is expected since prior lit-
erature indicates that tornadic mesocyclones are stronger than
nontornadic mesocyclones in TC supercells (Schneider and Sharp
2007; Martinaitis 2017).

6. Summary and discussion

Establishing differences in dual-polarization signatures be-
tween well-studied extratropical and underresearched TC
supercells is important for the interpretation and application
of these signatures in TC supercells. There were large differ-
ences between dual-polarization signatures in extratropical
and TC supercells.

The Zpg columns were less common in TC supercell cases
and, when present, exhibited a reduced size and depth. The
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absence of Zpgr columns is likely due to a combination of the
high environmental freezing level, lower LCL heights, and
shallower depth of TC supercells, making raindrops or water-
coated ice particles uncommon above the freezing level
(Kumjian et al. 2014; Snyder et al. 2015; Mulholland et al.
2021). The increased ground-relative velocity of TC supercells
could also cause these supercells to have an unrepresentative
tilted appearance between radar scans at different elevation
angles, minimizing the ability to detect Zpr columns. This is a
known limitation of the SPORK algorithm (Wilson and Van
Den Broeke 2022). In TC cases for which Zpr columns are
present, the signature is shallow, small in areal extent, and
shows little variation in area or depth with time. The reduced
size and depth of Zpg columns in TC supercells when com-
pared to their extratropical counterparts may be partially
driven by their lower LCL heights, which promote shallower
and narrower updrafts (Mulholland et al. 2021). Weaker up-
drafts and, therefore, smaller Zpg columns, in TC cases, may
also be due to the weaker deep-layer shear and consequently
the weaker low-level storm-relative winds in TC environ-
ments (Warren et al. 2017; Peters et al. 2019, 2020). The sub-
stantially weaker CAPE in TC environments also indicates
that the updrafts are not going to be driven as strongly by in-
stability. These factors combined support the expectation that
Zpr columns will be shallower in TC supercells when com-
pared to extratropical supercells. Due to TC supercells exhib-
iting little variation in Zpgr column area or depth in time, this
signature does not appear to give an indication of a TC super-
cell’s tornadic potential as it may in extratropical cases (Van
Den Broeke 2017, 2020; French and Kingfield 2021).

A key result is the difference in low-level mesocyclone strength
between tornadic and nontornadic TC supercells. Tornadic TC
supercells had significantly larger NROT values at the time of
initial tornadogenesis than nontornadic TC supercells at the
time of maximum low-level rotation, indicating that tornadic
TC supercells typically have stronger low-level mesocyclones.
The stronger NROT values in tornadic TC cases compared to
nontornadic cases agrees with Schneider and Sharp (2007) and
Martinaitis (2017) who detected stronger mesocyclones in tor-
nadic TC supercells. With additional work investing low-level
mesocyclone strength prior and during tornadogenesis with a
larger sample size of TC tornadic cases, the result that tornadic
TC supercells have stronger low-level mesocyclones than their
nontornadic counterparts may be important for operational me-
teorologists when gauging tornadic potential in TC supercells.

Although less common than their extratropical counter-
parts, Zpr arcs were observed slightly more than half of TC
supercells. Mean and maximum Zpg values within this signa-
ture were typically larger than those of their extratropical coun-
terparts. We hypothesize that the stronger low-level wind shear
and higher 0-1-km SRH in TC cases promote more effective
drop-size sorting and, therefore, helps to create and enhance
the Zpr arc (Kumjian and Ryzhkov 2009; Van Den Broeke
2016). The increased magnitude of the Zpg arc in TC cases was
not expected given that TC DSDs typically consist of a high
concentration of small drops (Deo and Walsh 2016; Chen et al.
2017; Hopper et al. 2019). It could be speculated that the deep
warm-cloud layer in TC supercells facilitated enhanced droplet

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/25/25 05:05 PM UTC



342 MONTHLY WEATHER REVIEW

growth through collision and coalescence, leading to the en-
hanced values in the Zpr arc (Berry and Reinhardt 1974;
Feingold et al. 1996). Neither the mean nor maximum values
within the signature indicate the tornadic potential of a TC
supercell. This finding contrasts with Crowe et al. (2009) who
observed larger Zpr arc values in tornadic TC supercells
than nontornadic supercells in Hurricane Rita (2005).

Separation angle between the Kpp foot and Zpg arc is sig-
nificantly larger in TC cases than extratropical cases. This is
also likely due to the increased low-level wind shear and 0-1-km
SRH in TC cases promoting more effective size sorting (Crowe
et al. 2009; Loeffler and Kumjian 2020). While the separation an-
gle between the Kpp foot and Zpgr arc appeared larger in TC
cases, separation distance was still larger in extratropical cases.
Separation distance or angle did not give insight into the tornadic
potential of TC supercells. This result contrasts with that of
Crowe et al. (2009) and Martinaitis (2017) who observed a larger
separation distance between the Kpp foot and Zpg arc in torna-
dic TC supercells. However, Loeffler et al. (2020) found similar
separation distance between the Kpp foot and Zpg arc in extra-
tropical tornadic versus nontornadic cases. The lack of any signif-
icant differences between the Kpp foot and Zpgr separation
distance and angle between tornadic and nontornadic TC super-
cells could be explained by the lack of environmental differences
between the two. Prior work has associated an increase in SRH
and storm-relative flow with increased separation distance and
more orthogonal separation angles (Loeffler and Kumjian 2020;
Loeffler et al. 2023). Environmental analysis provided no signifi-
cant differences in these kinematic variables between tornadic
and nontornadic TC supercells, perhaps limiting any difference
in size-sorting processes and, therefore, separation between the
signatures.

This study found stronger mesocyclones in tornadic cases
but no differences in any signature related to size-sorting pro-
cesses. The lack of differences may be a result of tornadic TC
cases remaining weakly tornadic, typically producing short-
lived EF0 or EF1 tornadoes. Perhaps, these differences would
be more evident if intense tornadoes rather than weakly tor-
nadic cases were compared with nontornadic cases (Markowski
et al. 2002). Additionally, since these supercells are shallow, the
radar beam height may also be above the level at which size-
sorting processes are taking place, even within the 100-km range
required for this study. Operational meteorologists should be
aware of the apparent limited use of dual-polarization signatures
when making warning decisions on TC supercells.

Future work should focus on differences in dual-polarization
signatures between tornadic and nontornadic TC supercells with
a larger sample size of tornadic cases (when possible) to improve
statistical robustness. Differences observed in this study may
motivate additional investigations utilizing rapid-scan and/or
high-resolution radar data to analyze how dual-polarization sig-
natures evolve over time in both tornadic and nontornadic TC
supercells. Additionally, numerical study of supercells in TC en-
vironments paired with dual-polarization emulation may also
provide valuable insight, as many observations of mesocyclone
strength are throughout interactions with the coastline and baro-
clinic boundaries. Attention should also be focused on radar sig-
natures as a function of supercell distance from the TC center,
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since supercells farther from the TC center are more dependent
on the ambient environment (Schultz and Cecil 2009). Addi-
tional work should also seek to better quantify and predict
small-scale inhomogeneity in variables such as SRH and 0-1-km
shear in TC environments.
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